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Preface

This volume, Photochemical Pioneers: Feature Papers in Photochemistry Volumes I & II, highlights

the recent groundbreaking research in the field of photochemistry. By bringing together a diverse

collection of seminal works, we aim to take readers on a path that sheds light on the interactions

between light and matter, showcasing the direct impact of photochemical processes on various

scientific disciplines.

The papers included in this compilation delve into the fundamental mechanisms of

light-induced molecular transformations, exploring their applications in organic synthesis,

environmental science, materials science, and medical therapies. From the development of efficient

photocatalysts to the design of novel photo-responsive materials, these works highlight the versatility

and potential of photochemistry to address global challenges related to energy, health, and

environmental sustainability.

This collection is intended for researchers and students interested in the fields of chemistry,

physics, materials science, and environmental science. By showcasing the latest advancements and

emerging trends in photochemistry, we hope to inspire future generations of scientists to explore the

limitless possibilities of light-induced processes. We extend our sincere gratitude to the authors and

reviewers who contributed to the success of these Special Issues. Their dedication and expertise have

been instrumental in shaping the content of these two volumes. We also acknowledge the support of

the Photochem Editorial team for their guidance and assistance throughout the publication process.

As we continue to unravel the mysteries of photochemistry, we believe that this collection

will serve as a valuable resource for researchers and students alike. By fostering collaboration and

inspiring innovation, we can collectively advance the field of photochemistry and its applications to

help improve society.

Through the exploration of topics such as photocatalysis, photodynamic therapy, solar energy

conversion, and organic synthesis, this selection of papers offers a comprehensive overview of the

current state of the art in photochemistry. It highlights the importance of interdisciplinary research

and the potential for groundbreaking discoveries in this field. We invite you to embark on this journey

through the world of photochemistry, where light and matter intertwine to create a future filled with

innovation and sustainability.

Marcelo Guzman
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Editorial

Feature Papers in Photochemistry
Marcelo I. Guzman 1,2

1 Department of Chemistry, College of Arts and Sciences, University of Kentucky, Lexington, KY 40506, USA;
marcelo.guzman@uky.edu; Tel.: +1-(859)-323-2892

2 Lewis Honors College, University of Kentucky, Lexington, KY 40506, USA

1. Introduction

As the Special Issues “Feature Papers in Photochemistry” and “Feature Papers in
Photochemistry II” conclude, it is crucial to acknowledge the remarkable progress and
persistent gaps that continue to shape the journey of photochemistry research. The field of
photochemistry has seen unprecedented advancements, driven by novel techniques and
interdisciplinary approaches. The study of light-induced molecular transformations [1,2],
the application of photochemical processes in organic synthesis [1,3,4], the development of
high-efficiency photocatalysts [5], and the discovery of novel environmental photochemical
mechanisms [2,6] have all marked significant progress in recent years. Moreover, pho-
tochemical reactions in astrochemical mimics have been investigated to understand the
chemical evolution of interstellar environments [7].

Groundbreaking synthetic applications of light-induced photodecarboxylation reac-
tions have been made through the use of ligand-to-iron charge transfer for hydrodiflu-
oromethylation and hydromethylation of alkenes [1]. The mechanistic contributions of
ligand-to-metal charge-transfer (LMCT) complexes in the photocatalysis of adsorbates at
the air-solid interface of TiO2 and the role of water vapor have been recently revealed [6].
Similarly, molecular electron donor–acceptor systems have been examined to shed light
on charge transfer processes capable of advancing electronic and photonic applications,
including solar energy and organic electronics [4]. Novel reaction pathways of diazoalkanes
excited with visible light have expanded the synthetic toolkit for constructing complex
molecules [8].

Innovative medical applications such as targeted drug delivery using light have been
proposed to enable the controlled release of therapeutic agents with unmatched spatial
and temporal resolution [9]. In the realm of skincare, the depth penetration of light into
skin has been investigated across various wavelengths, providing critical data for medical
and cosmetic applications [10]. Moreover, combined photodynamic and photothermal
therapy using a bacteria-responsive porphyrin might facilitate more effective treatments
for bacterial infections [11].

Environmental sciences have also seen significant advancements in photochemistry.
The catalyst-free photochemical activation of peroxymonosulfate in xanthene-rich systems
demonstrated the efficacy of proton transfer processes in Fenton-like synergistic decon-
tamination for environmental cleanup [12]. The photochemistry of 2-oxocarboxylic acids
in aqueous atmospheric aerosols resulting in the formation of secondary organic aerosols
has significant implications for atmospheric chemistry and climate models [2]. The pho-
todegradation of organic micropollutants in aquatic environments has garnered interest
for its potential in managing water quality and reducing the environmental impact of
emerging pollutants [13]. The design of sustainable covalent organic frameworks (COFs)
as heterogeneous photocatalysts and their reaction mechanisms for organic synthesis have
been reviewed [14]. Innovative solutions for sustainable energy storage technologies have
been proposed, such as the application of photoelectrochemistry in oxygen evolution for
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rechargeable Li-O2 batteries [15]. The use of periodic illumination advanced the under-
standing of photoelectrocatalytic systems for CO2 reduction, offering a sustainable strategy
for reducing greenhouse gasses and generating fuel feedstock [16].

Innovative photochemical techniques for controlled polymerizations might enable
precise polymer architectures and advanced materials with tailored properties [17]. The
field of asymmetric synthesis has seen progress through enantioselective photochemical
reactions, which were enabled by triplet energy transfer [18]. The advanced understanding
of the E→ Z isomerization of alkenes using small-molecule photocatalysts might facilitate
precise control in organic synthesis and materials science [19].

The challenges of scaling up photochemical reactions from lab scale to industrial
production has been initially tackled from a technical and practical viewpoint [20]. Tech-
nological innovations in photochemistry for organic synthesis have been reviewed, such
as flow chemistry, high-throughput experimentation, scale-up, and photoelectrochemistry
implementation, driving significant progress in the field [21].

Despite the multiple advancements in the field of photochemistry, many knowledge
gaps existed. Among these gaps were the creation of novel metal complexes for efficient and
photostable organic dye degradation and for visible light photopolymerization reactions.
Moreover, metal-doped photocatalysts for CO2 reduction with enhanced methane and
hydrogen production were desired. Synthetic molecules with polycyclic aromatic hydrocar-
bon moieties, if created, could provide materials with a high quantum yield for bioimaging
and anti-counterfeiting applications. Progress in the research of molecular solar fuels, fun-
damental absorption and fluorescence, the light-induced transitions of metal nitroprussides
materials, and the photoluminescence of lanthanide complexes for advanced displays was
also needed. The gaps included problems in spectroscopy and the study of photophysical
properties, applications to bioimaging, the E→ Z photoisomerization of dyes, relaxation
processes, and inverse problems in pump–probe spectroscopy. Photobiology and photopro-
tection gaps included targeted analysis of the spectral properties of biological tissues for
disease diagnosis, photostability mechanisms, DNA nucleobase photoprotection, and the
photostabilization and degradation of pharmaceuticals and sunscreens.

The Special Issues, “Feature Papers in Photochemistry” and “Feature Papers in Photo-
chemistry II”, have played a pivotal role in addressing these gaps. By bringing together a
diverse collection of research papers, they highlighted groundbreaking work in photochem-
istry, showcased novel methodologies, and provided insights into emerging trends. They
created a platform for exchanging ideas and fostering collaborations, thereby accelerating
the pace of discovery in the field. Twenty high-quality contributions in these Special Issues
highlight advances in the field of photochemistry by providing both research articles and
reviews, which offer a comprehensive overview of innovative results and methodologies in
the field of photochemistry.

Each of the twenty contributions advances the understanding of how photochemical
processes can be harnessed for practical applications, such as pollution control, renewable
energy, and the synthesis of complex molecules with functional properties. The Special
Issues have been specially curated to ensure that they represent the cutting edge of today’s
photochemical research. The inclusion of diverse perspectives and interdisciplinary ap-
proaches underscores the importance of photochemistry in addressing global challenges.
Researchers, educators, and students can explore these photochemistry advancements
in the provided open-access platform of these Special Issues. By bringing together high-
quality research and review articles, these Special Issues serve as valuable resources for
anyone interested in the latest developments in photochemistry. Highlights of the twenty
important contributions are presented in the section below, categorized into three themes.

2. An Overview of the Published Articles
2.1. Contributions on Applications in Environmental Science and Materials Science

Vallavoju et al. (Contribution 1) presented the synthesis and characterization of
novel tetradentate Schiff’s base Cu (II) complexes, which may find potential application
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as photocatalysts for environmental remediation, e.g., for organic dye degradation. The
produced complexes with superior photocatalytic performance were of high photostability,
low band-gap energy, and efficient visible-light activity. A different study by Mau et al.
(Contribution 2) using copper complexes suggested their possible use as photoinitiators
for visible light photopolymerization. The work of Edelmannová et al. (Contribution 3)
explored the use of iron-modified graphitic carbon nitride (g-C3N4) photocatalysts for
CO2 reduction. The systematic study in Contribution 3 determined that the photocatalyst
with the lowest iron content showed superior gas evolution of methane and hydrogen
as compared to higher iron content samples. Optimizing iron content in g-C3N4 was
demonstrated by Edelmannová et al. as an important task for efficient CO2 photoreduction
with advanced materials for sustainable energy solutions.

Malpicci et al. (Contribution 4) studied the synthesis and photophysical proper-
ties of cyclic triimidazole derivatives substituted with pyrene. The study revealed that
these chromophoric compounds exhibit impressive quantum yields and room-temperature
phosphorescence (RTP) properties, with phosphorescence lifetimes increasing with the
number of pyrene moieties. Promising applications of these materials for bioimaging,
anti-counterfeiting, and display technologies could be recognized based on the work of
Malpicci et al. The research of Stefanello et al. (Contribution 5) examined the photophysical
properties of a series of 5-(alkyl/aryl/heteroaryl)-2-methyl-7-(trifluoromethyl)pyrazolo[1,5-
a]pyrimidines, reporting their UV-visible absorption and fluorescence properties in solution
and solid state and assessing their thermal stability using thermogravimetric analysis.

An attractive study conducted by Joo et al. (Contribution 6) demonstrated that a
europium complex electrodeposited on bare and terpyridine-functionalized porous silicon
surfaces exhibited enhanced photoluminescence properties. The characterization of the
surfaces created in Contribution 6 by amperometry electrodeposition was performed using
scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). These characterizations
supported the materials’ composition and properties, which are valuable for develop-
ing advanced materials for display technologies and photoelectrochemical applications.
Gimenez-Gomez et al. (Contribution 7) provided a comprehensive review of molecular
solar fuels, focusing on their design challenges and recent advances. The review high-
lighted the optical and photochemical properties of compounds such as norbornadiene,
azobenzene, and dihydroazulene, which are promising candidates for practical applications
in solar energy storage. Crespo et al. (Contribution 8) provided a valuable perspective
delving into the photochemistry of metal nitroprussides and emphasized the pivotal role
of the nitrosyl group’s electronic structure. The work in Contribution 8 explained light-
induced electronic transitions of metal nitroprussides and their impact on the stability
and functional properties of these compounds, which may find applications in tuning the
magnetic, electrical, and optical properties of advanced materials.

2.2. Contributions on Spectroscopy and Photophysical Properties

Sider et al. (Contribution 9) investigated the infrared spectrum and UV-induced photo-
chemistry of matrix-isolated phenyl 1-hydroxy-2-naphthoate using matrix isolation infrared
spectroscopy and density functional theory (DFT) computations. The insights offered
about the fundamental photochemical processes and spectral properties of 1-hydroxy-2-
naphthoate contribute to the understanding of photochemical reactions in isolated environ-
ments. The work in Contribution 9 identified the most stable conformer and studied its UV
photodecarbonylation yielding 2-phenoxynaphthalen-1-ol and carbon monoxide, a reac-
tion that showed dependence on the excitation wavelength. Barnes et al. (Contribution 10)
examined the electronic absorption, emission, and two-photon absorption properties of
extended 2,4,6-triphenyl-1,3,5-triazines. DFT calculations were used by Barnes et al. to
examine their linear optical properties and two-photon absorption cross-sections, which
may be valuable for fluorescence bioimaging applications. Vasilev et al. (Contribution 11)
studied the reversible E→ Z photoisomerization of a photoswitchable merocyanine dye
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present in a polar acidic medium, which was induced with visible light at λ = 450 nm. A
combination of UV-visible spectroscopy measurements and DFT calculations demonstrated
in Contribution 11 the potential of this dye for harvesting visible light and for developing
light-responsive materials.

Moritz Knötig et al. (Contribution 12) shed light on the excited state dynamics of
carbazole and 3,6-di-tert-butylcarbazole in organic solvents, an intricate photophysical
problem. The use of advanced ultrafast spectroscopy techniques in Contribution 12 re-
vealed the mechanisms behind the compounds’ relaxation processes, providing valuable
insights for more stable organic optoelectronic materials. An additional study by Moritz
Knötig et al. (Contribution 13) provided a detailed photophysical understanding of the
intermolecular pathways and energy transfer mechanisms of carbazole derivatives in thin
films used in organic electronics, such as organic light-emitting diodes (OLEDs). The work
of Tikhonov et al. (Contribution 14) addressed the inverse problems in pump–probe spec-
troscopy, an ultrafast kinetic technique that provides deep insights into photophysical and
photochemical processes. The research in Contribution 14 presented a consistent approach
for solving these inverse problems, avoiding the pitfalls of simply using least-squares fitting.
By employing regularized Markov Chain Monte Carlo sampling, Tikhonov et al. offered a
robust solution to the nonlinear inverse problem. Python-based software for implementing
the fitting routine was made available by Contribution 14, together with a discussion of
critical experimental parameters, such as pulse overlap and minimal time resolution.

2.3. Contributions on Photobiology and Photoprotection

In the photobiology context, Gonçalves et al. (Contribution 15) investigated the spec-
tral optical properties of brain cortex from rabbit tissues using transmittance and reflectance
spectroscopy. The study identified melanin and lipofuscin pigments and evaluated their
impact on the absorption properties of the cortex. Insights into the aging of brain tissues
were provided in Contribution 15 to enable the potential development of optical methods
to diagnose and monitor brain diseases. The article by Frederick et al. (Contribution 16)
offered new computational insights into the photophysics of a heterodimer model system
made of eumelanin, which contains the catechol and benzoquinone functionalities. The
study investigated the mechanisms behind the photostability of eumelanin, a skin pigment
that protects against UV damage, using multi-reference computational methods. The re-
sults of Contribution 16 revealed a photoinduced intermolecular hydrogen transfer that is
key to the photoprotective properties of eumelanin. The work of Frederick et al. improved
the understanding of eumelanin’s photophysics and its role in protecting chromosomal
deoxyribonucleic acid (DNA) from UV-induced damage. Moreover, Segarra-Martí et al.
(Contribution 17) investigated the photoionization processes of DNA nucleobase deriva-
tives using advanced computational methods. The study by Segarra-Martí et al. revealed
ultrafast decay and photostability mechanisms, providing insights into the photoprotection
of DNA and potential implications for understanding UV-induced DNA damage and
related health concerns.

Kawabata et al. (Contribution 18) developed a photostabilization strategy to ensure the
quality and quantity of photodegradable pharmaceuticals. In their study, polyphenols with
antioxidant and photostabilizing properties were evaluated during the UV photodegra-
dation of naproxen (NPX) in the solid state. The molecules of quercetin, curcumin, and
resveratrol efficiently suppressed NPX photodegradation by behaving as antioxidants with
strong UV filtering activity. The findings in Contribution 18 might be applied to photo-
stabilize crushed or decapsulated medicines in the future. In a related context, Kodikara
et al. (Contribution 19) investigated the impact of benzophenone-type UV filters on the
photodegradation of sulfamethoxazole in water. The research revealed that benzophenone
and its derivative oxybenzone significantly enhance the degradation rate of sulfamethoxa-
zole by sensitizing reactive intermediates. Indeed, the work in Contribution 19 showed that
coexisting benzophenone and its derivative oxybenzone possess promising potential to be
used as effective photosensitizers, which may facilitate the photodegradation processes of
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organic micropollutants in aquatic environments. Soilán et al. (Contribution 20) studied
the photostability of avobenzone, a popular sunscreen agent in the skin care industry,
which under UV light loses effectiveness as it is degraded. Soilán et al. revealed that
mycosporine-like amino acid (MAA) analogs were demonstrated as potential alternative
stabilizers to octocrylene, resulting in enhanced avobenzone photostability and a promising
next generation of sunscreens.

3. Conclusions

Overall, the “Feature Papers in Photochemistry” and “Feature Papers in Photochem-
istry II” Special Issues are a testament to the dynamic and impactful nature of photo-
chemical research, offering insights and innovations that have the potential to shape the
future of science and technology in the field of photochemistry. Multiple advancements in
the field of photochemistry have been provided in the Special Issues. However, several
areas for future exploration remain, including the intricacies of light–matter interactions at
the quantum level, the stability and efficiency of photocatalytic systems under practical
conditions, and the environmental impact of photochemical processes. Continued research
and innovation in photochemistry is further needed to address these matters. Looking
ahead, it is imperative that future research in photochemistry focuses on several key areas.

First, there is a need for more in-depth studies on the mechanistic aspects of photo-
chemical reactions. Understanding the fundamental processes that govern these reactions
will enable the development of more efficient and selective photochemical systems. Second,
the integration of photochemistry with other disciplines, such as materials science, biology,
food science, and environmental science, holds great promise. Interdisciplinary approaches
can lead to the discovery of new photochemical applications and the optimization of ex-
isting ones. Third, the development of sustainable photochemical processes remains a
critical goal. Researchers should aim to design photocatalysts and photoreactors that are
not only highly efficient but also environmentally benign and economically viable. Finally,
advancing computational and theoretical methods to predict and design photochemical
reactions will be crucial. These methods can provide valuable insights into the behavior of
photochemical systems and guide experimental efforts.

In conclusion, the Special Issues have laid a strong foundation by addressing current
gaps and highlighting innovative research in photochemistry. Moving forward, a con-
certed focus on fundamental understanding, interdisciplinary integration, sustainability,
and advanced computational methods will be essential to unlocking the full potential of
photochemistry. This concerted strategy should drive the field toward a future filled with
new discoveries and transformative technologies.

Gratitude is extended to all authors and reviewers for their contributions, which have
significantly enriched these Special Issues.

Acknowledgments: M.I.G. acknowledges support under NSF award 2403875.
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Abstract: We have reported tetradentate ligands (salophen) coordinated with N and O atoms that
led to the Cu (II) complexes. These Cu (II) complexes (C-1 and C-2) were firstly established by using
elemental analysis and confirmed by mass spectra. At the same time, the characterization of C-1 and
C-2 complexes is performed by using several spectroscopic methods and morphological analysis. The
bandgap values of the C-1 and C-2 complexes are evaluated with UV-vis DRS spectra. The PL spectral
data and photocurrent curves clearly indicated the small recombination rate of the hole–electron pair.
The synthesized C-1 and C-2 complexes’ photocatalytic properties were examined for the degradation
of cationic dyes such as methylene blue (MB λmax.= 654 nm) and methyl violet (MV λmax.= 590 nm)
below visible-light action. The C-2 complex is more active than the C-1 complex because of its high
photostability, small band-gap energy, and low recombination rate for hole–electron pair separation,
and improved visible-light character, which encourages the generation of hydroxyl radical species
throughout the photodegradation process. Scavenger probes were used to identify the dynamic
species for the photodegradation of dyes, and a mechanism investigation was established.

Keywords: Cu (II) complexes; photocatalysis; surface area; rate of recombination; methyl violet dye

1. Introduction

The use of Schiff base ligands in coordination chemistry has been extensively stud-
ied, particularly those with tetradentate ligands containing nitrogen and oxygen donor
atoms [1–5]. Metal (II) complexes of these ligands have shown promising catalytic activity
in oxidative catalysis [6] and deoxygenation [7] reactions. Cu (II) Schiff base complexes,
in particular, have received interest for their potential catalytic activity (conventional or
photocatalytic) in the oxidation of organic substrates [8,9]. The use of Schiff base ligands
derived from 2-hydroxy-1-naphthaldehyde and aryl-1,2-diamines in the synthesis of M(II)
complexes has been extensively studied [10–12]. Among these, Cu (II) Schiff base com-
plexes have been reported to exhibit various catalytic activities [13,14]. However, despite
the large number of metal–Schiff base complexes available, Cu (II) Schiff base complexes
are relatively less studied for their photocatalytic applications in organic transformations.
The recent study on the piezo-photomineralization of MR and RhB cationic dyes using Cu
(II) Schiff base complexes obtained from 4-chlorobenzene-1,2-diamine or 4-fluorobenzene-
1,2-diamine with 2-hydroxy-l-naphthaldehyde is of great significance. The study can
provide insights into the potential of Cu (II) Schiff base complexes as photocatalyst in the
degradation of organic pollutants [15–17].

Under visible-light irradiation, mono- and bimetallic complexes have been used to
photodegrade organic pollutants [18]. Photooxidation of aromatic hydrocarbons and
methylstyrenes have also been accomplished using Ru (II) and Zn (II) complexes with
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Schiff base ligands [19]. Other studies have investigated the potential of Pd (II) Schiff base
complexes for the synthesis of fused heterocyclic aromatic hydrocarbons and the activation
of allylic C-H bonds and Ag-doped Pd (II) complexes under visible-light irradiation for the
degradation of dyes [20,21]. Zn (II) complexes have also been investigated for their possible
use in the photooxidation of 2,2’-(Ethyne-1,2-diyl) dianilines [22], the photodecomposition
of organic dye pollutants [23], and the piezo-photomineralization of dyes and industrial
waste [24]. More recently, Ti (IV) complexes obtained using salophen-based ligands have
been explored for their potential piezo-photocatalytic degradation of methyl red and
rhodamine B dyes [25].

In this study, the reactions of tetradentate Schiff base ligands obtained from
4-chlorobenzene-1,2-diamine or 4-fluorobenzene-1,2-diamine with 2-hydroxy-1-naphthaldehyde
and Cu2+ ions were investigated for their potential use in the photomineralization of MR
and MV cationic dyes under visible-light treatment. The structures of ligands L-1 and L-2,
and respective complexes C-1 and C-2 are given in Figure 1.

Figure 1. Structures of Schiff’s base ligands and new Cu(II) complexes.

2. Materials and Methods

All the experimental processes for preparation of ligands were performed by following
earlier methods [23]. The detailed experimental methods and characterization techniques
for the analysis of Cu (II) complexes are shown in the Supplemental Materials. The carefully
purified and dried Cu (II) complexes C-1 and C-2 were analyzed using elemental mass spectra,
XPS, TGA, FTIR, FESEM, UV-visible emission, ESR, and photocurrent measurements.

Experimental Procedure for Photomineralization of Dye Pollutants

The photocatalyst (30 mg) was placed into 80 mL dye pollutant solution (5 × 10−4 M)
in a 100 mL quartz glass cylindrical photoreactor. The mineralization of MR and MV
cationic dyes was kept in the presence of visible light (300 Watts tungsten light with photon
flux 8.02 × 1013 Einstein/s and wavelength 380–780 nm), as found by utilizing the chem-
ical actinometric method with Reinecke salt [18] for 30 min. The adsorption–desorption
equilibrium technique for the specific dye was attained in the absence of light for 10 min;
the light was then permitted to fall on the reaction dye solution. Once the light was turned
on, then a sample was taken every 5 min for UV-visible spectroscopic analysis. To verify
the reusability of the catalyst, C-1/C-2 was separated by the centrifugal method, used
again for the degradation of the dye, and its concentration studied using a UV-visible
spectrophotometer at dye λmax.

9



Photochem 2023, 3

3. Results and Discussion

Molar conductivity experiments were used to determine if the new Cu (II) complexes
were ionic or covalent. The conductivity of both C-1 and C-2 complexes was measured
with the 10−3 M concentrations and showed the values 12.07 and 9.17 ohm−1 mol−1 cm2,
respectively. These values indicated that both the complexes are covalent and nonelec-
trolytic in nature (Table S1) [25]. Further, after 72 hours, the complexes were reexamined for
molar conductance and exhibited the same conductance. Hence, the Cu (II) complexes are
highly stable as Cu2+ ions are strongly complexed with the salophen ligands. The elemental
and physicochemical data for the C-1 and C-2 complexes are depicted in Table S1. The
analytical data show that various elements such as Cu, Cl/F, N, C, and H agree with the
theoretical data, which are empirically formulated as C-1 and C-2 complexes. The MALDI
mass spectral data for complexes C-1 and C-2 coincide with the exact molecular weight
and are outlined in Figures S1 and S2, respectively. The Cu (II) complexes spectra show
that the m/z values of 511.1475, and 495.1571 are in agreement with the molecular ions of
C-1 and C-2, respectively (Figures S1 and S2) [24].

X-ray photoelectron spectroscopy (XPS) can be a useful tool for analyzing Cu (II)
complexes with nitrogen and oxygen donors. XPS can provide information about the
chemical composition and electronic state of the elements in the sample. When performing
XPS analysis, the sample is bombarded with X-rays, which cause the emission of electrons
from the surface of the sample. The energies of the emitted electrons are then measured
to determine the binding energy of each element in the sample. By analyzing the binding
energies of the Cu, nitrogen, and oxygen atoms in the complex, information can be obtained
about the chemical bonding in the sample. In Cu (II) complexes with nitrogen and oxygen
donors, the Cu atom is typically coordinated to one or more nitrogen or oxygen atoms,
forming a complex with specific coordination geometry. The XPS spectra of these complexes
show peaks corresponding to the Cu 2p, nitrogen 1s, and oxygen 1s electron orbitals. The
positions and intensities of these peaks can be used to determine the electronic state of the
Cu atom and the chemical environment of the nitrogen and oxygen atoms.

The Cu 2p XPS peak for a Cu (II) complex with Cl-substituted Schiff’s base ligand
shifted to a slightly higher binding energy compared to the peak for a complex with a
nonsubstituted Schiff’s base ligand. The nitrogen 1s and oxygen 1s peaks can also provide
information about the bonding between the ligand and Cu atom, and any changes in the
electron density around the ligand due to the presence of the Cl atom, as shown in Figure 2.
Similarly, the Cu 2p XPS peak for a Cu (II) complex with an F-substituted Schiff’s base
ligand shifted to a slightly lower binding energy compared to the peak for a complex with a
nonsubstituted Schiff’s base ligand. The nitrogen 1s and oxygen 1s peaks can also provide
information about the bonding between the ligand and Cu atom, and any changes in the
electron density around the ligand due to the presence of the F atom, which is shown in
Figure 3; details of analysis are mentioned below.

The XPS spectrum of the C-1 complex displays peaks at 965.09, 955.76, 945.9, and
935.99 eV for the 2p1/2 and 2p3/2 states of Cu of Cu-O and Cu-N bonds, respectively [26,27].
The remaining peaks, such as 203.24 eV for Cl (2p); 534.09 and 531.91 eV for O (1s); and
399.13 and 400.33 eV for Cu-N and Ar-C=N-Ar N (1s) states [21,28], are also displayed. In
the case of the C-2 complex, 965.13, 955.55, 945.09 and 935.71 eV are indicated for the Cu-N
and Cu-O (2p1/2 and 2p3/2) bonds. Additionally, 688.01 for F (1s), 533.52 and 531.81 eV for
O (1s), and 399.24 and 400.48 eV N (1s) peaks are observed in C-2; three different peaks are
present in both the C-1 and C-2 complexes for C (1s), such as 285.27, 285.55, and 285.99 eV
for C-Cl, C-OAr, and -C=N-, respectively, for C-1; and for the C-2 complex, 284.80, 285.35,
and 286.31 eV for C-F, C-OAr and -C=N-, respectively, as revealed in Figures 2 and 3.

To know the thermal stability and thermal decomposition path for both Cu (II) com-
plexes, thermogravimetric (TG) analysis of both complexes was investigated under a
nitrogen atmosphere from 50 to 750 ◦C with an evaporating rate of 10 ◦C min−1. The TGA
of the C-1 complex decomposed at 385 ◦C, whereas the C-2 complex started at 395 ◦C. Both
the Cu (II) complexes were decomposed in a single step, which designated that the ratio of
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ligand to metal is equal (1:1) [25] and revealed the conforming disintegration thermogram
in Figure 4. The experimental TG plots display that C-1 and C-2 complexes decompose
ligands in the solo stage with a weightiness loss of 84.38% (calcd. 84.56%) between 385
and 500 ◦C [25]. The TG curvature displays a mesa between 350–500 ◦C, and then there is
no further disintegration up to 750 ◦C. The values obtained agree, indicating that the end
material is pure CuO, which is confirmed by XPS and p-XRD data, as shown in Figure 5
and Figure S3 for the respective complex’s residual substance.

Figure 2. XPS spectra: (a) overall survey spectra; (b) Cu (2p) spectra; (c) O (1s) spectra; (d) N (1s)
spectra; (e) Cl (2p) spectra; and (f) C (1s) spectra of the C-1 complex.
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Figure 3. XPS spectra: (a) overall survey spectra; (b) Cu (2p) spectra; (c) O (1s) spectra; (d) N (1s)
spectra; (e) F (1s) spectra; and (f) C (1s) spectra of the C-2 complex.

FTIR was used to confirm the bonding vibrational modes of all the ligands and Cu (II)
complexes. The weak and strong peaks noticed at 1578 and 1452 cm−1 in the spectrum of the
ligand L-1 is known to be the vibrational stretching modes of the imine (-C=N-) group [24].
In both the Cu (II) complexes, vanishing of the phenolic groups as correlated to ligand
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spectra and azomethine group peaks are shifted to the higher wavenumber side, which
designates the complexation of the azomethine group. The two novel stretching modes in
the FTIR spectra of C-1 and C-2 complexes, one around 403 and 406 cm−1 and the other
around 504 and 502 cm−1, have been identified as n(Cu-N) and n(Cu-O), respectively. The
vibrational modes shown in the FTIR spectra of Cu (II) complexes signify that the Cu2+ ions
are complexed with L-1/L-2 via two -C=N-functional and two Ar-OH sets. The illustrative
FTIR spectra of Cu-complexes, C-1 and C-2, are revealed in Figures S4 and S5, respectively.

Figure 4. Thermograms of (a) C-1 and (b) C-2 complexes.

Figure 5. XPS spectra of CuO residue (a) Cu (2p) and (b) O (1s) obtained from TG analysis.

The electron spin resonance (ESR) spectra of the Cu (II) complexes are presented in
Figure 6a,b. The spectra of the two complexes are anisotropic in nature, and each one
exhibits three peaks. The g|| and g⊥ were calculated from the spectra (Table 1). ESR
spectra of the complexes provide an excellent basis for distinguishing the unpaired electron
as being present in either the ground state dx2 − y2 or the ground state dz2. Thus, using the
equation (g2 − g1)/(g3 − y2), if the value of R is greater than one, the electron is present in
dz2, and if the value is less than one, the electron is present in dx2 − y2. In the case of C-1,
the R value is 0.263 and was found that g|| > g⊥ > 2 for both the complexes, indicating
that the unpaired electron is present predominantly in the dx2 − y2 orbital of the Cu (II)
ion. This indicates that these complexes are monomeric in nature, and that there are no
metal–metal interactions and exchange couplings [29].
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Figure 6. ESR spectra of (a) C-1 and (b) C-2 complexes.

Table 1. ESR parameters of Cu (II) complexes.

Complex g|| g⊥ gave

C-1 2.36 2.088 2.224
C-2 2.38 2.099 2.239

3.1. Absorption and Emission Studies

The UV-visible spectra of the Schiff base ligands L-1 and L-2 were analyzed in DMSO
and showed absorption bands between 330 and 425 nm [24,30]. The onset bands of the
Schiff bases are at 504 and 512 nm for L-1 and L-2, respectively, indicating that the bandgap
of the Schiff bases falls between 2.43 and 2.42 eV. Upon complexation with Cu(II) ions, the
absorption bands of the Cu(II)-complex shifted to the higher wavelength side (Figure 7) [28–30],
indicating the occurrence of ligand–metal charge transfer and the strong interaction of
lone-pair electrons of donor N-atoms with Cu2+ ions. The bandgap energies of the Cu(II)
complexes were found to be lower than those of the pure Schiff base compounds, as shown
in Table 2. This suggests that complexation with Cu(II) ions could enhance the absorption
and utilization of visible light by the Schiff base ligands for photocatalytic applications.

Figure 7. UV-vis spectra of the L-1 and L-2 ligands and the C-1 and C-2 complexes.
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Table 2. Experimental λonset (nm), bandgap energies (in eV), and surface area of Cu (II) complexes.

Name λonset (nm) Bandgap Energy (eV) Surface Area (m2
/g)

L-1 504 2.46 5.8
L-2 512 2.42 6.9
C-1 584 2.12 45.6
C-2 599 2.07 62.3

Surface areas of the ligands L-1 and L-2 were far smaller than Cu (II) complexes C-1
and C-2, as given in Table 2 [31].

DFT and TD-DFT calculations were also performed to gain a deeper understanding
of the electronic excitations observed in the experimental UV-vis spectra of C-1 and C-2
complexes. The B3LYP functional with a mixed basis set was used for the Cu(II) complexes,
with the 6-31G (d, p) basis set applied to the H, C, N, F, Cl, and O atoms, and the LANL2DZ
basis set used for the copper metal [30,32,33].

It is noteworthy that the electronic excitations for both C-1 and C-2 complexes exhibit
a narrow range from 445 to 448 nm, as shown in Table S2. C-1 has an intense absorption
at 445 nm. When chlorine atom is replaced with fluorine atom, the absorption energy
red-shifts slightly, and C-2 has an intense absorption at 448 nm. In both complexes, the
main transition is from HOMO to LUMO.

The decrease in HOMO and LUMO energies was observed after replacing chlorine
with fluorine (Table S3). The HOMO and LUMO orbitals of the C-1 and C-2 complexes
are spread out over the ligand and the copper ion. This suggests that charge is transferred
from the ligand to the copper ion during the electronic transitions. The HOMO is primarily
located on the ligand, while the LUMO is localized on the copper ion (Figure S6), indicating
that the ligand donates electrons to the copper ion upon excitation.

The photoluminescence spectra of the Cu (II) complexes (C-1 and C-2) were measured
in solid phase using a 2 nm slit. The complexes were excited at their respective maximum
wavelengths, 550 nm for C-1 and 555 nm for C-2. The spectra showed that the rate of
recombination of electron–hole pairs was low, [30] indicating that there was a potential for
charge separation or charge trapping in the Cu (II) complexes [24]. The spectral emission
was caused by the excited h+ and e- recombination. A lower emission indicates a lower rate
of charge carriers’ recombination. The emission strength of C-2 was found to be six-fold
lower than that of C-1, indicating that C-1 had a lower rate of recombination compared to
C-2. The smaller emission energy of the C-1 complex suggests that it has a lower rate of
recombination of charge carriers, as shown in Figure 8.

As shown in Figure 9, FESEM images were said to be the most important evidence
after coordination for determining the shape of Cu (II) complexes. The consequence showed
that there were ample Cu (II) complexes in nanostrips and nanoribbons with a smaller
facet ratio, similar to dm (diameter) and flat surfaces. This was an imaginable spectacle
in the solvo-thermal preparation of Cu (II) complex nanostrips and nanoribbons [25].
Figure 9 exhibits the morphology of reported complexes stimulated in ethanol solution.
The outcome designated that Cu2+ ions were successfully coordinated with ligands, and
the morphology compared with ligands was entirely changed.

3.2. Photocatalysis

The photocatalytic activity of Cu (II) complexes is investigated by the photodegrada-
tion of methylene blue (MB) and methyl violet (MV) dyes below the visible-light treatment.
The time-based change in MB [20] and MV [24] concentrations with treatment time in the
blank (no catalyst) and existence of C-1/C-2 are revealed in Figure 10. As the irradiation
time rises, MB and MV photodegrade more quickly. In the absence of a photocatalyst,
MB and MV are observed to experience 2% photodegradation, which may be the result
of photolysis. Under the same experimental circumstances, the photodegradation of MB
dye is 5% and 2%, respectively, in the presence of simple ligands and blank [24]. However,
after 30 min of exposure to visible light, the photodegradation of MB and MV dyes with
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C-1 was approximately 56% and 72%, respectively. Similarly, with the C-2 complex, the
photodegradation was approximately 97% (MB) and 99% (MV) after 30 min of visible-light
irradiation. As a result, C-2 exhibits greater photocatalytic activity in the current study
against MB and MV photodegradation compared to the C-1 complex.

Figure 8. Photoluminescence spectra of C-1 and C-2 complexes.

Figure 9. FESEM images of (a) C-1 and (b) C-2 complexes.

The photocatalytic decay of organic dye contaminants in the existence of Cu (II)
complexes was initiated by the photogenerated electrons and holes, which ultimately
produced free radicals such as •OH and O2

•. The photodegradation rate is straightly
proportional to the possibility for the generation of these radicals on the photocatalyst
surface and their reaction with the dye molecules [24]. The formation of hydroxyl radicals
throughout the MB and MV photodegradation processes in the occurrence of Cu (II)
complexes has been determined experimentally using benzoquinone (BQ) as a superoxide
radical quencher [23,24,34,35]. Under equal conditions, photodegradation of MB or MV
is carried out by adding 0.5 g of BQ in the presence of C-2. The photocatalytic activity
of C-2 was inhibited for the first 5 min of irradiation with the addition of BQ. Even after
30 min of irradiation in presence of BQ, photodegradation of the MB dye was about 20%
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(Figure 11a). As a result, in addition to O2
•, other active species such as holes were

also involved in dye degradation. The possible MB and MV photodegradation processes
using Cu (II) complexes as photocatalysts are shown in Figure 11b. The photocatalytic
performance of the Cu (II) photocatalyst to photodegrade the organic dyes is directly related
to the degree of generation of active O2

• radicals throughout the visible-light irradiation
method [25]. Therefore, the greater photocatalytic activity of C-2 than C-1 can be attributed
to observations in this study.

Figure 10. (a,d) Chronological absorbance curves; (b,e) photocatalytic plots, and (c,f) % photodegra-
dation of MB and MV dyes in the presence of blank, C-1, and C-2 under visible-light irradiation.

Figure 11. (a) Scavengers under visible-light irradiation and (b) Mechanistic studies in the presence
of C-2 complex.

The kinetic curves of the C-2 photocatalytic reaction indicated that it had enhanced
catalytic efficacy over C-1 and blank photocatalysts (Figure 12). The photoreaction kinetic
graph was plotted against ln(C/Co) vs. time because of the photodegradation efficiency
of MB and MV dye solutions, as shown in Figure 12a,b, and followed the pseudo-first
order rate constant (Equation (1)). The rate constant (k) of photodegradation of MB dye
was 4.4 and 158.4 min−1, which is more than 35 times higher for C-2 as compared with

17



Photochem 2023, 3

C-1 complex [24]. Similarly, the k value of photodegradation for MV dye was 2.3 and
201.2 min−1, which is more than 87 times higher for C-2 as compared with C-1 complex [24].

ln(C0/C) = kt (1)

Figure 12. Kinetic plots for (a) MB and (b) MV dye solution in the presence of C-1 and C-2 complexes
under visible-light irradiation.

The results from the transient photocurrent measurement suggest that the C-2 complex
has a higher charge-species separation and relocation efficiency than the C-1 complex under
visible-light irradiation (Figure 13a). The high transient photocurrent response of C-2
indicates that the complex can generate and separate charge carriers effectively. In contrast,
C-1 showed a lower transient photocurrent response and a quicker decay, which suggests a
greater recombination rate for the charge carriers. These results suggest that C-2 can utilize
visible light more efficiently than C-1 to generate and separate charge carriers, leading
to a higher photocurrent response. Overall, the transient photocurrent measurement
provides valuable insights into the charge separation and recombination dynamics of the
Cu-complexes under visible-light irradiation [24].

Figure 13. (a) The photocurrent response of C-1 and C-2 complexes and (b) recycling tests of C-2
complex for MB dye photodegradation.
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Seven cycles of photocatalytic degradation were utilized to study the reusable nature
of the C-2 catalyst. The catalyst C-2 utilized in every cycle of the photodegradation reaction
was separated and cleaned with double-distilled water, vacuum desiccated, and repro-
cessed in the succeeding sequence of the degradation reaction. As revealed in Figure 13b,
the photocatalytic degradation amount of the MB dye solutions still accomplished 97%
after seven sequences of photoreaction. It has been established that the C-2 catalyst has
an outstanding reuse characteristic, to a certain point. After the seventh cycle of photo-
catalysis, the photocatalyst C-2 was collected, verified by FTIR, and compared with pure
C-2 catalyst, as revealed in Figure 14 [23,24]. As a result, the C-2 complex is highly stable
under photocatalysis.

Figure 14. FTIR spectra of the C-2 complex: (a) pure; (b) photocatalysis following seven cycles of the
photodegradation process.

4. Conclusions

In conclusion, the copper (II) complexes were effectively synthesized and characterized
using a variety of different methodologies. Cationic dyes were used in the experiment to
test the photocatalytic potential of the complexes by seeing how they were degraded in
the light. According to the findings, the photocatalytic performance of the C-2 complex
was superior to that of the C-1 complex. This superiority may be attributed to the C-2
complex’s narrower bandgap energy, bigger surface area, lower rate of recombination of
charge carriers, lower emission strength, and stronger photocurrent sensing. Based on
these observations, it would seem that the C-2 complex has the potential to function as an
efficient photocatalyst in the process of degrading organic dye pollutants.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/photochem3020016/s1, Table S1: Physicochemical and
elemental data of C-1 and C-2 complexes; Table S2: Electronic excitations (λCAL in nm), oscillator
strength (ƒ), major transitions (MT), and % weight (%Ci) of C-1 and C-2 complexes by using TD-
B3LYP/6-31G (d, p) method; Table S3: Calculated HOMO and LUMO energies, and HLG (in eV)
for the Cu (II) complexes; Figure S1: HR MALDI mass spectrum of the C-1 complex; Figure S2: HR
MALDI mass spectrum of the C-2 complex; Figure S3: Powder XRD image of CuO residue obtained
from TG analysis; Figure S4: FTIR spectra of the L-1 ligand (a,c) and C-1 complex (b,d); Figure S5: FTIR
spectra of L-2 ligand (a,c) and C-2 complex (b,d); Figure S6: Frontier molecular orbitals of the C-1 and
C-2 complexes.
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Abstract: In this work, eleven heteroleptic copper complexes were designed and studied as pho-
toinitiators of polymerization in three-component photoinitiating systems in combination with an
iodonium salt and an amine. Notably, ten of them exhibited panchromatic behavior and could be
used for long wavelengths. Ferrocene-free copper complexes were capable of efficiently initiating
both the radical and cationic polymerizations and exhibited similar performances to that of the
benchmark G1 system. Formation of acrylate/epoxy IPNs was also successfully performed even
upon irradiation at 455 nm or at 530 nm. Interestingly, all copper complexes containing the 1,1′-
bis(diphenylphosphino)ferrocene ligand were not photoluminescent, evidencing that ferrocene could
efficiently quench the photoluminescence properties of copper complexes. Besides, these ferrocene-
based complexes were capable of efficiently initiating free radical polymerization processes. The
ferrocene moiety introduced in the different copper complexes affected neither their panchromatic
behaviors nor their abilities to initiate free radical polymerizations.

Keywords: copper complex; ferrocene; photopolymerization; visible light; photoinitiators; free
radical polymerization; heteroleptic complexes

1. Introduction

Photopolymerization or polymerization initiated through light exposure is a process
widely used industrially. Various applications such as adhesives, dentistry [1], medicine,
coatings [2], composites [3], laser writing and 3D printing [4] are already based on this
process. However, a major drawback of industrial applications of photopolymerization
is the use of UV light which is a source of safety concerns [5]. Moreover, due to the easy
availability of affordable, compact, lightweight and safe visible irradiation light sources,
such as light-emitting diodes (LEDs), the development of photoinitiating systems activable
under visible light and low light intensities has become a highly active research field.

Over the past decades, few photoinitiating systems capable of initiating both the free
radical polymerization of acrylates and the cationic polymerization of epoxides have been
developed [3,6–10]. Among them, a copper complex named G1 (Scheme 1) was developed
as a highly efficient photoinitiator for free radical and cationic polymerization under visible
LED irradiation [3,11–13]. Photoinitiating systems based on G1 can produce reactive
species (radicals and cations) following a catalytic cycle through successive reactions.
Considering the efficiency of the photocatalyst G1, other copper complexes, with similar
behavior, are still developed with the aim of concomitantly initiating both radical and
cationic polymerizations.

However, as exemplified with G1, most of the copper complexes that have been
designed to date as photoinitiators of polymerization were mainly designed for being
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activated with irradiation wavelengths below 450 nm. These wavelengths are still very
energetic as they range close to the ultraviolet spectrum. Working with higher irradiation
wavelengths could be highly beneficial since this involves milder experimental conditions,
safer systems and less energetic irradiation sources. Especially, by working at longer
wavelengths, a better light penetration can also be expected. To this end, commercial
irradiation sources already exist for wavelengths around 532 nm [11,14].
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In this work, two strategies were investigated to design panchromatic copper com-
plexes which absorbed light above 450 nm: (i) modification of the electron donating
substituent attached to the phenanthroline ligand and used as proligand for the design of
heteroleptic copper (I) complexes inspired by complex G1; (ii) introduction of a ferrocenyl
group in the bulky phosphorylated ligand, namely 1,1′-bis(diphenylphosphino)ferrocene
ligand, also used for the design of heteroleptic copper (I) complexes. Eleven copper com-
plexes were designed, synthesized and investigated as visible light photoinitiators of poly-
merization. Among this series of copper complexes, only one complex, i.e., Cu3BF4 was
previously reported in the literature. However, if the structure is known, this complex has
never been used in photopolymerization prior to this work [15–17]. The different copper
complexes were investigated as photoinitiators of polymerization upon irradiation with vis-
ible light-emitting diodes (LEDs) for the free radical polymerization of acrylates, the cationic
polymerization of epoxides and the formation of interpenetrated polymer networks (IPN).
The efficiency of the three-component photoinitiating systems based on these panchromatic
copper complexes, an iodonium salt (Iod) and ethyl 4-(dimethylamino)benzoate (EDB) was
investigated and compared to the highly efficient system G1/Iod/EDB, which was used as
a reference in this work [18,19]. Photoinitiating abilities of the ferrocene-containing copper
complexes were compared to that of their ferrocene-free analogues.

2. Materials and Methods
2.1. Chemical Compounds

All reagents and solvents were purchased from Aldrich (St. Louis, MO, USA) or Alfa
Aesar (Tewksbury, MA, USA) and used as received without further purification. Mass
spectroscopy was performed by the Spectropole of Aix-Marseille University. ESI mass
spectral analyses were recorded with a 3200 QTRAP (Applied Biosystems SCIEX, Waltham,
MA, USA) mass spectrometer. The HRMS mass spectral analysis was performed with
a QStar Elite (Applied Biosystems SCIEX) mass spectrometer. Elemental analyses were
recorded with a Thermo Finnigan EA 1112 elemental analysis apparatus driven by the Eager
300 software. 1H- and 13C-NMR spectra were determined at room temperature in 5 mm
o.d. tubes on a Bruker Avance 400 spectrometer of the Spectropole: 1H (400 MHz) and 13C
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(100 MHz). The 1H chemical shifts were referenced to the solvent peaks DMSO (2.49 ppm),
CDCl3 (7.26 ppm) and the 13C chemical shifts were referenced to the solvent peak DMSO
(49.5 ppm), CDCl3 (77.0 ppm). All photoinitiators were prepared with analytical purity up
to accepted standards for new organic compounds (>98%); this was checked by high field
NMR analysis. 2,9-Diphenyl-1,10-phenanthroline [20], 2,9-dibutyl-1,10-phenanthroline [21],
2-tert-butyl-1,10-phenanthroline [22] and complex G1 [3] were synthesized as previously
reported in the literature, without modification and in similar yields.

2.1.1. Compounds Used as Photoinitiators

The copper complex G1 was synthesized according to the procedure reported in [9].
The new copper complexes Cu1BF4, Cu1PF6, Cu2BF4 and Cu2PF6, inspired by G1 and
presented in Scheme 1, were synthesized according to the procedure depicted below. All
complexes were obtained in a one-step synthesis, by first complexing the phosphine-
derived ligand with copper (I), followed by the introduction of the ancillary ligand. All
complexes were isolated as solids (See Scheme 2).
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Synthesis of Cu1BF4 (Figure 1). A mixture of [Cu(CH3CN)4]BF4 (310 mg, 1 mmol)
and Xantphos (578 mg, 1 mmol, M = 578.62 g/mol) was dissolved in dichloromethane
(200 mL). The solution was allowed to stir at room temperature for 1h and a solution of
2,9-diphenyl-1,10-phenanthroline (332 mg, 1 mmol, M = 332.41 g/mol) in DCM (20 mL)
was added in one portion. The resulting solution was stirred overnight. The solution was
concentrated under reduced pressure so that its volume could be reduced to ca. 5 mL.
Diethyl ether was added into the resulting solution, affording red crystals of the complex
(934 mg, 88% yield). 1H-NMR (400 MHz, CDCl3) δ(ppm): 1.67 (s, 3H), 2.19 (s, 3H), 6.54 (s,
6H), 6.51–6.60 (m, 6H), 6.70–6.96 (m, 10H), 7.02–7.12 (m, 6H), 7.38 (dd, 4H, J = 17.6, 7.2 Hz),
7.59 (d, 2H, J = 7.5 Hz), 8.10–8.30 (m, 4H), 8.55 (d, 4H, J = 7.5 Hz); 13C-NMR (101 MHz,
CDCl3) δ(ppm): 26.23, 32.86, 122.28, 122.83, 124.45, 124.83, 125.10, 125.35, 126.39, 126.60,
126.67, 126.74, 126.81, 127.36, 127.61, 127.86, 128.22, 129.31, 130.88, 130.98, 131.09, 135.34,
150.99, 151.92; 19F-NMR (CDCl3) δ: −153.9; 31P-NMR (CDCl3) δ: −14.43; HRMS (ESI MS)
m/z: theor: 1060.2567 found: 1060.2565 (M+ detected).
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Figure 1. Chemical structure of Cu1BF4.

Synthesis of Cu1PF6 (Figure 2). A mixture of [Cu(CH3CN)4]PF6 (372 mg, 1 mmol,
M = 372.72 g/mol) and Xantphos (578 mg, 1 mmol, M = 578.62 g/mol) was dissolved in
dichloromethane (200 mL). The solution was allowed to stir at room temperature for 1 h
and a solution of 2,9-diphenyl-1,10-phenanthroline (332 mg, 1 mmol, M = 332.41 g/mol)
in dichloromethane (50 mL) was added in one portion. The resulting solution was stirred
overnight. The solution was concentrated under reduced pressure so that its volume could
be reduced to ca. 5 mL. Diethyl ether was added into the resulting solution, affording red
crystals of the complex (929 mg, 83% yield). 1H-NMR (400 MHz, CDCl3) δ(ppm): 1.67 (s,
3H), 2.19 (s, 3H), 6.54 (s, 6H), 6.51–6.60 (m, 6H), 6.70–6.96 (m, 10H), 7.02–7.12 (m, 6H), 7.38
(dd, 4H, J = 17.6, 7.2 Hz), 7.59 (d, 2H, J = 7.5 Hz), 8.10–8.30 (m, 4H), 8.55 (d, J = 7.5 Hz,
4H); 13C-NMR (101 MHz, CDCl3) δ(ppm): 26.3, 35.2, 124.6, 126.7, 127.2, 127.4, 128.1, 129.0,
129.8, 130.4, 131.6, 133.4, 137.6, 153.3; 19F-NMR (CDCl3) δ: −72.3, −74.8; 31P-NMR (CDCl3)
δ: −15.3, −144.2 (qt, J = 287 Hz); HRMS (ESI MS) m/z: theor: 1060.2567 found: 1060.2562
(M+.detected).
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Figure 2. Chemical structure of Cu1PF6.

Synthesis of Cu2BF4 (Figure 3). A mixture of [Cu(CH3CN)4]BF4 (310 mg, 1 mmol) and
bis[2-(diphenylphosphino)phenyl]ether (540 mg, 1 mmol) in 200 mL of dichloromethane
was stirred at 25 ◦C for 2 h and then treated with a solution of 2,9-diphenyl-1,10-
phenanthroline (332 mg, 1 mmol, M = 332.41 g/mol) in dichloromethane (50 mL). The
resulting solution was stirred overnight. The solution was concentrated under reduced
pressure so that its volume could be reduced to ca. 5 mL. Diethyl ether was added into
the resulting solution, affording red crystals of the complex (908 mg, 89% yield). 1H-
NMR (400 MHz, CDCl3) δ(ppm): 6.47–6.65 (m, 6H), 6.78–6.80 (m, 10H), 6.95–7.10 (m,
10H), 7.12–7.18 (m, 2H), 7.20–7.50 (m, 12H), 8.13 (s, 2H), 8.58 (d, 2H, J = 8.1 Hz); 13C-
NMR (101 MHz, CDCl3) δ(ppm): 119.2, 119.7, 124.7, 126.6, 127.1, 127.5, 128.0, 128.7, 128.8,
129.0, 129.9, 130.3, 130.7, 132.0, 133.5, 134.2, 137.5, 138.7, 156.5, 158.1; 19F-NMR (CDCl3) δ:
−154.0; 31 -NMR (CDCl3) δ: −13.7; HRMS (ESI MS) m/z: theor: 933.2219 found: 933.2221
(M+.detected).
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Synthesis of Cu2PF6 (Figure 4). A mixture of [Cu(CH3CN)4]PF6 (372 mg, 1 mmol,
M = 372.72 g/mol) and bis[2-(diphenylphosphino)phenyl]ether (540 mg, 1 mmol) in
dichloromethane (200 mL) was stirred at 25 ◦C for 2 h and then treated with a solution of
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2,9-diphenyl-1,10-phenanthroline (332 mg, 1 mmol, M = 332.41 g/mol) in dichloromethane
(50 mL). The resulting solution was stirred overnight. The solution was concentrated under
reduced pressure so that its volume could be reduced to ca. 5 mL. Diethyl ether was
added into the resulting solution, affording red crystals of the complex (1 g, 93% yield).
1H-NMR (400 MHz, CDCl3) δ(ppm): 6.47–6.65 (m, 6H), 6.78–6.80 (m, 10H), 6.95–7.10 (m,
10H), 7.12–7.18 (m, 2H), 7.20–7.50 (m, 12H), 8.13 (s, 2H), 8.58 (d, 2H, J = 8.1 Hz); 13C-NMR
(101 MHz, CDCl3) δ(ppm): 119.2, 119.7, 124.7, 126.6, 127.1, 127.5, 128.0, 128.7, 128.8, 129.0,
129.9, 130.3, 130.7, 132.0, 133.5, 134.2, 137.5, 138.7, 156.5, 158.1; 19F-NMR (CDCl3) δ: −72.3,
−74.9; 31P-NMR (CDCl3) δ: −13.7, −144.2 (qt, J = 287 Hz); HRMS (ESI MS) m/z: theor:
933.2219 found: 933.2220 (M+.detected).
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Synthesis of Cu3BF4 (Figure 5). A mixture of tetrakis(acetonitrile)copper(I) tetrafluo-
roborate (314 mg, 1.0 mmol, M = 314.56 g/mol) and 1,1′-bis(diphenylphosphino)ferrocene
(555 mg, 1.0 mmol, M = 554.39 g/mol) in dichloromethane (200 mL) was stirred at 25 ◦C for
2 h and then treated with a solution of neocuproine (208 mg, 1.0 mmol, M = 208.26 g/mol)
in dichloromethane (50 mL). The resulting solution was stirred overnight. The solution
was concentrated under reduced pressure so that its volume could be reduced to ca. 5 mL.
Diethyl ether was added into the resulting solution, affording red crystals of the com-
plex (895 mg, 98% yield). 1H-NMR (400 MHz, CDCl3) δ(ppm): 2.46 (s, 6H), 4.77 (s, 4H),
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4.88 (s, 4H), 7.18–28 (m, 8H), 7.35–7.47 (m, 12H), 7.69 (d, 2H, J = 7.1 Hz), 8.19 (s, 2H),
8.62 (d, 2H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3) δ(ppm): 27.6, 72.8 (t, J = 2.4 Hz),
74.5 (t, J = 19.5 Hz), 74.8 (t, J = 5.4 Hz), 125.7, 126.6, 128.2, 128.7 (t, J = 4.5 Hz), 130.1,
132.2 (t, J = 7.5 Hz), 133.8 (t, J = 14.9 Hz), 138.4, 142.9, 159.4; HRMS (ESI MS) m/z: theor:
825.1307 found: 825.1309 (M+.detected). Analyses are consistent with those reported in the
literature [15,17].
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phate (372 mg, 1.0 mmol, M = 372.72 g/mol) and 1,1′-bis(diphenylphosphino)ferrocene (555 mg,
1.0 mmol, M = 554.39 g/mol) in 200 mL of dichloromethane was stirred at 25 ◦C for 2 h
and then treated with a solution of neocuproine (208 mg, 1.0 mmol, M = 208.26 g/mol)
in 50 mL of dichloromethane. The resulting solution was stirred overnight. The solution
was concentrated under reduced pressure so that its volume could be reduced to ca. 5 mL.
Diethyl ether was added into the resulting solution, affording red crystals of the complex
(932 mg, 96% yield). 1H-NMR (400 MHz, CDCl3) δ(ppm): 2.45 (s, 6H), 4.77 (s, 4H), 4.88
(s, 4H), 7.18–28 (m, 8H), 7.35–7.47 (m, 12H), 7.69 (d, 2H, J = 8.2 Hz), 8.22 (s, 2H), 8.65
(d, 2H, J = 8.2 Hz); 13C-NMR (101 MHz, CDCl3) δ(ppm): 27.6, 72.8 (t, J = 2.4 Hz), 74.5 (t,
J = 19.5 Hz), 74.8 (t, J = 5.4 Hz), 125.7, 126.6, 128.2, 128.7 (t, J = 4.5 Hz), 130.1, 132.2 (t,
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found: 825.1310 (M+.detected).
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Synthesis of Cu4BF4 (Figure 7). A mixture of tetrakis(acetonitrile)copper(I) tetrafluo-
roborate (314 mg, 1.0 mmol, M = 314.56 g/mol) and 1,1′-bis(diphenylphosphino)ferrocene
(555 mg, 1.0 mmol, M = 554.39 g/mol) in dichloromethane (200 mL) was stirred at 25 ◦C for
2 h and then treated with a solution of 2,9-dibutyl-1,10-phenanthroline (292 mg, 1.0 mmol,
M = 292.42 g/mol) in dichloromethane (50 mL). The resulting solution was stirred overnight.
The solution was concentrated under reduced pressure so that its volume could be reduced
to ca. 5 mL. Diethyl ether was added into the resulting solution, affording red crystals
of the complex (907 mg, 91% yield). 1H-NMR (400 MHz, CDCl3) δ(ppm): 0.71 (t, 6H,
J = 7.1 Hz), 0.89–0.99 (m, 4H), 1.01–1.11 (m, 4H), 2.60 (t, 4H, J = 7.8 Hz), 4.72 (s, 4H), 4.81 (s,
4H), 7.10–7.15 (m, 16H), 7.28–7.31 (m, 4H), 7.59 (d, 2H, J = 8.4 Hz), 8.14 (s, 2H), 8.60 (d, 2H,
J = 8.4 Hz); 13C-NMR (101 MHz, CDCl3) δ(ppm): 13.9, 22.7, 30.0, 40.9, 72.9 (t, J = 2.5 Hz),
74.0 (t, J = 19.4 Hz), 75.0 (t, J = 5.4 Hz), 123.4, 126.8, 128.7 (t, J = 4.4 Hz), 130.0, 132.1 (t,
J = 7.3 Hz), 133.9 (t, J = 14.6 Hz), 138.7, 142.8, 162.0; HRMS (ESI MS) m/z: theor: 909.2246
found: 909.2243 (M+ detected).
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2 h and then treated with a solution of 2,9-dibutyl-1,10-phenanthroline (292 mg, 1.0 mmol,
M = 292.42 g/mol) in dichloromethane (50 mL). The resulting solution was stirred overnight.
The solution was concentrated under reduced pressure so that its volume could be reduced
to ca. 5 mL. Diethyl ether was added into the resulting solution, affording red crystals
of the complex (929 mg, 88% yield). 1H-NMR (400 MHz, CDCl3) δ(ppm): 0.70 (t, 6H,
J = 7.1 Hz), 0.89–0.99 (m, 4H), 1.01–1.11 (m, 4H), 2.58 (t, 4H, J = 7.8 Hz), 4.70 (s, 4H), 4.82 (s,
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Synthesis of Cu5BF4 (Figure 9). A mixture of [Cu(CH3CN)4]BF4 (310 mg, 1 mmol) and
1,1′-bis(diphenylphosphino)ferrocene (555 mg, 1 mmol, M = 554.39 g/mol) in dichloromethane
(200 mL) was stirred at 25 ◦C for 2 h and then treated with a solution of 2,9-diphenyl-1,10-
phenanthroline (332 mg, 1 mmol, M = 332.41 g/mol) in dichloromethane (50 mL). The
resulting solution was stirred overnight. The solution was concentrated under reduced
pressure so that its volume could be reduced to ca. 5 mL. Diethyl ether was added into
the resulting solution, affording red crystals of the complex (964 mg, 93% yield). 1H-NMR
(400 MHz, CDCl3) δ(ppm): 4.19 (s, 4H), 4.40 (s, 4H), 6.53 (t, 4H, J = 7.4 Hz), 6.80 (t, 2H,
J = 7.2 Hz), 7.23–7.32 (m, 20H), 7.39 (d, 4H, J = 7.3 Hz), 7.87 (d, 2H, J = 9.2 Hz), 8.04 (s, 2H),
8.54 (d, 2H, J = 8.1 Hz); 13C-NMR (101 MHz, CDCl3) δ(ppm): 73.0 (brs), 74.2 (brs), 124.7,
126.6, 127.2, 128.3, 128.8 (brs), 130.9 (brs), 133.4 (brs), 137.6, 138.8, 143.4, 156.6; 19F-NMR
(CDCl3) δ: −153.3; 31P-NMR (CDCl3) δ: −8.88; HRMS (ESI MS) m/z: theor: 979.2089 found:
979.2088 (M+ detected).
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Synthesis of Cu5PF6 (Figure 10). A mixture of [Cu(CH3CN)4]PF6 (372 mg, 1 mmol,
M = 372.72 g/mol) and 1,1′-bis(diphenylphosphino)ferrocene (555 mg, 1 mmol, M = 554.39 g/mol)
in dichloromethane (200 mL) was stirred at 25 ◦C for 2 h and then treated with a solution of
2,9-diphenyl-1,10-phenanthroline (332 mg, 1 mmol, M = 332.41 g/mol) in dichloromethane
(50 mL). This reaction mixture was stirred for 48 h at room temperature. The resulting
solution was stirred overnight. The solution was concentrated under reduced pressure so
that its volume could be reduced to ca. 5 mL. Diethyl ether was added into the resulting
solution, affording red crystals of the complex. 1H-NMR (400 MHz, CDCl3) δ(ppm): 4.01
(s, 4H), 4.25 (s, 4H), 6.53 (t, 4H, J = 7.4 Hz), 6.80 (t, 2H, J = 7.2 Hz), 7.23–7.32 (m, 20H), 7.39
(d, 4H, J = 7.3 Hz), 7.87 (d, 2H, J = 9.2 Hz), 8.02 (s, 2H), 8.51 (d, 2H, J = 8.1 Hz); 13C-NMR
(101 MHz, CDCl3) δ(ppm): 73.0 (brs), 74.1 (brs), 124.7, 126.6, 127.2, 127.6, 128.3, 128.8, 129.0
(brs), 130.8 (brs), 133.3 (brs), 137.5, 138.8, 143.4, 156.7; 19F-NMR (CDCl3) δ: −72.0, −74.5;
31P-NMR (CDCl3) δ: −9.39, −144.1 (qt, J = 287.4 Hz); HRMS (ESI MS) m/z: theor: 979.2089
found: 979.2083 (M+ detected).
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Synthesis of Cu6BF4 (Figure 11). A mixture of [Cu(CH3CN)4]BF4 (310 mg, 1 mmol) and
1,1′-bis(diphenylphosphino)ferrocene (555 mg, 1 mmol, M = 554.39 g/mol) in dichloromethane
(200 mL) was stirred at 25 ◦C for 2 h and then treated with a solution of 2-(tert-butyl)-
1,10-phenanthroline (236 mg, 1 mmol, M = 236.32 g/mol) in dichloromethane (50 mL).
This reaction mixture was stirred for 48 h at room temperature. The solvent was removed
under reduced pressure. The residue was dissolved in a minimum of dichloromethane
and addition of pentane precipitated the expected complex, that was filtered off, washed
several times with pentane and dried under vacuum. 1H-NMR (400 MHz, CDCl3) δ(ppm):
1.22 (s, 9H), 4.34 (s, 4H), 4.55 (s, 4H), 6.90 (brs, 8H), 7.07 (t, 8H, J = 7.5 Hz), 7.24 (t, 4H,
J = 7.3 Hz), 7.65 (dd, J = 8.1, 4.8 Hz, 1H), 7.89 (d, 1H, J = 8.6 Hz), 7.94 (d, 1H, J = 8.8 Hz), 8.04
(dd, 1H, J = 8.7, 5.5 Hz), 8.11 (d, 1H, J = 3.7 Hz), 8.45–8.50 (m, 1H), 8.58 (d, 1H, J = 8.6 Hz);
13C-NMR (101 MHz, CDCl3) δ(ppm): 30.61, 38.09, 72.40, 74.54, 123.1, 124.56, 126.73, 127.73,
128.28, 128.68, 129.81, 130.21, 132.67, 138.68 (d, J = 30.8 Hz), 143.57 (d, J = 38.7 Hz), 148.98,
170.51; 19F-NMR (CDCl3) δ: −153.9; 31P-NMR (CDCl3) δ: −15.3; HRMS (ESI MS) m/z:
theor: 853.1620 found: 853.1615 (M+ detected).
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2.1.2. Other Chemical Compounds

Bis-(4-tert-butylphenyl)iodonium hexafluorophosphate (Iod; SpeedCure 938), ethyl
4-(dimethylamino)benzoate (EDB; SpeedCure EDB) were obtained from Lambson Ltd.
(UK). Trimethylolpropane triacrylate (TMPTA) and (3,4-epoxycyclohexane)methyl-3,4-
epoxycyclohexylcarboxylate (EPOX; Uvacure 1500) were obtained from Allnex and used as
benchmark monomers for radical and cationic photopolymerization, respectively (Scheme 4).
Dichloromethane (DCM, purity ≥ 99%) and acetonitrile were used as solvents.
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2.2. UV-Visible Absorption Spectroscopy

UV-visible absorption spectra were acquired in either DCM or acetonitrile in a quartz
cell at room temperature using a Jasco V-750 spectrophotometer. The molar extinction
coefficients were determined using the Beer–Lambert law with experimental data obtained
on solutions of known concentrations.

2.3. Steady-State Fluorescence

Fluorescence spectra were acquired in a quartz cell at room temperature using a
JASCO® FP-750 spectrofluorometer. Excitation and emission spectra were recorded in
DCM in a quartz cell.

2.4. Photopolymerization Kinetics (FTIR)

Experimental conditions for each photosensitive formulation are given in the captions
of the figures. The weight percent of the photoinitiating system is calculated from the
monomer content. Photoinitiator concentrations in each photosensitive formulation were
chosen to ensure the same light absorption at 405 nm. For the investigated concentrations
(see Figure captions), no solubility issues were noticed.

All polymerizations were performed at ambient temperature (21–25 ◦C) and irradi-
ation was started at t = 10 s. Two LEDs, with an intensity around 50 mW·cm−2 at the
sample position, were used for the photopolymerization experiments: a LED@405 nm
(M405L3—Thorlabs, Newton, NJ, USA) centerred at 405 nm and a LED@455 nm
(M455L3—Thorlabs) centerred at 452 nm. A LED, with an intensity around 11 mW·cm−2

at the sample position, was used for the photopolymerization experiments: a LED@530 nm
(M530L3—Thorlabs) centerred at 530 nm. The emission spectrum is already available in
the literature [23].

A Jasco 4100 real-time Fourier transform infrared spectrometer (RT-FTIR) was used to
follow the conversion of the acrylate functions of the TMPTA and of the epoxide group
of EPOX. The photocurable formulations were deposited on a polypropylene film inside
a 1.4 mm-thick mold under air. Evolutions of the C=C double bond band and the epox-
ide group band were continuously followed from 6117 to 6221 cm−1 and from 3710 to
3799 cm−1, respectively.

3. Results and Discussion
3.1. Copper Complexes Structures Inspired by Copper Complex G1
3.1.1. Light Absorption Properties of the Studied Photoinitiators

The ground state absorption spectra of Cu1BF4, Cu1PF6, Cu2BF4, Cu2PF6 and G1
in dichloromethane are presented in Figure 12. These compounds are characterized by
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a broad and strong absorption band in the near UV spectral region (350–400 nm) which
extends up to 450 nm for G1 and up to 650 nm for the others. Absorption maxima (λmax)
and the molar extinction coefficients (ε) for λmax and at the nominal wavelength of the
used LEDs (405 nm, 455 nm and 530 nm) are gathered in Table 1. For the five photoini-
tiators, the absorption maxima ensure a good overlap with the emission spectrum of the
violet LED (centered at 405 nm) used in this work. The new copper complexes Cu1BF4,
Cu1PF6, Cu2BF4 and Cu2PF6 are characterized by rather similar absorption properties
to that determined for the copper complex G1 which is used as a reference compound
(λ405nm = 1.0 × 103, 1.1× 103, 1.1× 103, 1.2× 103 and 1.9× 103 L mol−1 cm−1, respectively).
Interestingly, an increase in the conjugation length of the phenanthroline ligand could
red-shift the absorptions of the four new copper complexes which seem compatible for
use at higher wavelengths (λ455nm = 1.2 × 103, 1.3× 103, 1.2× 103 and 1.3× 103 L mol−1

cm−1, respectively; λ530nm = 6.9 × 102, 7.4× 102, 6.6× 102 and 7.3 × 102 L mol−1 cm−1,
respectively).
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Figure 12. UV-visible absorption spectra of (a) Cu1BF4, (b) Cu1PF6, (c) Cu2BF4, (d) Cu2PF6 and (e)
G1 in dichloromethane.

Table 1. Maximum absorption wavelengths λmax, extinction coefficients at λmax and at the nominal emission wavelength of
the LEDs (405nm, 455nm and 530nm) for Cu1BF4, Cu1PF6, Cu2BF4, Cu2PF6 and G1.

Compound λmax (nm) ελmax (L mol−1 cm−1) ε405nm (L mol−1 cm−1) ε455nm (L mol−1 cm−1) ε530nm (L mol−1 cm−1)

Cu1BF4 438 1.3 × 103 1.0 × 103 1.2 × 103 6.9 × 102

Cu1PF6 438 1.4 × 103 1.1 × 103 1.3 × 103 7.4 × 102

Cu2BF4 438 1.3 × 103 1.1 × 103 1.2 × 103 6.6 × 102

Cu2PF6 438 1.4 × 103 1.2 × 103 1.3 × 103 7.3 × 102

G1 380 2.8 × 103 1.9 × 103 7.4 × 101 7.0 × 100

3.1.2. Luminescence Experiments and Reaction Pathway

To assess the properties of the excited states of the investigated copper complexes,
steady state fluorescence analyses were carried out. Unfortunately, as presented in Figure 13
with the emission spectra of Cu1PF6 and Cu2PF6 in dichloromethane, a degradation of
the copper complexes was observed after several minutes of analysis under irradiation.
This possible photolysis of the copper complexes induces a permanent modification of the
excited states and, thus, the photoluminescence properties. These facts are in line with
the results reported by Korn et al. [24], which demonstrated the presence of an equilib-
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rium in solution between the heteroleptic and the homoleptic copper complexes through
ligand exchange.
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Due to the similarity of structures of the four new copper complexes with that of
the benchmark photoinitiator G1, a similar photoredox catalytic cycle can be considered.
As depicted in Scheme 5, this catalytic cycle is based on three species: the photoinitiator
G1, the iodonium salt Ar2I+ and the amine EDB. Upon irradiation, the copper complex
G1 is excited and reacts with the iodonium salt to generate, via electron transfer reaction,
radicals and Cu (II) complex noted G1+. A reaction of the generated radicals with EDB
induces the formation of EDB·(-H) which after reaction with G1+ leads simultaneously to
the regeneration of copper complex G1 and the generation of cation EDB+

(-H) capable of
initiating cationic polymerization.
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Scheme 5. Photoredox catalytic cycle for the three-component system G1/Iod/EDB—adapted
from [3,25].

3.1.3. Experimental Approach for the Concomitant Initiation of the Free Radical and
Cationic Polymerization

In this polymerization part and for the sake of direct comparison, the photoinitiator
concentrations in each photosensitive formulation were chosen to ensure the same light
absorption at 405 nm.
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Free Radical Polymerization

The free radical polymerization of TMPTA in the presence of Cu1BF4/Iod/EDB,
Cu1PF6/Iod/EDB, Cu2BF4/Iod/EDB or Cu2PF6/Iod/EDB was performed under air us-
ing a LED emitting at 405 nm. To fully characterize the performance of the new copper
complexes, two photoinitiating systems were used as standards: (i) the three-component
system G1/Iod/EDB was used as a reference system to illustrate the performance of one
of the best copper complexes ever reported to date as a photoinitiator of polymerization;
and (ii) the two-component system Iod/EDB was also used as a standard since the N-
aromatic amine EDB can form a charge transfer complex with the iodonium salt (Iod) and
produce EDB·+ and the radical Ar· capable of initiating polymerizations [26,27]. The con-
centration of the copper complex used as photoinitiator is chosen to ensure the same light
absorption at 405 nm. Photopolymerization profiles of TMTPA are presented in Figure 14.
Among the tested systems, Cu1BF4/Iod/EDB, Cu1PF6/Iod/EDB, Cu2BF4/Iod/EDB,
Cu2PF6/Iod/EDB and G1/Iod/EDB exhibited similar polymerization rates and final C=C
double bond conversions which are higher than those obtained with the reference Iod/EDB
system. Indeed, the reaction with Cu1BF4, Cu1PF6, Cu2BF4, Cu1PF6 or G1 is really fast,
and it ended in less than 50 s with final conversion around 85%, while the charge transfer
complex leads to a final conversion around 65% after 100 s of reaction. Moreover, the
counter ion, either BF4

− or PF6
−, seems not to have an impact on the polymerization

processes. Despite the inhibition of radicals by the oxygen in the medium, the investigated
photoinitiating systems were all able to lead to fully polymerized samples. Therefore,
the four new copper complexes are equivalent to G1 and highly efficient at initiating free
radical polymerizations. For the selected conditions, the developed systems are able to
overcome the oxygen inhibition.
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Figure 14. Polymerization profiles (acrylate function conversion vs. irradiation time) of TMPTA upon
irradiation with a LED at 405 nm, under air, sample thickness = 1.4 mm; the irradiation starts at 10 s,
50 mW cm−2. Photoinitiating systems: (curve a) Cu1BF4/Iod/EDB (0.72/2.0/2.0 w/w/w%), (curve
b) Cu1PF6/Iod/EDB (0.69/2.0/2.0 w/w/w%), (curve c) Cu2BF4/Iod/EDB (0.62/2.0/2.0 w/w/w%),
(curve d) Cu2PF6/Iod/EDB (0.63/2.0/2.0 w/w/w%), (curve e) G1/Iod/EDB (0.33/2.0/2.0 w/w/w%)
and (curve f) Iod/EDB (2.0/2.0 w/w%).

Cationic Polymerization

The cationic polymerization of EPOX in the presence of Cu1BF4/Iod/EDB, Cu1PF6/Iod/
EDB, Cu2BF4/Iod/EDB or Cu2PF6/Iod/EDB was performed under air using a LED centered
at 405 nm. Similar to that carried out for the free radical polymerization experiments, two
photoinitiating systems were used as standards: the three-component G1/Iod/EDB system
and the two-component Iod/EDB system. Photopolymerization profiles of EPOX are
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presented in Figure 15. Among the tested systems, Cu1BF4/Iod/EDB, Cu1PF6/Iod/EDB,
Cu2BF4/Iod/EDB and Cu2PF6/Iod/EDB are slightly less efficient than the three-component
G1/Iod/EDB system but better than the standard two-component Iod/EDB system. In-
deed, their polymerization rates and final epoxy group conversions are lower than those
obtained for the efficient reference G1/Iod/EDB system but higher than those for the
Iod/EDB system. However, the four new copper complexes are still capable of initiating
the cationic polymerization.
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Interpenetrated Polymer Networks Synthesis

Interpenetrated polymer networks (IPNs) can be synthesized by initiating concomi-
tantly a free radical and a cationic polymerization in order to obtain two chemically
different interlaced polymer networks which are not covalently bonded. This reaction
could be carried out in one pot by using a photoinitiating system capable of initiating
both polymerization in a blend of TMPTA and EPOX (50/50 w/w%), e.g., for a G1-based
photoinitiating system [9].

The polymerization of a TMPTA/EPOX blend in the presence of Cu1BF4/Iod/EDB,
Cu1PF6/Iod/EDB, Cu2BF4/Iod/EDB or Cu2PF6/Iod/EDB was performed under air us-
ing a LED emitting at 405 nm. Again, two photoinitiating systems were used as standards:
G1/Iod/EDB and Iod/EDB. Photopolymerization profiles of the IPN synthesis are pre-
sented in Figure 16. Among the tested systems, Cu1BF4/Iod/EDB, Cu1PF6/Iod/EDB,
Cu2BF4/Iod/EDB, Cu2PF6/Iod/EDB and G1/Iod/EDB exhibited similar polymerization
rates and final C=C double bond conversions which are higher than those obtained with
the reference Iod/EDB system. Indeed, the formation of the acrylic network with Cu1BF4,
Cu1PF6, Cu2BF4, Cu2PF6 or G1 is fast, and it ended in around 50 s with a final conversion
around 86%, while the Iod/EDB charge transfer complex leads to a final conversion around
70% after 400 s of irradiation. As for the formation of the epoxy network, each tested
three-component photoinitiating system led to a higher final epoxy group conversion than
the efficient reference system G1/Iod/EDB and the control system Iod/EDB. During the
synthesis of IPNs, an increase in the final conversion of both the C=C double bond and the
epoxy group were observed. This improvement could be related to the synergy between
the free radical polymerization and the cationic polymerization during the two networks’
formation. Indeed, under irradiation, the radical polymerization is at first inhibited by
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the oxygen in the medium, while the cationic polymerization starts immediately, which
induces an increase in the medium viscosity limiting the diffusional oxygen replenish-
ment. The cationic monomer also acts as a diluting agent for the radical polymer network
allowing for the achievement of a higher conversion. Indeed, since the formation of the
cationic polymer network is generally slower, the cationic monomer delays the gelation
phenomenon occurring with the formation of the radical polymer network. The exothermic
property of the radical polymerization also tends to boost the cationic polymerization,
which is quite temperature sensitive. Thus, the investigated copper complexes Cu1BF4,
Cu1PF6, Cu2BF4 and Cu2PF6 are capable of initiating simultaneously the cationic and
free radical polymerizations leading to the formation of acrylate/epoxy IPN under visible
light. Moreover, these photoinitiating systems led to better results than the corresponding
system using the highly efficient photoinitiator G1 (higher final conversion).
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Toward Longer Wavelengths

According to the UV-visible absorption spectra of Cu1BF4, Cu1PF6, Cu2BF4 and
Cu2PF6, the formation of acrylate/epoxy IPN using an irradiation wavelength higher than
405 nm seems possible. The polymerization of a TMPTA/EPOX blend (50/50 w/w%) in the
presence of Cu1BF4/Iod/EDB, Cu1PF6/Iod/EDB, Cu2BF4/Iod/EDB or Cu2PF6/Iod/EDB,
was performed under air using a LED centered at 455 nm or a LED centered at 530 nm.
Iod/EDB was used as a standard to ensure that the EDB/Iod charge transfer complex could
not initiate the polymerization under this light. Photopolymerization profiles of the IPN
synthesis at 455 nm are presented in Figure 17.

Among the tested systems, the four tested three-component photoinitiating systems
allowed the formation of acrylate/epoxy IPN at 455 nm. However, performances of the
photoinitiating systems are slightly lower under an irradiation at 455 nm than at 405 nm.
Indeed, the final C=C double bond conversion is around 84%, the final epoxy group
conversion between 35% and 40%. The formation of the acrylate network and the epoxy
network with Cu1BF4, Cu1PF6, Cu2BF4 or Cu2PF6 is also slower around 100 s. The lower
performance of the photoinitiating system could be explained by the decrease in energy of
the irradiation source (LED@455 nm). Moreover, the system EDB/Iod does not initiate any
polymerization due to a lack of absorption for the corresponding charge transfer complex
at this irradiation wavelength. Therefore, the investigated copper complexes could be used
if needed for the polymerization with a LED centered at 455 nm.
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Among the tested systems, the four tested three-component photoinitiating systems 
allowed the formation of acrylate/epoxy IPN at 455 nm. However, performances of the 
photoinitiating systems are slightly lower under an irradiation at 455 nm than at 405 nm. 
Indeed, the final C=C double bond conversion is around 84%, the final epoxy group con-
version between 35% and 40%. The formation of the acrylate network and the epoxy net-
work with Cu1BF4, Cu1PF6, Cu2BF4 or Cu2PF6 is also slower around 100 s. The lower 
performance of the photoinitiating system could be explained by the decrease in energy 
of the irradiation source (LED@455 nm). Moreover, the system EDB/Iod does not initiate 
any polymerization due to a lack of absorption for the corresponding charge transfer com-
plex at this irradiation wavelength. Therefore, the investigated copper complexes could 
be used if needed for the polymerization with a LED centered at 455 nm. 

Photopolymerization profiles of the IPN synthesized upon irradiation at 530 nm are 
presented in Figure 18. Among all systems, the four tested three-component photoinitiat-
ing systems allowed the formation of acrylate/epoxy IPN at 530 nm. However, perfor-
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Figure 17. Polymerization profiles (A) (acrylate function conversion vs. irradiation time) and
(B) (epoxide function conversion vs. irradiation time) of TMPTA/EPOX blend (50/50 w/w%) upon
irradiation with a LED at 455 nm, under air, sample thickness = 1.4 mm; the irradiation starts at 10 s,
50 mW cm−2. Photoinitiating systems: (curve a) Cu1BF4/Iod/EDB (0.70/2.0/2.0 w/w/w%), (curve
b) Cu1PF6/Iod/EDB (0.70/2.0/2.0 w/w/w%), (curve c) Cu2BF4/Iod/EDB (0.63/2.0/2.0 w/w/w%),
(curve d) Cu2PF6/Iod/EDB (0.64/2.0/2.0 w/w/w%) and (curve e) Iod/EDB (2.0/2.0 w/w%).

Photopolymerization profiles of the IPN synthesized upon irradiation at 530 nm are
presented in Figure 18. Among all systems, the four tested three-component photoinitiating
systems allowed the formation of acrylate/epoxy IPN at 530 nm. However, performances
of the photoinitiating systems are slightly lower under an irradiation at 530 nm than at 455
or 405 nm. Indeed, the final C=C double bond conversion is around 80%, the final epoxy
group conversion between 22% and 30%. The formation of the acrylate network and the
epoxy network with Cu1BF4, Cu1PF6, Cu2BF4 or Cu2PF6 is also slower around 150 s. The
lower performance of the photoinitiating systems can have two origins: (i) the decrease in
energy of the irradiation source (LED at 530 nm); and (ii) the lower absorption of Cu1BF4,
Cu1PF6, Cu2BF4 or Cu2PF6 at 530 nm compared to 455 or 405 nm. As previously observed
at 455 nm, the system EDB/Iod does not initiate any polymerization under irradiation at
530 nm, once again due to the lack of absorption at this wavelength.
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Figure 18. Polymerization profiles (A) (acrylate function conversion vs. irradiation time) and
(B) (epoxide function conversion vs. irradiation time) of TMPTA/EPOX blend (50/50 w/w%) upon
irradiation with a LED at 530 nm, under air, sample thickness = 1.4 mm; the irradiation starts at 10 s,
11 mW cm−2. Photoinitiating systems: (curve a) Cu1BF4/Iod/EDB (0.70/2.0/2.0 w/w/w%), (curve
b) Cu1PF6/Iod/EDB (0.70/2.0/2.0 w/w/w%), (curve c) Cu2BF4/Iod/EDB (0.63/2.0/2.0 w/w/w%),
(curve d) Cu2PF6/Iod/EDB (0.64/2.0/2.0 w/w/w%) and (curve e) Iod/EDB (2.0/2.0 w/w%).

Therefore, the investigated copper complexes Cu1BF4, Cu1PF6, Cu2BF4 and Cu2PF6
can be used if needed for the polymerization with a LED centered at 455 nm or 530 nm.
Depending on the context of the application, these performances under less harmful irradi-
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ations can be really interesting. Despite this possibility, the commonly used LED centered
at 405 nm was selected for the rest of this work due to the better polymerization profiles.

Effect of the Concentration of Photoinitiators

Photoinitiating systems based on Cu1BF4, Cu1PF6, Cu2BF4 or Cu2PF6 were efficient,
with a relatively high concentration of copper complex (to ensure O.D. = 1, for a 1.4 mm
thickness sample). However, a reduction in the copper complex concentration while
maintaining the performance could be beneficial for considerations such as leaching safety
or cost issues. Moreover, since these formulations do not bleach, a reduction in the copper
complex concentration could reduce the intensity of the reddish orange shade of the
cured polymers.

Photopolymerization of the TMPTA/EPOX blend (50/50 w/w%) was performed under
air using a LED centered at 405 nm, in the presence of the three-component photoinitiating
systems Cu1BF4/Iod/EDB, Cu1PF6/Iod/EDB, Cu2BF4/Iod/EDB or Cu2PF6/Iod/EDB
with different ratios of copper complex. For each photoinitiating system, two concentrations
of copper complex were chosen to ensure O.D. = 1 and O.D. = 0.1. Final conversions for
the epoxy and acrylate functions of the tested blends are given in Table 2. For each system,
decreases in the final C=C double bond conversion and the final epoxy group conversion
were observed while reducing the copper complex concentration. The impact of this
reduction is particularly high on the cationic polymerization, while impacting less the free
radical polymerization. Noticeably, performances could be maintained, even with a 10-fold
reduction in the copper complexes content, tending to confirm our hypothesis on their
reactivities as photocatalysts in a photoredox cycle, such as G1.

Table 2. Final conversions for the epoxy and acrylate functions (in percentage) obtained un-
der air (Figure 1). A 4 mm thickness sample for the photopolymerization of TMPTA/EPOX
blend (50/50 w/w%) for 400 s exposure to a LED at 405 nm in the presence of different
photoinitiating systems.

Photoinitiating System:
Cu/Iod (2 w%)/EDB (2 w%) TMPTA EPOX

Cu1BF4 (0.73 w%) 86% 37%

Cu1BF4 (0.073 w%) 84% 30%

Cu1PF6 (0.70 w%) 86% 51%

Cu1PF6 (0.069 w%) 82% 30%

Cu2BF4 (0.64 w%) 87% 42%

Cu2BF4 (0.063 w%) 80% 28%

Cu2PF6 (0.64 w%) 86% 49%

Cu2PF6 (0.063 w%) 80% 24%

(reference) 70% 19%

3.2. Copper Complexes with a Ferrocene Derivative Ligand

The ground state absorption spectra of the seven copper complexes with a 1,1′-
bis(diphenylphosphino)ferrocene ligand are presented in Figure 19: Cu3BF4, Cu3PF6,
Cu4BF4 and Cu4PF6 in acetonitrile; Cu5BF4, Cu5PF6, and Cu6BF4 in dichloromethane.
These compounds are characterized by a broad and strong absorption band in the near
UV spectral region (350–400 nm) which extends: (i) up to 550 nm for Cu3BF4, Cu3PF6,
Cu4BF4, Cu4PF6 and Cu6BF4; (ii) up to 650 nm for the others. The absorption maxima
(λmax) and the molar extinction coefficients (ε) for λmax and at the nominal wavelength of
the LED (405 nm) are gathered in Table 3. For the seven photoinitiators, the absorption
maxima ensure a good overlap with the emission spectrum of the violet LED (centered
at 405 nm) used in this work. The seven copper complexes are characterized by rather
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similar absorption properties, in particular around 405 nm (ε405 nm range from 1.0× 103 to
1.8× 103 L mol−1 cm−1). Moreover, for Cu3BF4, Cu3PF6, Cu4BF4, Cu4PF6, Cu5BF4 and
Cu5PF6, the lowest energy transition is redshifted, depending on the electron donating
ability of the substituent introduced onto the phenanthroline ligand (Me < Bu < Ph).
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Figure 19. UV-visible absorption spectra of (a) Cu3BF4, (b) Cu3PF6, (c) Cu4BF4, (d) Cu4PF6 in
acetonitrile and (e) Cu5BF4, (f) Cu5PF6 (g) Cu6BF4 in dichloromethane.

Table 3. Maximum absorption wavelengths (λmax), extinction coefficients at λmax and at the nominal
emission wavelength of the LED (405 nm) for Cu3BF4, Cu3PF6, Cu4BF4 and Cu4PF6 in acetonitrile
and for Cu5BF4, Cu5PF6, and Cu6 in dichloromethane.

Compound λmax (nm) ελmax (L mol−1 cm−1) ε405nm (L mol−1 cm−1)

Cu3BF4 380 1.6 × 103 1.3 × 103

Cu3PF6 380 2.1 × 103 1.8 × 103

Cu4BF4 380 1.8 × 103 1.8 × 103

Cu4PF6 380 1.6 × 103 1.5 × 103

Cu5BF4 440 1.6 × 103 1.2 × 103

Cu5PF6 440 1.5 × 103 1.2 × 103

Cu6BF4 380 1.4 × 103 1.0 × 103

To assess the properties of the excited state of the investigated copper complexes,
steady state fluorescence analyses were performed. Interestingly, none of the investi-
gated copper complexes were fluorescent. These facts are in line with the finding of
Armaroli et al. [13] which reported the non-luminescence of copper complexes containing
the 1,1′-bis(diphenylphosphino)ferrocene ligand due to a metal ligand charge transfer
quenching resulting from a photoinduced intramolecular energy transfer to the ferrocene unit.

The free radical polymerization of TMPTA was performed under air using a LED emit-
ting at 405 nm in the presence of Cu3BF4/Iod/EDB, Cu3PF6/Iod/EDB, Cu4BF4/Iod/EDB,
Cu4PF6/Iod/EDB, Cu5BF4/Iod/EDB, Cu5PF6/Iod/EDB or Cu6BF4/Iod/EDB. Again,
two photoinitiating systems were used as standards: G1/Iod/EDB and Iod/EDB. Con-
centration of the different copper complexes was chosen to ensure the same light ab-
sorption at 405 nm. Photopolymerization profiles of TMTPA are presented in Figure 20.
Among the tested systems, Cu3BF4/Iod/EDB, Cu3PF6/Iod/EDB, Cu4BF4/Iod/EDB,
Cu4PF6/Iod/EDB, Cu5BF4/Iod/EDB, Cu5PF6/Iod/EDB and G1/Iod/EDB exhibited
similar polymerization rates and final C=C double bond conversions, which are higher
than those obtained with the reference Iod/EDB system. Indeed, the reaction with Cu3BF4,
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Cu3PF6, Cu4BF4, Cu4PF6, Cu5BF4, Cu5PF6 or G1 was really fast with final conversions
around 80%, while the charge transfer complex Iod/EDB could only lead to a final con-
version around 65% after 150 s of irradiation. As for the three-component Cu6/Iod/EDB
system, the reaction was slower and led to a final conversion around 45% after 400 s. The
counter ion, either BF4

− or PF6
−, seems not to have an impact on the polymerization.

Therefore, Cu3BF4, Cu3PF6, Cu4BF4, Cu4PF6, Cu5BF4 and Cu5PF6 were almost equivalent
to G1 and highly efficient to initiate the free radical polymerization. However, none of the
three-component systems based on these seven copper complexes were able to initiate a
cationic polymerization.
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Figure 20. Polymerization profiles (acrylate function conversion vs. irradiation time) of TMPTA upon
irradiation with a LED at 405 nm, under air, sample thickness = 1.4 mm; the irradiation starts at 10 s,
50 mW cm−2. Photoinitiating systems: (curve a) Cu3BF4/Iod/EDB (0.50/2.0/2.0 w/w/w%), (curve
b) Cu3PF6/Iod/EDB (0.39/2.0/2.0 w/w/w%), (curve c) Cu4BF4/Iod/EDB (0.40/2.0/2.0 w/w/w%),
(curve d) Cu4PF6/Iod/EDB (0.50/2.0/2.0 w/w/w%), (curve e) Cu5BF4/Iod/EDB (0.65/2.0/2.0 w/w/w%),
(curve f) Cu5PF6/Iod/EDB (0.65/2.0/2.0 w/w/w%), (curve g) Cu6BF4/Iod/EDB (0.68/2.0/2.0 w/w/w%),
(curve h) G1/Iod/EDB (0.33/2.0/2.0 w/w/w%) and (curve i) Iod/EDB (2.0/2.0 w/w%).

3.3. Structure/Efficiency Relationship: Role of the Ferrocene Moiety

Using the results obtained above for ferrocene-free compounds vs. ferrocene contain-
ing structures, the effect of the iron moiety can be discussed.

3.3.1. Effect on the Panchromatic Behavior

The ground state absorption spectra in dichloromethane of the copper complex
comprising 1,1′-bis(diphenylphosphino)ferrocene ligand, namely Cu5BF4, and the
corresponding ferrocene-free copper complex, Cu1BF4, are presented in Figure 21. A
slight increase in the molar extinction coefficient could be observed between 400 and
500 nm for Cu5BF4, which can be confidently assigned to the contribution of the 1,1′-
bis(diphenylphosphino)ferrocene ligand. However, the molar extinction coefficients of the
two complexes were in the similar range: at 405nm εCu1BF4 = 1.0× 103 L mol−1 cm−1 and
εCu5BF4 1.2× 103 L mol−1 cm−1. Thus, the introduction of the iron moiety in the copper
complex does not significantly impact the panchromatic behavior.
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Figure 21. UV-visible absorption spectra of (a) Cu1BF4, (b) Cu5BF4 in dichloromethane.

3.3.2. Effect on the Polymerization Initiating Ability
Radical Polymerization

The free radical polymerization of TMPTA was performed under air using a LED
emitting at 405 nm in the presence of Cu1BF4/Iod/EDB or Cu5BF4/Iod/EDB. Again,
the photoinitiating system Iod/EDB was used as a standard and the concentration of the
copper complex photoinitiator was chosen to ensure the same light absorption at 405 nm
for all photoinitiating systems. Photopolymerization profiles of TMTPA are presented
in Figure 22. The two systems present similar performances. Notably, the free radical
polymerization exhibited fast kinetics in the two cases and a final conversion around
80% could be determined. Thus, the presence of the 1,1′-bis(diphenylphosphino)ferrocene
ligand in Cu5BF4 does not impact significantly the ability of the system Cu5BF4/Iod/EDB
to generate radicals.
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Figure 22. Polymerization profiles (acrylate function conversion vs. irradiation time) of TMPTA
upon irradiation with a LED at 405 nm, under air, sample thickness = 1.4 mm; the irradiation starts at
10 s, 50 mW cm−2. Photoinitiating systems: (curve a) Cu1BF4/Iod/EDB (0.73/2.0/2.0 w/w/w%),
(curve b) Cu5BF4/Iod/EDB (0.64/2.0/2.0 w/w/w%), and (curve c) Iod/EDB (2.0/2.0 w/w%).
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Cationic Polymerization

The cationic polymerization of EPOX was performed under air using a LED emitting
at 405 nm in the presence of Cu1BF4/Iod/EDB or Cu5BF4/Iod/EDB. Again, the pho-
toinitiating system Iod/EDB was used as a standard and the concentration of the copper
complex photoinitiator was chosen to ensure the same light absorption at 405 nm. Pho-
topolymerization profiles of EPOX are presented in Figure 23. As stated above, the system
Cu1BF4/Iod/EDB was capable of initiating the cationic polymerization and was slightly
more efficient than the standard Iod/EDB system. However, the system Cu5BF4/Iod/EDB
exhibited almost identical polymerization profiles to those of the reference system. The
presence of the iron moiety seems to negatively impact the photoinitiating ability of this
system to initiate the cationic polymerization.
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IPN Synthesis

The polymerization of a TMPTA/EPOX blend in the presence of Cu1BF4/Iod/EDB
or Cu5BF4/Iod/EDB was performed under air using a LED emitting at 405 nm. Again,
the photoinitiating system Iod/EDB was used as a standard and the concentration of
the copper complex photoinitiator was chosen to ensure the same light absorption at
405 nm. Photopolymerization profiles of the IPN synthesis are presented in Figure 24.
The two systems presented similar performances toward the radical polymerization with
a final conversion around 80% but the kinetic with the Cu5BF4/Iod/EDB was slightly
slower. For the cationic polymerization, the system Cu1BF4/Iod/EDB could still lead
to a high monomer conversion but the system Cu5BF4/Iod/EDB exhibited better per-
formances than the standard Iod/EDB system. Thus, the effects of the presence of the
1,1′-bis(diphenylphosphino)ferrocene ligand on the polymerization initiating ability which
were evidenced during the free radical polymerization experiments and the cationic poly-
merization of epoxides are confirmed during the IPN synthesis. However, the detrimental
effect for the cationic polymerization seems to be drastically reduced during the polymer-
ization of the TMPTA/EPOX blend.
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irradiation with a LED at 405 nm, under air, sample thickness = 1.4 mm; the irradiation starts at 10 s,
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4. Conclusions

In the present paper, eleven heteroleptic copper (I) complexes were studied as pho-
toinitiators of polymerization in three-component photoinitiating systems (Cu/Iod/EDB).
Among them, ten new copper complexes were designed and synthesized to exhibit panchro-
matic behavior. Due to the modification of the electron donating substituent on the phenan-
throline ligand, interesting redshifted absorption spectra could be obtained which open
more possibilities in terms of irradiation wavelengths. The four ferrocene-free copper
complexes Cu1BF4, Cu1PF6, Cu2BF4 and Cu2PF6 were able to efficiently initiate both the
radical and cationic polymerizations and exhibited similar performances to the benchmark
system G1/Iod/EDB based on the outstanding copper complex G1. The formation of
acrylate/epoxy IPNs was successfully achieved through the concomitant initiation of both
the free radical and the cationic polymerization of 1.4 mm-thick samples under air upon
irradiation at 405 nm with a low amount of copper complex. Interestingly, the synthesis
of acrylate/epoxy IPN was also possible upon irradiation at 455 nm or at 530 nm. The
seven copper complexes containing the 1,1′-bis(diphenylphosphino)ferrocene ligand were
characterized and were able to initiate efficiently radical polymerizations. Therefore, the
iron moiety on the copper complexes did not affect either the panchromatic behavior or the
ability to initiate radical polymerization. However, a detrimental effect was observed on
their ability to initiate cationic polymerizations. Concerning IPN synthesis, the detrimental
effect of the iron moiety, even if less pronounced, is still noticeable. To still improve the
safer character of the four iron-free copper complexes, future works will consist of devel-
oping copper complexes absorbing in the red or the near-infrared region. New structures
of copper complexes will be proposed in forthcoming studies as well as their potential
applications in 3D printing.
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Abstract: Pure g-C3N4 sample was prepared by thermal treatment of melamine at 520 ◦C, and
iron-modified samples (0.1, 0.3 and 1.1 wt.%) were prepared by mixing g-C3N4 with iron nitrate and
calcination at 520 ◦C. The photocatalytic activity of the prepared materials was investigated based on
the photocatalytic reduction of CO2, which was conducted in a homemade batch reactor that had
been irradiated from the top using a 365 nm Hg lamp. The photocatalyst with the lowest amount of
iron ions exhibited an extraordinary methane and hydrogen evolution in comparison with the pure
g-C3N4 and g-C3N4 with higher iron amounts. A higher amount of iron ions was not a beneficial
for CO2 photoreduction because the iron ions consumed too many photogenerated electrons and
generated hydroxyl radicals, which oxidized organic products from the CO2 reduction. It is clear
that there are numerous reactions that occur simultaneously during the photocatalytic process, with
several of them competing with CO2 reduction.

Keywords: g-C3N4; iron; CO2 reduction; photocatalysis

1. Introduction

The most pressing problems of the present time are undoubtedly the increasing
energy requirements that are closely connected to fossil fuel combustion and the increasing
concentration of greenhouse gases in the atmosphere. These problems are related, and
finding a new clean source of energy is becoming increasingly important. Developed
countries are trying to regulate greenhouse gas emissions; for example, the European
Union has a long-term goal to reduce its carbon footprint. The first step towards this goal
was to reduce greenhouse gas emissions by 20% (from 1990 levels) by 2020. This goal
was successfully achieved, and emissions were reduced by 23% in 2018. However, a new
legislation was put in place and added to the Paris Agreement. This legislation aims to
reduce greenhouse gas emissions by 40% (from 1990 levels) by 2030. According to Energy in
figures—Statistical Pocket Book 2019 issued by European Union, world energy production
is increasing every year, and it is predicted that it will continue to rise in the years to
come [1]. The highest annual increase of world energy production still comes from solid
fossil fuels and natural gas compared to renewable or nuclear sources. Fossil fuel reserves
are not infinite, and when considering the rate at which the world’s energy consumption is
increasing, it is clear that more focus has to be placed on finding new sources of energy. The
photocatalytic reduction of carbon dioxide (CO2) is currently one of the hottest candidates
for this purpose. Not only can the products (CO, CH4) of this reaction be used as an
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energy source, but the reaction utilizes CO2, which is the most abundant source of carbon
and is also considered to be a waste; therefore, it is not utilized [2]. The photocatalytic
community has been studying the photocatalytic reduction of CO2 for years. While the
exact mechanism is not known, many important advances have been made [3,4].

There have been many photocatalysts that have been discovered, and different combi-
nations of these photocatalysts have been tested to determine which combination produces
the best photocatalytic reduction of CO2 over the years [5,6]; however, most attention
has focused on TiO2 [7–9]. TiO2 has quite large band gap energy, and more importantly,
the conduction band potential is not in a convenient position located at around −0.5 V
(vs. NHE at pH = 7), which is very close to the required redox potentials of essential
reactions such as CO2/HCOOH (−0.61 V) CO2/HCHO (−0.48 V), 2H+/H2 (−0.41 V), and
CO2/CH4 (−0.24 V) [7]. Finding a new photocatalyst is an immediate goal that most of the
photocatalytic community is focused on.

Graphitic carbon nitride (g-C3N4) has attracted increasing attention from the photo-
catalytic community, and research groups dealing with the photocatalytic reduction of CO2
have already noticed its potential [10–12]. Its indirect band gap energy (around 2.7 eV) is
especially narrow, and it has a conduction band potential (around −1.4 V) that makes it
promising [13,14]. g-C3N4 has also high chemical stability, and more importantly, it has
much more suitable potential of valence and conduction bands than TiO2 [15]. The photo-
catalytic community is trying to shift the reaction into the visible light region, and the band
gap energy of 2.7 eV can allow that. This corresponds approximately to a wavelength of
460 nm, which is somewhere on the edge between the blue and green region of visible light.

Even though g-C3N4 is a promising photocatalyst, it has a lot of drawbacks, such
as low specific surface area, the fast recombination rate of generated charge carriers,
and the particle boundary effects that interrupt the delocalization of electrons [16]. The
advantages and disadvantages of g-C3N4 are summarized and discussed in the following
reviews [16,17].

Many research teams have focused their attention to overcome the disadvantages
of g-C3N4. Various modifications of g-C3N4 have been investigated in order to increase
photocatalytic activity. For example, the specific surface area of g-C3N4 can be significantly
enhanced by exfoliation [18,19]. There are several possibilities and techniques that can be
used to achieve the exfoliation [20,21]. Another method for enhancing the photocatalytic
activity of g-C3N4 is metal modification, which is mainly used as an effective approach
to tune the electrical and optical properties [22]. Noble metals are the first and obvious
choice [10,23]. However, noble metals are expensive, and therefore, other metal modifica-
tion possibilities have been investigated. One such possibility is zero-valent iron, which
is a cost-effective alternative, and g-C3N4 with incorporated iron particles has shown the
improved absorption of visible light and as well as the lower recombination of charge
carriers [24]. Modification caused by iron can also create a synergetic system that combines
the Fenton and photocatalytic processes. When iron is present in a trivalent form, Fenton
process can proceed [25]. Since there are a lot of lone electron pairs in the g-C3N4 heptazine
structure, bonding with a foreign metal cation is relatively easy [26].

Although g-C3N4 only attracted the attention of the photocatalytic community just a
few years ago, numerous papers about various modifications of g-C3N4 for the photocat-
alytic reduction of CO2 can be found [11,27]. However, to the best of our knowledge, there
is only a very limited number of works describing the utilization of g-C3N4/Fe for this ap-
plication. In the present work, iron-modified g-C3N4 photocatalysts were synthesized by a
simple in situ method. The photocatalysts were characterized and tested for photocatalytic
CO2 reduction where selectivity towards certain products was revealed and discussed.

2. Materials and Methods
2.1. Preparation

Melamine powder 99% was purchased from Alfa Aesar, and iron nitrate 98% was
purchased from Chem-Lab.
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Bulk g-C3N4 was synthesized by thermal polycondensation of melamine. The condi-
tions were chosen by taking the relevant literature into account [28–31], and the results of
our previous work were also considered [32,33]. Typically, 5 g of melamine was put into a
covered alumina crucible and was heated in a muffle furnace in air to 520 ◦C with a rate of
5 ◦C/min, where it remained for 2 h. The yellow product (yield~2.4 g) was collected and
was ground into fine powder. The sample was called CN.

A similar procedure was used for the preparation of the iron-modified g-C3N4 pho-
tocatalysts. In detail, 5 g of melamine was mixed with specific amounts of iron nitrate
resulting in iron concentrations of 0.1, 0.3, and 1.1 wt.%. The mixture was stirred in 100 mL
H2O for 1 h to achieve a homogeneous suspension. After drying at 80 ◦C in an oven, the
powder was put into a covered alumina crucible and was heated in a muffle furnace in air
to 520 ◦C at a rate of 5 ◦C/min, where it remained for 2 h. The product (yield~2.5 g) was
collected and ground into fine powder. The samples were called CN-Fex, where x is the
amount (wt.%) of iron.

2.2. Characterization

The crystalline structure, surface area, porosity, chemical composition, and optical
characteristics of the samples were thoroughly examined, and the nature of the iron ions
was also investigated. Details about the characterization techniques and the equipment
that was used are presented in the Supplementary Materials.

2.3. Photocatalytic Test

The photocatalytic reduction of CO2 was performed in a homemade batch-stirred
stainless steel reactor (volume 348 mL) with a quartz glass window on the top (Figure S1).
A UV 8 W Hg lamp (peak intensity at 365 nm; Ultra-Violet Products Inc., Cambridge, UK)
was used as a light source, and it was located over the quartz glass window of the reactor
at a specific height so that the intensity on the level of the suspension was 0.833 mW/cm2.

The reactor was filled with 0.09 g of each photocatalyst and 100 mL of 0.2 M NaOH.
The NaOH was added in order to increase the solubility of CO2 in water, thus facilitating the
photocatalytic reaction. The suspension was stirred with a magnetic stirrer the entire time
to prevent the sedimentation of the photocatalyst. Before the photocatalytic reaction began,
the reactor was tightly closed and purged with (He or) CO2. The pH of the suspension
decreased during the purging from ~12.5 to ~6.9. A detailed description of the experimental
procedure is available in the Supplementary Materials.

The gaseous samples were analyzed in 2 h intervals between the duration 0–8 h,
where 0 corresponded to the moment prior to UV irradiation. Samples were collected
using a gastight syringe (Hamilton Co., Reno, NV, USA) and were analyzed on a gas
chromatograph (Shimadzu Tracera GC-2010 Plus) equipped with a BID detector. Each
sample was measured at least three times using the same batch (same photocatalyst, same
NaOH) in order to confirm the durability of the photocatalyst and the reproducibility
of the experiments (within 5% error). The photon flux and apparent quantum yields
(AQY) for individual products in the presence of each photocatalyst were calculated. The
photocatalysts were first examined in an inert atmosphere to confirm that no products were
formed, and after that the photocatalytic reduction of CO2 was conducted.

3. Results and Discussion
3.1. Crystalline Structure

The XRD patterns of the g-C3N4 photocatalysts are presented in Figure 1. For all of
the samples, the two characteristic diffraction peaks of g-C3N4 are observed (JCPDS, PDF
#87-1526). The weak peak at 13.1◦ corresponds to the (100) plane, which is related to the
in-plane structural packing motif of the tri-s-triazine units with an interplanar distance
of d = 0.675 nm [34,35]. The strong peak at 27.5◦ corresponds to the (002) plane, which is
attributed to the interlayer stacking of aromatic rings with a distance of d = 0.324 nm [36,37].
After the modification, no additional peaks corresponding to iron are observed, which was
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probably due to the low initial amount of iron nitrate. Furthermore, there are no significant
changes to the position or the intensity of the peaks, indicating that the crystalline structure
of the materials is preserved [38].

Figure 1. XRD patterns of the g-C3N4 photocatalysts.

3.2. Surface Area and Porosity

The N2 adsorption–desorption isotherms and pore-size distributions of the g-C3N4
photocatalysts are displayed in Figure S2, with the characteristic values given in Table 1.
All of the samples showed characteristic hysteresis loops of type IV isotherms, which is
typical for mesoporous materials [39]. After the modification, the specific surface area of
the photocatalysts decreased, which can be attributed to the partial blocking of the g-C3N4
pores by the iron. On the other hand, the pore size distribution remained practically
unchanged across all of the samples.

Table 1. BET surface area, average pore size, and total pore volume of the g-C3N4 photocatalysts.

Sample BET Surface Area (m2/g) Average Pore Size (nm) Total Pore Volume (cm3/g)

CN 16 13.7 0.11
CN-Fe0.1 13 19 0.12
CN-Fe0.3 11 18.7 0.11
CN-Fe1.1 7 38.5 0.12

3.3. Chemical Composition

The FT-IR analysis results are shown in Figure 2. For all of the samples, the known
characteristic peaks of g-C3N4 can be observed. The broad peak at the 3500–3000 cm−1

region corresponds to the stretching mode of all of the OH-containing species and N-H
stretching from the residual amino groups [40,41]. The shoulder located at 1630 cm−1

represents the H-O-H bending mode of all of the water molecules present at the surface
of the material. The peaks in the 1628–1232 cm−1 region correspond to the characteristic
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stretching of the C-N heterocycles, including the trigonal N-(C)3 and bridging H-N-(C)2
units [42]. Finally, the sharp absorption peak at 805 cm−1 can be attributed to the breathing
mode of the triazine units [43]. The FT-IR spectra of the modified materials demonstrate no
significant changes. More specifically, there is no observable shift in the peaks, indicating
that the chemical bonding of the main g-C3N4 network is unaffected [38].

Figure 2. FT-IR spectra of the g-C3N4 photocatalysts.

3.4. Optical Characteristics

The measured diffuse reflectance spectra of the g-C3N4 photocatalysts are shown
in the inset of Figure 3. They were used for the construction of the absorption functions
(F × E)1/2 = f(E) presented in Figure 4, which allowed the determination of the materials’
band gap energy (Eg), as described in Ref. [44]. It is evident that after modification, the
light absorption of the materials is increased. However, the Eg only slightly decreased from
2.73 eV for bulk g-C3N4, which is in agreement with the literature [16,17], to 2.71 eV for the
modified samples.

The properties of the photogenerated charge carriers were evaluated with fluorescence
measurements at λex = 365 nm (Figure 4). All of the samples showed a broad band
with λem at around 455 nm, which is in agreement with the absorption edge wavelength
measured by UV-vis spectroscopy. Such a signal can be attributed to the band–band PL
phenomenon, which mainly results from the n-π* electronic transitions in g-C3N4 [45].
The strongest emission intensity is displayed by bulk g-C3N4, which suggests a faster
electron–hole radiative recombination rate. On the other hand, the modified samples
show significantly weaker emission intensity, which becomes even more prominent as
the iron content increases. This indicates a lower recombination rate and higher charge
transfer efficiency, suggesting a potential improvement in the photocatalytic activity of
the materials.
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Figure 3. UV-Vis diffuse reflectance (inset) and plots of (F × E)1/2 vs. photon energy of the
g-C3N4 photocatalysts.

Figure 4. PL spectra of the g-C3N4 photocatalysts.
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Photoelectrochemical measurements are one of the characterization techniques that
allow the prediction of the photocatalyst behavior. Since the photocatalyst is irradiated
under an external potential that has been applied to the working electrode, the recombina-
tion of electrons and holes is strongly suppressed. Based on the photocurrent generation
(Figure 5), it is clear that the highest amount of charge carriers is produced in the case of
bulk g-C3N4. This is connected to a higher specific surface area. However, a higher amount
of produced charge carriers does not mean higher photocatalytic activity, especially since
bulk g-C3N4 has the highest recombination rate of charge carriers (Figure 4). It is known
that the redox potential of Fe3+/Fe2+ is below the CB of g-C3N4. After iron modification,
the photogenerated electrons could be trapped by the Fe2+ sites, leading to the reduced
recombination of the photogenerated electron–hole pairs. With a higher iron concentration,
more photogenerated electron trapping sites exist, thus leading to the further decrease of
the PL intensity.

Figure 5. Photocurrent generation of g-C3N4 photocatalysts recorded under 1 V external potential.

3.5. Mössbauer and EPR Spectroscopy

Mössbauer spectroscopy was used to investigate the nature of the iron of the modified
g-C3N4 photocatalysts. The 80 K spectra of samples CN-Fe0.3 and CN-Fe1.1 are shown in
Figure 6. The most prominent characteristic of both spectra are the two distinct doublets
that are characteristic of the Fe2+ ions in two different chemical environments [46]. These
environments may be associated with the iron that is present in the -C3N4 network gaps or
on the layer surface. The spectra also show a lower intensity doublet showing the presence
of Fe3+ ions. A subspectrum that can be attributed to magnetic Fe2O3 [47], which is most
likely due to the reaction of weakly stabilized Fe3+/2+ ions with air, is also observed in all of
the spectra. At 80 K there is no sign of any subspectral broadening that would suggest the
existence of superparamagnetic nanoparticles. Thus, the only crystalline iron-containing
phase observed through Mössbauer spectroscopy is that of the Fe2O3 oxide.
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Figure 6. Mössbauer spectra of the samples CN-Fe0.3 (a) and CN-Fe1.1 (b), where the Fe2+ species
are in green, the Fe3+ species are in blue, and the Fe2O3 subspectra are in red.

By comparing the relative spectral areas of the corresponding peaks (Table S2), it is
evident that iron in the g-C3N4 matrix is mainly present in the form of Fe2+ species. This
indicates that during melamine polycondensation, the Fe3+ ions of the iron nitrate precursor
are reduced to Fe2+. It should be also noted that the Mössbauer peaks of the sample CN-
Fe0.3 are less intense than those of sample CN-Fe1.1, which confirms the lower amount
of Fe present in the photocatalyst. The EPR spectra of the modified samples (Figure S3)
display a broad line that is characteristic of iron ion–ion interactions [48]. However, as
expected, the Fe2+ ions were not visible in the EPR measurements.

Recent studies have revealed that transition metal ions such as Au3+, Ag+, Cu2+,
and Fe3+ may be reduced during g-C3N4 synthesis at ~550 ◦C [49,50]. During melamine
polycondensation, apart from NH3, reactive species such as CNH2, H2NCN, and CN2

+ are
also released. These species can progressively reduce Fe3+ to Fe2+ until the formed ions are
stabilized in the g-C3N4 network [51].

3.6. Photocatalytic Activity

Figure 7 shows the dependence of product yields on the irradiation time (0–8 h). The
main products of the photocatalytic reduction of CO2 are methane (Figure 7a) and carbon
monoxide (Figure 7b). However, the hydrogen generated from the photocatalytic water
splitting is also present in much higher concentrations (Figure 7c).

Figure 7. Time dependence of yields of (a) CH4, (b) CO, and (c) H2.

Photocatalytic CO2 reduction is a complex process with a number of reactions occur-
ring simultaneously. The g-C3N4 band gap energy around 2.7 eV (Figure 3) corresponds to
a wavelength of approximately 460 nm, and since the photocatalytic reduction was con-
ducted under the irradiation of 365 nm, each incident photon should lead to the generation
of an electron and hole. The product yields and the apparent quantum yields (AQY) are
shown in the Supplementary Materials (Table S1). Among the photocatalysts, the CN-Fe0.1
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demonstrated the highest CH4 and H2 AQY at 0.0020% and 0.0733%, respectively. One of
the most important properties of a photocatalyst is the CB and VB edge potentials. XPS
analysis was used to determine the potential of the valence bands of each photocatalyst
(Figure 8).

Figure 8. VB edge potentials measured by XPS.

As can be seen, the VB edge potential shifted to more positive values after the modifi-
cation, which indicates the increased oxidation efficiency of the photogenerated holes [21].
By combining the band gap energy and VB edge potential values, the CB edge potentials
of the materials were also calculated. Thus, the electronic band structures of the g-C3N4
photocatalysts were created (Figure 9). As the Eg of the photocatalysts remains practically
unchanged after the modification, the CB edge potential shifts to less negative values,
indicating a slight decrease in the reduction strength of the photogenerated electrons.
However, the potential of CB is still higher than the redox potential that is required for the
CO2 reactions (Equations (1)–(5)).

The potentials of valence and conduction bands slightly differ for each g-C3N4 mate-
rial; however, it is approximately inside the interval −1.5 V (CB potential) and 1.2 V (VB
potential) vs. NHE (pH = 7). It is the relatively high reduction strength (negative potential
of CB) that makes g-C3N4 such an attractive material.

The potential of CB is negative enough to allow any of the partial redox reactions
to proceed (Equations (1)–(5)) [52,53]. However, the direct reduction of a CO2 molecule
by a single electron is not possible due to a very negative required potential of −1.9 V
(Equation (6)) [2,5,54,55].

CO2 + 2e− + 2H+ → HCOOH E0 = −0.61 V (1)

CO2 + 2e− + 2H+ → CO + H2O E0 = −0.53 V (2)
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CO2 + 4e− + 4H+ → HCHO + H2O E0 = −0.48 V (3)

CO2 + 6e− + 6H+ → CH3OH + H2O E0 = −0.38 V (4)

CO2 + 8e− + 8H+ → CH4 + 2H2O E0 = −0.24 V (5)

CO2 + e− → CO−2 E0 = −1.90 V (6)

All of the redox potentials are stated vs. NHE at pH = 7.

Figure 9. Band structures of the g-C3N4 photocatalysts.

Based on the equations above, it is clear that the photocatalytic reduction of CO2 is a
multielectron process that also requires the presence of a hydrogen cation. The necessity of
a hydrogen cation is the reason why the reaction has to be conducted in aqueous phase or
in the presence of water vapor.

There are two possible ways that water can be oxidized by photogenerated holes
toward H+ (Equations (7) and (8)) [56].

2H2O + 4h+ → O2 + 4H+ E0 = +0.82 V (7)

H2O + h+ → OH + H+ E0 = +2.32 V (8)

It is clear that Equation (8) would be more probable since it requires just one hole
and one water molecule; however, its redox potential is much more positive than the VB
potential of g-C3N4, and therefore, this reaction cannot proceed in the presence of g-C3N4
material, leaving Equation (7) as the main source of the required H+ ions. This significantly
complicates the situation. First of all, the reaction (Equation (7)) is much less probable
since it requires two water molecules o and four holes at the same time, but oxygen is
also produced along with H+. The reduction of oxygen molecules to a superoxide radical
(Equation (9)) is one of the competitive reactions for the reduction of CO2 [27,57].

O2 + e− → O−2 E0 = −0.33 V (9)

The presence of oxygen not only competes with CO2 molecules to be adsorbed on the
surface of the photocatalyst but also consumes the necessary electrons that are needed for
the reduction.
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Another competitive reaction is the reduction of the generated H+ ions to hydrogen
(Equation (10)).

2H+ + 2e− → H2 E0 = −0.41 V (10)

It is this competitive reaction that is responsible for the presence of hydrogen among
the detected products (Figure 7c). Methane and carbon monoxide were other detected
reaction products that can be generated according to Equations (2) and (5). Unfortunately,
the possible products in the liquid phase were below the detection limit, and therefore,
their presence could not be confirmed.

It is clear that the photocatalytic reduction of CO2 is a very complex process that
follows several multielectron steps. Nevertheless, the presence of the Fe3+/Fe2+ couple
(Figure 6) can complicate the situation even more. Many publications say that the presence
of iron ions can be beneficial due to the possibility of photo-Fenton process occurring along
with the photocatalysis [58–60]. What does this mean in the case of a photocatalytic CO2
reduction? Part of the photogenerated electrons can directly transfer to Fe3+ ions and form
Fe2+ (Equation (11)).

Fe3+ + e− → Fe2+ E0 = 0.77 V (11)

Holes, however, stay in the valence band and can participate in the oxidation reaction.
The presence of Fe3+ can improve the separation of generated charge carriers; however, the
negative side effect is the consumption of electrons needed for the photocatalytic reduction
of CO2; therefore, finding an optimum amount of iron ions is necessary [15].

Since the Fe2+ ions are unstable, they easily oxidize back into Fe3+ in the presence of
oxygen and form either O−2 (Equation (12)) or H2O2 (Equation (13)).

Fe2+ + O2 + e− → Fe3+ + O−2 E0 = −0.05 V (12)

2Fe2+ + O2 + 2H+ → 2Fe3+ + H2O2 E0 = +0.68 V (13)

The above-mentioned equations clearly suggest the consumption of electrons in
both redox Fe3+/Fe2+ reactions. Higher amounts of iron ions would clearly explain the
lower yields of the CO2 reduction products. On the other hand, the oxygen used in
Equations (12) and (13) does not compete with CO2 molecules needed for adsorption on
the surface of the photocatalyst.

In addition, the holes in g-C3N4 VB have sufficient potential to oxidize H2O to H2O2
(+0.69 V vs. NHE) [27,61] and the potential of H2O2/·OH (1.07 V vs. NHE) [27] is more
positive than the redox potential of Fe3+/Fe2+ (0.77 V vs. NHE) [27,61,62]; the produced
H2O2 reacts with Fe2+ to produce ·OH species. Hydroxyl radical species are very strong
oxidizing agents and are very beneficial when the removal of organics in water is the
goal. However, the goal is to create organic compounds for the photocatalytic reduction
of CO2. Therefore, a higher amount of Fe would lead to a higher amount of hydroxyl
radicals that would be able to oxidize the already generated organic products (CH4) [27].
This is the reason why the CH4 yields were lower in the case of photocatalysts containing
0.3 and 1.1 wt.% of Fe (Table S1). Furthermore, when the iron content exceeds an optimal
value, the photocatalytic performance decreases, which is possibly due to the competitive
capture between the adsorbed CO2 and Fe2+ sites. In this case, an excess of Fe2+ sites
could trap more photogenerated electrons, leading to fewer electrons being available to
react with the adsorbed CO2 molecules. On the other hand, the higher Fe content in
the photocatalyst clearly leads to a higher selectivity toward CO production (Figure 7b).
This suggests higher selectivity for CO2 reduction to CO. Higher amounts of iron ions
are incorporated into the g-C3N4 lattice and affect its electronic properties, which were
confirmed by the valence band position shift after the addition of Fe (Figure 9), forming
impurities that lead to an enhanced separation of charge carriers. On the other hand, this
means a higher amount of hydroxyl radicals and a higher rate of reverse oxidation for the
produced hydrocarbons [63].
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4. Conclusions

Iron-modified g-C3N4 photocatalysts were prepared using a simple thermal treatment
of melamine mixed with specific amounts of iron nitrate. The XRD and FT-IR measurements
did not reveal any iron in the photocatalysts due to its very low concentrations (0.1, 0.3 and
1.1 wt.%). However, its presence in the form of Fe2+, Fe3+, and Fe2O3 was demonstrated by
Mössbauer spectroscopy, with Fe2+ being the main species.

The addition of iron resulted in a decrease in the photocurrent and specific surface
area due to the partial blocking of the g-C3N4 pores by iron. However, this led to the
reduced recombination of the photogenerated electron–hole pairs, which is important for
high photocatalytic efficiency.

The photocatalytic activity measurements of the prepared materials in the CO2 reduc-
tion showed that the photocatalyst with the lowest amount of iron exhibited the biggest
methane and hydrogen evolution in comparison with pure g-C3N4 and g-C3N4 with higher
iron amounts. Excess iron consumes electrons that are needed for the reduction reactions
and generates hydroxyl radicals that oxidize organic products from the CO2 reduction.
The iron-modified (0.1 wt.%) g-C3N4 proved to be a promising photocatalyst for CO2
conversion into valuable hydrocarbons.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/photochem1030030/s1, Figure S1: The batch reactor used for the photocatalytic reduction
of CO2, Figure S2: N2 adsorption-desorption isotherms (a) and pore size distribution curves (b) of
the g-C3N4 photocatalysts, Figure S3: EPR spectra of samples CN-Fe0.3 and CN-Fe1.1, Table S1:
Recalculated product yields to µmol·s−1 and apparent quantum yields (AQY) for each product in the
presence of the photocatalysts, Table S2: Mössbauer parameters for samples CN-Fe0.3 and CN-Fe1.1
and corresponding assignments. Isomer Shift (IS), line width (HWHM), Quadrupole Splitting (QS),
Hyperfine Magnetic Feld (HMF) and the subspectral area (= relative amount of iron).

Author Contributions: Conceptualization, I.P., C.T., and K.K.; methodology, I.P.; software, M.E.;
validation, K.K. and M.R.; formal analysis, M.R.; investigation, N.I., E.D., and P.D.; resources, C.T. and
K.K.; data curation, N.T. and T.G.; writing—original draft preparation, M.E., M.R.; writing—review
and editing, M.E., M.R., and I.P.; visualization, I.P.; supervision, C.T. and K.K.; project administration,
C.T. and K.K.; funding acquisition, C.T. and K.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was co-financed by the European Union and Greek national funds through the
Operational Program Competitiveness, Entrepreneurship and Innovation, under the call RESEARCH-
CREATE-INNOVATE (project code: T1EDK-05545) and by EU structural funding in Operational
Programme Research Development and Education, project No. CZ.02.1.01/0.0/0.0/16_019/0000853
“IET-ER” and by using Large Research Infrastructure ENREGAT supported by the Ministry of
Education, Youth and Sports of the Czech Republic under project No. LM2018098. The authors
would also like to acknowledge the Hellenic Foundation for Research and Innovation and the General
Secretariat for Research and Innovation for Grant number 1468.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: The authors would like to thank Andreas Karydas and Kalliopi Tsampa from “XRF
Laboratory” of Institute of Nuclear and Particle Physics at NCSR “Demokritos” for the XRF measurements.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. European Commission. EU Energy in Figures-Statistical Pocket Book 2019; Drukarnia INTERAK SP ZOO: Czarnków, Poland, 2019.
2. Vu, N.N.; Kaliaguine, S.; Do, T.O. Critical Aspects and Recent Advances in Structural Engineering of Photocatalysts for Sunlight-

Driven Photocatalytic Reduction of CO2 into Fuels. Adv. Funct. Mater. 2019, 29, 1901825. [CrossRef]

56



Photochem 2021, 1

3. Alkhatib, I.I.; Garlisi, C.; Pagliaro, M.; Al-Ali, K.; Palmisano, G. Metal-organic frameworks for photocatalytic CO2 reduction
under visible radiation: A review of strategies and applications. Catal. Today 2020, 340, 209–224. [CrossRef]

4. Yuan, L.; Xu, Y.J. Photocatalytic conversion of CO2 into value-added and renewable fuels. Appl. Surf. Sci. 2015, 342, 154–167.
[CrossRef]

5. Habisreutinger, S.N.; Schmidt-Mende, L.; Stolarczyk, J.K. Photocatalytic reduction of CO2 on TiO2 and other semiconductors.
Angew. Chem. 2013, 52, 7372–7408. [CrossRef] [PubMed]

6. Nikokavoura, A.; Trapalis, C. Alternative photocatalysts to TiO2 for the photocatalytic reduction of CO2. Appl. Surf. Sci. 2017,
391, 149–174. [CrossRef]

7. Shehzad, N.; Tahir, M.; Johari, K.; Murugesan, T.; Hussain, M. A critical review on TiO2 based photocatalytic CO2 reduction
system: Strategies to improve efficiency. J. CO2 Util. 2018, 26, 98–122. [CrossRef]

8. Low, J.; Cheng, B.; Yu, J. Surface modification and enhanced photocatalytic CO2 reduction performance of TiO2: A review. Appl.
Surf. Sci. 2017, 392, 658–686. [CrossRef]

9. Akhter, P.; Farkhondehfal, M.A.; Hernández, S.; Hussain, M.; Fina, A.; Saracco, G.; Khan, A.U.; Russo, N. Environmental issues
regarding CO2 and recent strategies for alternative fuels through photocatalytic reduction with titania-based materials. J. Environ.
Chem. Eng. 2016, 4, 3934–3953. [CrossRef]
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exfoliated g-C3N4. Ceram. Int. 2017, 43, 13581–13591. [CrossRef]

19. Todorova, N.; Papailias, I.; Giannakopoulou, T.; Ioannidis, N.; Boukos, N.; Dallas, P.; Edelmannová, M.; Reli, M.; Kočí, K.; Trapalis,
C. Photocatalytic H2 Evolution, CO2 Reduction, and NOx Oxidation by Highly Exfoliated g-C3N4. Catalysts 2020, 10, 1147.
[CrossRef]

20. Mohamed, N.A.; Safaei, J.; Ismail, A.F.; Noh, M.F.M.; Arzaee, N.A.; Mansor, N.N.; Ibrahim, M.A.; Ludin, N.A.; Sagu, J.S.; Teridi,
M.A.M. Fabrication of exfoliated graphitic carbon nitride, (g-C3N4) thin film by methanolic dispersion. J. Alloys Compd. 2020,
818, 152916. [CrossRef]

21. Papailias, I.; Todorova, N.; Giannakopoulou, T.; Ioannidis, N.; Boukos, N.; Athanasekou, C.P.; Dimotikali, D.; Trapalis, C.
Chemical vs thermal exfoliation of g-C3N4 for NOx removal under visible light irradiation. Appl. Catal. B 2018, 239, 16–26.
[CrossRef]

22. Wen, J.; Xie, J.; Chen, X.; Li, X. A review on g-C3N4-based photocatalysts. Appl. Surf. Sci. 2017, 391, 72–123. [CrossRef]
23. Masih, D.; Ma, Y.; Rohani, S. Graphitic C3N4 based noble-metal-free photocatalyst systems: A review. Appl. Catal. B 2017, 206,

556–588. [CrossRef]
24. Heidarpour, H.; Padervand, M.; Soltanieh, M.; Vossoughi, M. Enhanced decolorization of rhodamine B solution through

simultaneous photocatalysis and persulfate activation over Fe/C3N4 photocatalyst. Chem. Eng. Res. Des. 2020, 153, 709–720.
[CrossRef]

25. Hu, J.; Zhang, P.; Cui, J.; An, W.; Liu, L.; Liang, Y.; Yang, Q.; Yang, H.; Cui, W. High-efficiency removal of phenol and coking
wastewater via photocatalysis-Fenton synergy over a Fe-g-C3N4 graphene hydrogel 3D structure. J. Ind. Eng. Chem. 2020, 84,
305–314. [CrossRef]

26. Ma, T.; Shen, Q.; Xue, B.Z.J.; Guan, R.; Liu, X.; Jia, H.; Xu, B. Facile synthesis of Fe-doped g-C3N4 for enhanced visible-light
photocatalytic activity. Inorg. Chem. Commun. 2019, 107, 107451. [CrossRef]

27. Sun, Z.; Wang, H.; Wu, Z.; Wang, L. g-C3N4 based composite photocatalysts for photocatalytic CO2 reduction. Catal. Today 2018,
300, 160–172. [CrossRef]

28. Wang, X.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Carlsson, J.M.; Domen, K.; Antonietti, M. A metal-free polymeric
photocatalyst for hydrogen production from water under visible light. Nat. Mater. 2009, 8, 76–80. [CrossRef]

57



Photochem 2021, 1

29. Zhang, Y.; Pan, Q.; Chai, G.; Liang, M.; Dong, G.; Zhang, Q.; Qiu, J. Synthesis and luminescence mechanism of multicolor-emitting
g-C3N4 nanopowders by low temperature thermal condensation of melamine. Sci. Rep. 2013, 3, 1943. [CrossRef]

30. Ge, L. Synthesis and photocatalytic performance of novel metal-free g-C3N4 photocatalysts. Mater. Lett. 2011, 65, 2652–2654.
[CrossRef]

31. Baudys, M.; Paušová, Š.; Praus, P.; Brezová, V.; Dvoranová, D.; Barbieriková, Z.; Krýsa, J. Graphitic Carbon Nitride for
Photocatalytic Air Treatment. Materials 2020, 13, 3038. [CrossRef] [PubMed]

32. Papailias, I.; Giannakopoulou, T.; Todorova, N.; Demotikali, D.; Vaimakis, T.; Trapalis, C. Effect of processing temperature on
structure and photocatalytic properties of g-C3N4. Appl. Surf. Sci. 2015, 358, 278–286. [CrossRef]

33. Praus, P.; Svoboda, L.; Ritz, M.; Troppová, I.; Šihor, M.; Kočí, K. Graphitic carbon nitride: Synthesis, characterization and
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Abstract: The search of new organic emitters is receiving a strong motivation by the development
of ORTP materials. In the present study we report on the preparation, optical and photophysical
characterization, by both steady state and time resolved techniques, of two pyrene-functionalized
cyclic triimidazole derivatives. Together with the already reported mono-substituted derivative, the
di- and tri-substituted members of the family have revealed as intriguing emitters characterized
by impressive quantum yields in solution and RTP properties in the solid state. In particular,
phosphorescence lifetimes increase from 5.19 to 20.54 and 40.62 ms for mono-, di- and trisubstituted
compounds, respectively. Based on spectroscopical results and theoretical DFT/TDDFT calculations
on the di-pyrene molecule, differences in photophysical performances of the three compounds have
been assigned to intermolecular interactions increasing with the number of pyrene moieties appended
to the cyclic triimidazole scaffold.

Keywords: fluorescence; organic room temperature phosphorescence; DFT and TDDFT calculations

1. Introduction

Organic room temperature phosphorescent materials (ORTP), due to their increased
biocompatibility and reduced cost with respect to their organometallic counterparts, are
the subject of intense research in the field of functional materials, appearing promising for
applications spanning from bioimaging [1,2] to anti-counterfeiting [3,4] and displays [5].
Many strategies have been developed to realize ORTP materials. Among them, π· · ·π
stacking interactions [6–8], host–guest systems [9–11], co-assembly based on macrocyclic
compounds [12], crystallization [13–15], halogen bonding [16,17], and doping in a polymer
matrix [18], can be mentioned. Triimidazo[1,2-a:1′,2′-c:1”,2”-e][1,3,5]triazine, TT [7], is the
prototype of a family of ORTP materials, showing in the crystalline phase ultralong phos-
phorescence (up to 1 s) associated with the presence of strong π· · ·π stacking interactions [6].
Introduction of one or multiple halogen atoms on the TT scaffold results in a complex
excitation dependent photoluminescent behavior including dual fluorescence, molecular
and supramolecular phosphorescences, together with ultralong components [8,19–21]. The
introduction of one chromophoric fragment, namely 2-fluoropyridine, 2-pyridine and
pyrene (TTPyr1) has further enriched the photophysical behavior, preserving the solid
state ultralong component [22–24]. In particular, the pyrene functionality was chosen due
to its favorable emissive properties (i.e., high fluorescence quantum efficiency and good
hole-transporting ability) which can be exploited in a large number of applications [25–27].
TTPyr1 was isolated and characterized in two solvated phases and two not solvated poly-
morphs. In particular, the two solvated and one polymorph, belonging to centrosymmetric
space groups, are obtained at room temperature, while a non-centrosymmetric polymorph
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can be irreversibly prepared by proper thermal treatment in air starting from the room
temperature phases. While in solution the chromophore is characterized by a single fluo-
rescence (quantum yield Φ = 90%, see Table 1), in the solid state intermolecular interactions
impart rigidification to the molecule favoring the appearance of a long-lived component
whose lifetime and intensity strongly depend on the crystallinity of the sample. Moreover,
differently from the room temperature phases, the non-centrosymmetric one displays not
only second order nonlinear optical features (SHG ten times that of standard urea), but also
an additional fluorescence associated with the presence of two possible almost isoenergetic
conformers in its crystals. Additionally, the material in aggregate-state was tested for
cellular and bacterial imaging in view of its applications in bioimaging [24].

Table 1. Photophysical parameters of Pyrene, TTPyr1, TTPyr2 and TTPyr3 at 298 K.

Φ % λem
(nm) τav

kr
(107 s−1)

knr
(107 s−1)

Pyrene DMSO
(2.5 × 10−6 M) 33.4 374 94.15 ns 0.355 0.707

TTPyr1

DMSO
(10−5 M) 92 420 2.76 ns 33.3 2.90

Ground Crystal
(TTPyr RT) 54

475 2.15 ns
25.1 21.4514 5.19 ms

TTPyr2

DMSO
(2.5 × 10−6 M) 78 419 9.22 ns 8.46 2.39

Powders 40.2
490 4.64 ns

8.66 12.9528 20.54 ms

TTPyr3

DMSO
(2.5 × 10−6 M) 74.4 422 11.16 ns 6.67 2.29

Powders 36.9
476 5.12 ns

7.21 12.3522 40.62 ms

Here, we report the synthesis, characterization and photophysical studies of the
analogue derivatives with two and three pyrene moieties on the TT scaffold, TTPyr2 and
TTPyr3, respectively. The photophysical behavior of the solid compounds, comprising one
fluorescence and one phosphorescence, is similar to that of TTPyr1 in the room temperature
phases. However, a systematic increase of the phosphorescence lifetime is observed by
increasing the number of pyrene groups. Unfortunately, due to the impossibility to get
single crystals suitable for X-ray diffraction analysis, an explanation of this phenomenon
can be given only at a qualitative level.

2. Materials and Methods

All reagents were purchased from chemical suppliers and used without further
purification. Pyrene was crystallized from hot toluene solution before photolumines-
cence measurements. Triimidazo[1,2-a:1′,2′-c:1”,2”-e][1,3,5]triazine (TT) [28], its dibromo-
and tribromo-derivatives (namely 3,7-dibromotriimidazo[1,2-a:1′,2′-c:1”,2”-e][1,3,5]triazine,
TTBr2, and 3,7,11-tribromotriimidazo[1,2-a:1′,2′-c:1”,2”-e][1,3,5]triazine, TTBr3) [19] and
TTPyr1 [24] were prepared according to literature procedures.

1H and 13C NMR spectra were recorded on a Bruker AVANCE-400 instrument (400 MHz).
Chemical shifts are reported in parts per million (ppm) and are referenced to the residual
solvent peak (DMSO, 1H 2.50 ppm, 13C 39.5 ppm; CH2Cl2, 1H 5.32 ppm, 13C 54.0 ppm).
Coupling constants (J) are given in hertz (Hz) and are quoted to the nearest 0.5 Hz. Peak
multiplicities are described in the following way: s, singlet; d, doublet; m, multiplet.

Mass spectra were recorded on a Thermo Fisher (Thermo Fisher Scientific, Waltham,
MA USA) LCQ Fleet Ion Trap Mass Spectrometer equipped with UltiMate™ 3000 HPLC
system. UV-Visible spectra were collected by a Shimadzu UV3600 spectrophotometer
(Shimadzu Italia S.r.l., Milan, Italy).
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Absolute photoluminescence quantum yields were measured using a C11347 (Hama-
matsu Photonics K.K). A description of the experimental setup and measurement method
can be found in the article of K. Suzuki et al. [29]. For any fixed excitation wavelength, the
fluorescence quantum yield Φ is given by:

Φ =
PN(Em)

PN(Abs)
=

∫
λ
hc

[
Isample
em (λ)− Ireference

em (λ)
]

dλ
∫

λ
hc

[
Ireference
ex (λ)− Isample

ex (λ)
]

dλ

where PN(Em) is the number of photons emitted from a sample and PN(Abs) is the number
of photons absorbed by a sample, λ is the wavelength, h is Planck’s constant, c is the
velocity of light, Isample

em (λ) and Ireference
em (λ) are the photoluminescence intensities with and

without a sample, respectively, Isample
ex (λ) and Ireference

ex (λ) are the integrated intensities of
the excitation light with and without a sample, respectively. PN(Em) is calculated in the
wavelength interval [λi, λf], where λi is taken 10 nm below the excitation wavelength, while
λf is the upper end wavelength in the emission spectrum. The error made was estimated at
around 5%.

Steady state emission and excitation spectra and photoluminescence lifetimes were
obtained using a FLS 980 (Edinburgh Instrument Ltd., Livingston, United Kingdom) spec-
trofluorimeter. The steady state measurements were recorded by a 450 W Xenon arc lamp.
Photoluminescence lifetime measurements were performed using: Edinburgh Picosecond
Pulsed Diode Laser EPL-375, EPLED-300, (Edinburg Instrument Ltd.) and microsecond
flash Xe-lamp (60 W, 0.1 ÷ 100 Hz) with data acquisition devices time correlated single-
photon counting (TCSPC) and multi-channel scaling (MCS) methods, respectively. Average
lifetimes are obtained as:

τav ≡ ∑m
n=1 αnτ2

n

∑m
n=1 αnτn

,

where m is the multi-exponential decay number of the fit.

2.1. Synthesis of 3,7-Di(pyren-1-yl)triimidazo[1,2-a:1′,2′-c:1”,2”-e][1,3,5]triazine (TT-Pyr2)

TTPyr2 was prepared by Suzuki coupling between TTBr2 and pyrene-1-boronic acid
(see Scheme 1). In a typical reaction, TTBr2 (595 mg; 1.67 mmol), pyren-1-ylboronic acid
(970 mg, 3.94 mmol), potassium carbonate (1.3 g, 9.42 mmol), Pd(PPh3)2Cl2 (170 mg,
0.24 mmol), water (3 mL) and DMF (25 mL) were transferred inside a 100 mL Schlenk flask
equipped with a magnetic stirrer. The system was heated under static nitrogen atmosphere
at 130 ◦C for 12 h. The reaction was then cooled to room temperature, precipitated with
water (200 mL) and filtered on a Büchner. The solid crude reaction mixture was further
purified by automated flash chromatography on SiO2 with DCM/CH3CN as eluents to give
the TTPyr2 product as a yellow solid (724 mg; Yield 72%; Rf = 0.5 in DCM/CH3CN = 95/5).
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Scheme 1. Synthetic path for the preparation of TTPyr2.

NMR data (9.4 T, DMSO-d6, 298 K, δ, ppm): 1H NMR 8.46–8.07 (18H, m), 8.01 (1H, d,
J = 1.5 Hz), 7.53 (1H, s), 6.98 (1H, s), 6.88 (1H, d, J = 1.5 Hz); 13C NMR 136.7, 136.6, 135.9,
131.4, 131.3, 130.9, 130.7, 130.4, 130.3, 129.8, 129.5, 128.8, 128.4, 128.2, 128.1, 128.0, 127.7,
127.5, 127.3, 127.2, 126.4, 125.7, 125.6, 125.4, 124.3, 124.2, 124.1, 123.7, 123.6, 123.5, 110.9.
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MS (ESI-positive ion mode): m/z: 599 [M + H]+.

2.2. Synthesis of 3,7,11-Tri(pyren-1-yl)triimidazo[1,2-a:1′,2′-c:1”,2”-e][1,3,5]triazine (TT-Pyr3)

TTPyr3 was prepared by Suzuki coupling between TTBr3 and pyrene-1-boronic acid
(see Scheme 2). In a typical reaction, TTBr3 (400 mg; 0.91 mmol), pyren-1-ylboronic
acid (702 mg, 2.85 mmol), potassium carbonate (1.3 g, 9.19 mmol), Pd(PPh3)2Cl2 (64 mg,
0.09 mmol), water (2 mL) and DMF (10 mL) were transferred inside a 100 mL Schlenk flask
equipped with a magnetic stirrer. The system was heated under static nitrogen atmosphere
at 130 ◦C for 12 h. The reaction was then cooled to room temperature, precipitated
with water (200 mL) and filtered on a Büchner. The solid crude reaction mixture was
further purified by automated flash chromatography on SiO2 with Hexane/Et2O/DCM as
eluents to give the TTPyr3 product as a pale yellow solid (435 mg; Yield 60%; Rf = 0.5 in
Hexane/Et2O/DCM = 60/20/20).

Photochem 2021, 1, FOR PEER REVIEW 4 
 

 

 
Scheme 1. Synthetic path for the preparation of TTPyr2. 

2.2. Synthesis of 3,7,11-Tri(pyren-1-yl)triimidazo[1,2-a:1’,2’-c:1’’,2’’-e][1,3,5]triazine (TT-Pyr3) 
TTPyr3 was prepared by Suzuki coupling between TTBr3 and pyrene-1-boronic acid 

(see Scheme 2). In a typical reaction, TTBr3 (400 mg; 0.91 mmol), pyren-1-ylboronic acid 
(702 mg, 2.85 mmol), potassium carbonate (1.3 g, 9.19 mmol), Pd(PPh3)2Cl2 (64 mg, 0.09 
mmol), water (2 mL) and DMF (10 mL) were transferred inside a 100 mL Schlenk flask 
equipped with a magnetic stirrer. The system was heated under static nitrogen atmos-
phere at 130 °C for 12 h. The reaction was then cooled to room temperature, precipitated 
with water (200 mL) and filtered on a Büchner. The solid crude reaction mixture was fur-
ther purified by automated flash chromatography on SiO2 with Hexane/Et2O/DCM as el-
uents to give the TTPyr3 product as a pale yellow solid (435 mg; Yield 60%; Rf = 0.5 in 
Hexane/Et2O/DCM = 60/20/20). 

NMR data (9.4 T, CD2Cl2, 300 K, δ, ppm): 1H NMR 8.34–8.06 (27H, m), 7.04 (3H, s); 
13C NMR 136.9, 132.7, 131.9, 131.4, 130.3, 129.0, 128.8, 127.9, 126.9, 126.3, 126.1, 125.6, 125.1, 
124.7, 123.7. 

MS (ESI-positive ion mode): m/z: 799 [M + H]+. 

 
Scheme 2. Synthetic path for the preparation of TTPyr3. 

2.3. Computational Details 
Geometry optimization of TTPyr2 has been performed at the ωB97X/6-311++G(d,p) 

level of theory [30], in agreement with the computational protocol previously developed 
to study TT [7] and its derivatives, in particular TTPyr1 [24]. The adopted functional was 
in fact demonstrated to be able to accurately describe ground and excited states properties 
of TT and its derivatives, besides dispersive intermolecular interactions which are essen-
tial to interpret the multi-faceted properties of this family of compounds. Calculations on 
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Scheme 2. Synthetic path for the preparation of TTPyr3.

NMR data (9.4 T, CD2Cl2, 300 K, δ, ppm): 1H NMR 8.34–8.06 (27H, m), 7.04 (3H, s);
13C NMR 136.9, 132.7, 131.9, 131.4, 130.3, 129.0, 128.8, 127.9, 126.9, 126.3, 126.1, 125.6, 125.1,
124.7, 123.7.

MS (ESI-positive ion mode): m/z: 799 [M + H]+.

2.3. Computational Details

Geometry optimization of TTPyr2 has been performed at the ωB97X/6-311++G(d,p)
level of theory [30], in agreement with the computational protocol previously developed to
study TT [7] and its derivatives, in particular TTPyr1 [24]. The adopted functional was in
fact demonstrated to be able to accurately describe ground and excited states properties of
TT and its derivatives, besides dispersive intermolecular interactions which are essential
to interpret the multi-faceted properties of this family of compounds. Calculations on the
tri-pyrene derivative have not be performed due to the required high computational costs.
All calculations have been performed with Gaussian 16 [31].

3. Results
3.1. Synthesis and Molecular Structures

TTPyr2 and TTPyr3 were prepared by Suzuki coupling between pyrene-1-boronic acid
and the corresponding di- and tri-brominated TT precursors (see Schemes 1 and 2). The new
pyrene derivatives were characterized by 1H and 13C NMR spectroscopy (Figures S1–S5)
and mass spectrometry (Figures S3 and S6), samples with the purity grade required for
photophysical characterization were obtained by repeated crystallizations.

In order to get insight on the structural features of the investigated compounds, DFT
calculations were performed on the smaller derivative, TTPyr2 (see optimized structures in
Figure 1). Owing to the lack of the crystal structure of this compound, suitable models were
built up starting from structural information previously obtained on TTPyr1 by both X-ray
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diffraction analysis and theoretical calculations [24]. For this latter compound, crystallizing
in different phases and polymorphs, two possible conformations were detected, which
correspond to different orientation of pyrene with respect to the TT moiety as denoted
by the (H)C1-C2-C10-C11(H) torsion angle τ (C2-C10 being the bond connecting TT with
pyrene). In particular, the room temperature phases display τ values equal to about 129◦

(RT conformation), while the polymorph obtained at high temperature shows τ equal to
49◦ (HT conformation) [24]. DFT geometry optimization of the two conformations leads to
different almost isoenergetic minima (having τ = 110.3 and 67.4◦, respectively) in a very flat
region. The HT conformation is only 0.6 kcal/mol more stable than the RT one, suggesting
that both conformations are expected to be present in solution. To build up the TTPyr2
model, an additional pyrene moiety was added, in the proper position, to both the RT
and HT optimized geometries of TTPyr1 imposing the same RT or HT conformation. The
resulting optimized structures (see Figure 1), denoted respectively as ‘RT/RT’ and ‘HT/HT’
conformations, display C1–C2–C10–C11 and C1′–C2′–C10′–C11′ torsion angles equal to
112.3 and −67.2◦ (RT/RT) and 67.4 and 67.3◦ (HT/HT conformation), the latter being more
stable by 0.54 kcal/mol. Of course, also the mixed ‘RT/HT’ conformation is envisaged to be
present in solution, but no significant differences in the electronic levels are expected with
respect to those computed by TDDFT for the RT/RT and HT/HT conformations, which
are themselves very similar (see Table S1).
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Figure 1. ωB97X/6-311++G(d,p) optimized geometry of TTPyr2 in the RT/RT (left) and HT/HT
(right) conformations (hydrogen, carbon and nitrogen atoms in white, grey and blue, respectively).

Owing to the twisted arrangement of TT and pyrene in the investigated systems,
a Quantum Theory of Atoms in Molecules (QTAIM) topological analysis [32] on the
TTPyr1 and TTPyr2 electron density was performed to detect the possible presence of
intramolecular interactions between the two moieties. In all cases, a bond critical point
(bcp) between a TT nitrogen atom (N3) and the pyrene C10 carbon atom, located at about
3.18 Å from each other, has been found (ρbcp ∼ 0.05 e Å−3, see Figures S7 and S8 for the
TTPyr1 and TTPyr2 molecular graphs). Owing to the nature of the involved atoms, such
N· · ·C bond paths cannot be considered as classical non-covalent interactions [33], though
contributing to stabilize the molecule due to the privileged electron-exchange channel
associated with the bond path [34].

Interestingly, the molecular graphs substantially change when considering the op-
timized geometries of TTPyr1 and TTPyr2 in the excited state (see Figures S9 and S10).
The relaxed S1 geometries are characterized by lower molecular twisting than the ground
state one. In particular, for TTPyr1 τ varies from 110.3 to 138.5◦ (RT conformation) and
from 67.4 to 41.5◦ (HT conformation), respectively, with a concomitant shortening of the
C2-C10 bond (from 1.478 to 1.435 Å), implying a greater conjugation between the TT and
pyrene moieties compared with the ground state [24]. For TTPyr2, on the other hand, only
one pyrene unit undergoes a substantial relaxation with respect to TT, τ varying from
112.3 to 139.0◦ (RT/RT conformation) and from 67.3 to 40.8◦ (HT/HT conformation). The
corresponding C2–C10 bond shortens from 1.477 to 1.422 and 1.433 Å (RT/RT and HT/HT
conformation, respectively). For the other pyrene unit, τ shows only slight variations
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(from −67.2 to −64.6◦ in the RT/RT conformation and from 67.4 to 64.0◦ in the HT/HT
conformation) and the C2′–C10′ bond remains almost unvaried. These results indicate that,
as determined for TTPyr1, also TTPyr2 shows in the excited state a greater conjugation,
which is however extended on TT and only one pyrene unit. The associated molecular
graphs (see Figures S9 and S10) reveal, for both conformations of TTPyr1 and TTPyr2,
the formation of an intramolecular C–H· · ·N hydrogen bond between the TT and pyrene
moieties. This interaction stabilizes the two conformations in the excited state allowing to
reduce the molecular twisting.

3.2. Photophysical Studies

TTPyr2 and TTPyr3 have been photophysically characterized both in solution and
in solid state by steady state and time resolved spectroscopy. The results are reported in
Table 1 together with those previously obtained for the room temperature non-solvated
species of TTPyr1 and those of pyrene molecule in the same conditions.

Diluted DMSO solutions of the three compounds show two absorptions with peaks at
257, 268, 279 nm (ES2) and 332, 347 nm (ES1) respectively, with molar absorption coefficients,
ε, computed at 347 nm, equal to 34,894, 46,408 and 84,443 M−1 cm−1 for TTPyr1, TTPyr2
and TTPyr3, respectively. Such bands, even though strongly red shifted and broadened
with respect to the parent pyrene moiety (see Figure 2), are ascribed to transitions of main
pyrene character, as previously suggested based on the similarity with the absorption
spectrum of pyrene itself in the same conditions and theoretical calculations [24]. Looking
at the HOMO and LUMO energies of pyrene, TTPyr1, and TTPyr2, it is found that, while
the HOMO energy is almost constant along the series, the LUMO one significantly decreases
(by 0.17 or 0.19 eV according to the conformation) from pyrene to TTPyr1, and remains
almost unvaried going to TTPyr2.
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Figure 2. Molar absorption coefficient for 2.5 10−6 M DMSO solution of TTPyr1 (blue line), TTPyr2 
(red line), TTPyr3 (black line) and pyrene (green line). Inset: expansion of 350 nm region for normal-
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bazole and mono-, di- and tri-pyrene functionalized adamantane display Φ equal to 94 
and 72% [32] and 17, 19 and 19% [38] respectively. 

Figure 2. Molar absorption coefficient for 2.5 10−6 M DMSO solution of TTPyr1 (blue line), TTPyr2

(red line), TTPyr3 (black line) and pyrene (green line). Inset: expansion of 350 nm region for
normalized spectra of TTPyr1 (blue line), TTPyr2 (red line) and TTPyr3 (black line).

For the three compounds, perfectly overlapped emission spectra, consisting in an
intense very broad single fluorescent emission at about 420 nm, are measured (see Figure 3).
The three compounds display impressively high quantum yields when compared with
pyrene itself (Φ = 33.4%) in the same conditions (see Table 1), suggesting that the TT moiety
successfully suppresses the ACQ (aggregation caused quenching) phenomena affecting
pyrene fluorescence [35–37]. Specifically, Φ equal to 92, 78 and 74% have been measured for
TTPyr1, TTPyr2, TTPyr3, respectively, with lifetime, τ, equal to 2.76 [24], 9.22 and 11.16 ns
(Figures S11 and S14), resulting in kr values 33.3, 8.46 and 6.67 × 107 s−1 and knr 2.90, 2.39
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and 2.29 × 107 s−1, respectively (see Table 1). The observed quantum yields are similar or
higher than those reported in the literature for other mono-, di- and tri-pyrene substituted
families. For example, DCM solutions of di- and tri-pyrene derivatives of carbazole and
mono-, di- and tri-pyrene functionalized adamantane display Φ equal to 94 and 72% [32]
and 17, 19 and 19% [38] respectively.
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Figure 3. Normalized emission (λexc = 350 nm, solid lines) and excitation (λem = 420 nm, dashed lines) 
spectra of 2.5 × 10−6 M DMSO solutions at 298 K of TTPyr1 (blue line), TTPyr2 (red line) and TTPyr3 
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Figure 3. Normalized emission (λexc = 350 nm, solid lines) and excitation (λem = 420 nm, dashed
lines) spectra of 2.5 × 10−6 M DMSO solutions at 298 K of TTPyr1 (blue line), TTPyr2 (red line) and
TTPyr3 (black line).

To justify the slight decrease of quantum yield for TTPyr2 and TTPyr3 with respect to
TTPyr1, close inspection of optical properties has been performed. When better focusing
on the 347 nm absorption of the three compounds (ES1, see inset of Figure 2), besides
the already mentioned macroscopic red shift and broadening with respect to pyrene, a
slight red shift and widening of the band from TTPyr1 to TTPyr2 and TTPyr3 can also be
recognized. Based on DFT/TDDFT calculations, such band results from an envelope of
more transitions (see Table S1 and Figures S20 and S21 for the simulated absorption spectra).
In particular, two transitions are computed at low energy for pyrene (at 301 and 294 nm
with oscillator strength f = 0.0003 and 0.347, respectively) and TTPyr1 (at 304 and 302 nm
with f = 0.060 and 0.498, respectively), with a bathochromic displacement of the stronger
transition and intensification of the low energy one, justifying the experimental red shift
and broadening of TTPyr1 ES1. Going to TTPyr2, four transitions are computed in the same
region (at 306, 304, 303 and 301 nm with f = 0.380, 0.101, 0.066 and 0.445, respectively, see
Table S1 and Figures S20 and S21), implying further broadening of the associated band with
very minor red shift with respect to TTPyr1. It is as well to be taken into account that more
conformations of similar energy are expected in solution, due to the flatness of the potential
energy surface associated with the rotation of pyrene with respect to TT [24]. As reported
in Table S1, such conformations are characterized by the same position of the transitions
but slightly different oscillator strengths, further contributing to the band broadening.
Similar results are expected for the tri-pyrene derivative, which was not submitted to
theoretical calculations owing to the computational costs required by the further increased
number of conformational degrees of freedom. Geometry optimization of S1 for both
conformations of TTPyr2 leads, as determined for TTPyr1, to a reduced molecular twisting
(see Figures S9 and S10) with a large energy separation from the higher excited states and
approximately the same energy position (λ = 372 nm), oscillator strength (0.693) and orbital
composition (HOMO-LUMO with 93% weight) as found for TTPyr1 (λ = 370 nm, f = 0.698,
HOMO-LUMO with weight = 94%). Based on the strict similarity between TTPyr1 and
TTPyr2 at molecular level, minor ACQ phenomena should be taken into account for TTPyr2
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and TTPyr3. A similar result was previously obtained for pyrene-functionalized carbazole
derivatives, with fluorescence quantum yield decreasing by increasing the number of
pyrene moieties [39].

The three compounds are good emitters also in the solid state (see Table 1), where
the emission is implemented by the presence, as already reported for TTPyr1 [24], of one
phosphorescent component in addition to the fluorescent band (at 475, 490 and 476 nm
for TTPyr1, TTPyr2, TTPyr3, respectively, see Figure 4). The long lived component (at
514, 528 and 522 nm, with lifetimes equal to 5.19 [24], 20.54 and 40.62 ms for TTPyr1,
TTPyr2, TTPyr3 respectively, see Figures S13 and S16) can be selectively activated by ex-
citing at low energy (480 nm). Based on the conclusions drawn for TTPyr1 [24], even for
TTPyr2 and TTPyr3 such long-lived emission could be explained by (i) easy singlet-to-
triplet intersystem crossing due to almost overlapped singlet and triplet energy levels (see
Figure S20), and (ii) interchromophoric interactions in the solid state which inhibit the
molecular motions reducing the thermal non-radiative dissipation. Unfortunately, differ-
ently from TTPyr1 where such interactions have been deeply analyzed for the different
isolated and crystallized phases, for TTPyr2 and TTPyr3 no single crystals suitable for
X-ray diffraction analysis could be obtained. However, based on the longer lifetimes of
TTPyr3, a high number of interactions are expected for this latter with respect to the other
members of the family. Such interactions are not efficacious for producing crystals due to
the large number of conformational degrees of freedom (as expected, even though at lower
extent, for TTPyr2).
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Figure 4. Normalized emission spectra (λexc = 350 nm solid line, λexc = 480 nm dashed line) at 298 K 
of powders of TTPyr2 (red) and TTPyr3 (black). 
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Figure 4. Normalized emission spectra (λexc = 350 nm solid line, λexc = 480 nm dashed line) at 298 K
of powders of TTPyr2 (red) and TTPyr3 (black).

4. Conclusions

In conclusion, two new intriguing chromophores, TTPyr2 and TTPyr3, have been
prepared and characterized. Their photophysical behavior fully analyzed in solution and in
solid state has been compared with that of parent TTPyr1 revealing a trend depending on
the number of pyrene moieties appended to the TT scaffold. In particular, the fluorescence
quantum yield in solution (much higher than that of pyrene itself) slightly decreases
by increasing the number of pyrene units, while, in the solid state, the phosphorescent
component, visible for all compounds at room temperature, possesses lifetimes increasing
in the same order due to stabilizing interchromophoric interactions.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/photochem1030031/s1, Figure S1. 1H NMR spectrum and expanded region of TTPyr2
(400 MHz, DMSO-d6), Figure S2. 13C NMR spectrum and expanded region of TTPyr2 (400 MHz,
DMSO-d6), Figure S3. LC-MS profile of TTPyr2, Figure S4. 1H NMR spectrum and expanded
region of TTPyr3 (400 MHz, CD2Cl2), Figure S5. 13C NMR spectrum and expanded region of
TTPyr3 (400 MHz, CD2Cl2), Figure S6. LC-MS profile of TTPyr3, Figure S7. Molecular graphs
of TTPyr1 in ground state RT (left) and HT (right) conformation with bond paths, bond critical
points (green circles) and ring critical points (red circles), Figure S8. Molecular graphs of TTPyr2 in
ground state RT/RT (left) and HT/HT (right) conformation with bond paths, bond critical points
(green circles) and ring critical points (red circles), Figure S9. Molecular graphs of TTPyr1 in excited
state RT (left) and HT (right) conformation with bond paths, bond critical points (green circles) and
ring critical points (red circles), Figure S10. Molecular graphs of TTPyr2 in excited state RT/RT
(left) and HT/HT (right) conformation with bond paths, bond critical points (green circles) and
ring critical points (red circles), Figure S11. Lifetime measurement (exc = 374 nm, em = 420 nm)
of TTPyr2 in DMSO at 298 K, Figure S12. Lifetime measurement (exc = 375 nm, em = 490 nm) of
TTPyr2 powders at 298 K, Figure S13. Lifetime measurement (exc = 340 nm, em = 530 nm) of TTPyr2
powders at 298 K, Figure S14. Lifetime measurement (exc = 374 nm, em = 420 nm) of TTPyr3 in
DMSO at 298 K, Figure S15. Lifetime measurement (exc = 300 nm, em = 470 nm) of TTPyr3 powders
at 298 K, Figure S16. Lifetime measurement (exc = 340 nm, em = 520 nm) of TTPyr3 powders at
298 K, Figure S17. Lifetime measurement (exc = 374 nm, em = 394 nm) of Pyrene in DMSO at 298 K,
Figure S18. Photographs of TTPyr2 (left) and TTPyr3 (right) solutions under UV light OFF (left) or
UV light ON (right, exc = 366 nm), Figure S19. Photographs of powders of TTPyr2 (left) and TTPyr3
(right) under UV light OFF (left) or UV light ON (right, exc = 366 nm). Table S1. Excitation energies
(nm), oscillator strength (f ) and composition of the first singlet transitions computed for pyrene,
TT-Pyr1 (HT and RT conformations) and TT-Pyr2 (HT/HT and RT/RT conformations), Figure S20.
Electronic levels computed for pyrene, TTPyr1 and TTPyr2 at molecular level. In blue are reported
the singlet levels with oscillator strength f 0.001 and the corresponding values of f (see detailed
information in Table S1), Figure S21. Simulated absorption spectra of pyrene (top), TTPyr1, RT
conformation (middle) and TTPyr2, RT/RT conformation (bottom) at B97X/6-311++G(d,p) level of
theory, resulting from convolution of the singlet excitation energies with 0.1 eV of half-bandwidth
(singlet levels plotted as blue sticks according to their oscillator strength), Figure S22. Plots of
the B97X/6-311++G(d,p) MOs mainly involved in the lowest energy transitions of TT-Pyr1 in RT
conformation (isosurfaces value 0.02), Figure S23. Plots of the B97X/6-311++G(d,p) MOs mainly
involved in the lowest energy transitions of TT-Pyr2 in RT/RT conformation (isosurfaces value
0.02). Table S1. Excitation energies, oscillator strength and composition of the first singlet transitions
computed for pyrene, TT-Pyr1 and TT-Pyr2.
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Abstract: This paper describes the photophysical properties of a series of seven selected examples of
5-(alkyl/aryl/heteroaryl)-2-methyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidines (3), which contain
alkyl, aryl, and heteroaryl substituents attached to the scaffolds of 3. Given the electron-donor
groups and -withdrawing groups, the optical absorption and emission in the solid state and solution
showed interesting results. Absorption UV–Vis and fluorescence properties in several solvents of
a pyrazolo[1,5-a]pyrimidines series were investigated, and all derivatives were absorbed in the
ultraviolet region despite presenting higher quantum emission fluorescence yields in solution and
moderate emission in the solid state. Moreover, the solid-state thermal stability of compounds
3a–g was assessed using thermogravimetric analysis. The thermal decomposition profile showed
a single step with almost 100% mass loss for all compounds 3. Additionally, the values of T0.05 are
considerably low (72–187 ◦C), especially for compound 3a (72 ◦C), indicating low thermal stability
for this series of pyrazolo[1,5-a]pyrimidines.

Keywords: pyrazoles; pyrimidines; pyrazolo[1,5-a]pyrimidines; photophysical properties

1. Introduction

According to the Web of Science, there have been about nine hundred publications on
photophysical properties and organic compounds in the last five years [1]. This shows the
importance of synthesizing organic compounds with these photophysical characteristics,
which have drawn considerable attention and have been widely used in industrial and
scientific fields [2].

For many organic molecules to exhibit outstanding photophysical properties, in most
cases, a combination of factors is required, which are related mainly to their structural
properties. These properties may involve the polarization of the chemical scaffolds due
to the presence of electron-donating (EDG) and electron-withdrawing groups (EWG) [3],
chain arrangements, and conformations (stereochemistry) [4–6], as well as the presence of
charge-transfer bands, such as intramolecular charge transfer transitions (ICT) [7,8].

In this regard, N-heterocyclic skeletons present many classes of compounds that exhibit
photophysical properties [9–12]. One such class is the pyrazolo[1,5-a]pyrimidines that have
π-extended electronic systems by two planar fused rings with three nitrogen atoms of
different electronic atom nature [13]; in fact, given its structural diversity, numerous studies
have highlighted its importance in materials science [14–19].

For these reasons, this study sought to evaluate and study, for the first time, the photo-
physical properties of pyrazolo-pyridimine derivatives, more specifically, the compounds
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named 5-(alkyl/aryl/heteroaryl)-2-methyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidines
(3), where the synthetic approaches have already been mostly described in the litera-
ture [13,20,21], although there is still a lack of studies on the absorption and emission
properties of these derivatives, both in solution and in the solid state. Given this context,
UV–Vis absorption analysis and steady-state fluorescence emission properties, both in
liquid and the solid state, will be discussed and studied. Furthermore, the solvent polarity
on absorption and emission effects and the thermal stability in the solid state will also be
discussed and presented (Scheme 1).
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2-methyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidines (3).

2. Materials and Methods
2.1. General

Unless otherwise indicated, all common reagents and solvents were used as obtained
from commercial suppliers without further purification. The 1H, 13C, and NMR spectra
were acquired on a Bruker Avance III 600 MHz (3a–g) spectrometer for one-dimensional
experiments with 5 mm sample tubes at 298 K and digital resolution of 0.01 ppm in CDCl3
as the solvent, using TMS as the internal reference, and the atoms numbering according to
Figure 1. All spectra can be found in the Supplementary Information (Figures S1–S8). All
melting points were determined using coverslips on a Microquímica MQAPF-302 apparatus
and are uncorrected. The HRMS analyses were performed on a hybrid high-resolution and
high-accuracy (5 mL L−1) micrOTOF-Q mass spectrometer (Bruker Scientifics, Billerica,
MA, USA) at Caxias do Sul University (Brazil).
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Figure 1. Atom numbering for NMR chemical shifts assignment of 3a–g.

2.2. Synthetic Procedures

General procedure was used for the synthesis of 5-(alkyl/aryl/heteroaryl)-2-methyl-7-
(trifluoromethyl)pyrazolo[1,5-a]pyrimidines (3a–g).

According to Frizzo and collaborators [13], a solution of 3-amino-5-methyl-1H-pyrazole
(1.0 mmol, 0.097 mg) (2) in acetic acid (5 mL) was added to a magnetically stirred solution
of the respective 4-(alkyl/aryl)-4-methoxy-1,1,1-trifluoroalk-3-en-2-ones (1.0 mmol) (1a–g),
also diluted in acetic acid (5 mL). The mixture was stirred at 80 ◦C for 16 h. After the reaction
time (TLC), the products 3a–g were extracted with chloroform (3 × 10 mL), washed with
distilled water (3 × 10 mL), and dried over anhydrous magnesium sulfate. The chloroform
was removed in a rotary evaporator under reduced pressure and the respective compounds
3a–g were purified by recrystallization from ethanol.

2.2.1. 2,5-Dimethyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3a)

Yellow solid, yield 50%, m.p. 52–53 ◦C. Literature [20] (Yield 87%, oil)
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1H NMR (600 MHz, CDCl3) δ (ppm): 6.96 (s, 1H, H-6), 6.52 (s, 1H, H-3), 2.67 (s, 3H, CH3),
2.57 (s, 3H, CH3).

2.2.2. 2-Methyl-5-phenyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3b)

Yellow solid, yield 85%, m.p. 123–124 ◦C. Literature [20] (Yield 82%, m.p. 123–124 ◦C).
1H NMR (600 MHz, CDCl3) δ (ppm): 8.30–8.00 (m, 2H, Ph), 7.75–7.52 (m, 3H, H-6/Ph), 6.68
(s, 1H, H-3), 2.62 (s, 3H, CH3).

2.2.3. 5-(4-Methoxyphenyl)-2-methyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3c)

Yellow solid, yield 60%, m.p. 182–183 ◦C. Literature [21]
1H NMR (600 MHz, CDCl3) δ (ppm): 8.09 (d, J = 8.6 Hz, 2H. Ph), 7.50 (s, 1H, H-6), 7.06
(d, J = 8.6 Hz, 1H, Ph), 6.62 (s, 1H, H-3), 3.92 (s, 3H, OCH3), 2.60 (s, 3H, CH3).

2.2.4. 5-(4-Fluorophenyl)-2-methyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3d)

Yellow solid, yield 98%, m.p.155–156 ◦C. Literature [20] (Yield 96%, m.p. 141–144 ◦C).
1H NMR (600 MHz, CDCl3) δ (ppm): 8.12 (dd, J = 8.9, 5.3 Hz, 2H, Ph), 7.50 (s, 1H, H-6), 7.24
(t, J = 8.6 Hz, 2H, Ph), 6.66 (s, 1H, H-3), 2.61 (s, 3H, CH3).

2.2.5. 5-(4-Bromophenyl)-2-methyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3e)

Yellow solid, yield 70%, m.p. 171–173 ◦C. Literature [13,20] (Yield 86%, m.p. 171–173 ◦C).
1H NMR (600 MHz, CDCl3) δ (ppm): 8.00 (d, J = 8.6 Hz, 2H, Ph), 7.69 (d, J = 8.6 Hz, 2H,
Ph), 7.50 (s, 1H, H-6), 6.68 (s, 1H, H-3), 2.62 (s, 3H, CH3).

2.2.6. 2-Methyl-5-(4-nitrophenyl)-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3f)

Orange solid, yield 80%, m.p. 223–224 ◦C.
1H NMR (600 MHz, CDCl3) δ (ppm): 8.41 (d, J = 8.6 Hz, 2H, Ph), 8.32 (d, J = 8.8 Hz, 2H,
Ph), 7.60 (s, 1H, H-6), 6.77 (s, 1H, H-3), 2.65 (s, 3H, CH3).
13C{1H} NMR (150 MHz, DMSO-d6) δ (ppm): 157.8 (C-2), 152.1 (C-5), 150.2 (Ph), 149.1
(C-3a), 142.0 (Ph), 134.1 (q, J = 37.1 Hz, C-7), 128.1 (Ph), 124.2 (Ph), 119.4 (q, J = 274.8 Hz,
CF3), 102.4 (d, J = 4.2 Hz, C-6), 98.7 (C-3), 14.9 (CH3).
HRMS (ESI): (M + H): Calcd. for C14H10F3N4O2 = 323.0756; Found: 323.0759.

2.2.7. 2-Methyl-5-(2-thienyl)-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3g)

Yellow solid, yield 72%, m.p. 155–156 ◦C. Literature [20] (Yield 89%, m.p. 152–154 ◦C).
1H NMR (600 MHz, CDCl3) δ (ppm): 7.73 (d, J = 3.6 Hz, 1H, thienyl), 7.58 (d, J = 5.0 Hz, 1H,
thienyl), 7.41 (s, 1H, H-6), 7.19 (t, J = 4.4 Hz, 1H, thienyl), 6.60 (s, 1H, H-3), 2.59 (s, 3H, CH3).

2.3. Photophysical Measurements
2.3.1. Photophysical Measurements in Solution

Electronic UV–Vis analysis of compounds 3a–g in several solvents with distinct polar-
ity (CH3CN, CHCl3, THF, toluene, EtOH, and DMSO) were measured using a Shimadzu
UV2600 spectrophotometer (data interval, 1.0 nm, and slit 1.0 mm). Steady-state fluo-
rescence emission spectra of derivatives 3a–g in the same solutions were measured with
a Horiba Jobin Yvon FluoroMax 4 Plus spectrofluorometer (slit 5.0 mm; Em/Exc) and
corrected according to the manufacturer’s instructions. Fluorescence quantum yield (Φf; in
%) values of compounds 3a–g were determined by comparing the corrected fluorescence
spectra with that of standard 9,10-diphenylanthracene (DPA) in CHCl3 solution (Φf = 65%,
λexc = 375 nm) according to the current literature [12,22–24].

2.3.2. Photophysical Measurements in the Solid State

For the absorption and UV–Vis measurements in the solid state, derivatives 3a–g were
treated as powder, and the baseline in the solid state was obtained using a barium sulphate
standard (BaSO4; Wako Company®, Richmond, VA, USA). The diffuse reflectance spectra
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(DRUV) were measured using an integrating sphere attachment on a Shimadzu UV-2600
spectrophotometer in the 250–700 nm range.

The fluorescence emission spectra in the solid state were measured in the 300–700 nm
range using the Horiba Yvon-Jobin Fluoromax Plus (Em/Exc; slit 5.0 mm) instrument.
Fluorescence quantum yields (Φf) in the solid state were determined by comparing the
integrated area to the corrected fluorescence spectrum of compounds with the integrated
area to the corrected fluorescence spectrum of a standard compound (in this case, sodium
ascorbate − Φf = 55%), as reported elsewhere [23].

Fluorescence lifetimes in the solid state of related compounds were recorded using
the time-correlated single-photon counting (TCSPC) method with DeltaHub controller and
Horiba spectrofluorometer. Data were processed with the DAS6 and Origin® 8.5 software
(Northampton, MA, USA) using mono-exponential fitting of raw data. NanoLED (1.0 MHz;
pulse width < 1.2 ns; 284 nm excitation wavelength) was used as a source of excitation.

2.4. Thermogravimetric Analysis

Thermogravimetric analyses (TGA) were performed using a TGA Q5000 instrument
(TA Instruments Inc., New Castle, DE, USA) at a heating rate of 10 ◦C min−1, from 40 ◦C
to 600 ◦C under a N2 flux of 25 mL min−1. The masses were approximately 1 mg for all
samples. Data analysis was performed using the OriginPro 8.5 software (Northampton
MA, USA). The confirmation of calibration of apparatus before analysis was done with
CaC2O4·H2O (99.9%).

Differential scanning calorimetry (DSC) analyses were carried out using a Q2000 DSC
calorimeter (TA Instruments, New Castle, DE, USA) equipped with an RCS refrigeration
accessory and with N2 as purge gas (50 mL min−1). The heating rate used was 5 ◦C min−1.
The calibration of instruments in standard DSC mode was verified with indium (99.99%).
The masses of the samples (1–5 mg) were weighed on a Sartorius balance (M500P) with
a precision of ±0.001 mg. All samples were subjected to three heating–cooling cycles, as
follows: 25 to 250 ◦C.

3. Results
3.1. Synthesis and Structural Characterization

The precursors 4-alkoxy-4-(alkyl/aryl/heteroaryl)-1,1,1-trifluoroalk-3-en-2-ones (1a–g)
were first synthesized through the trifluoracetylation of enol ethers and acetals according
to the literature procedures [25–33]. The 3-amino-5-methyl-1H-pyrazole precursor 2 was
acquired from a commercial supplier (Sigma-Aldrich, São Paulo, Brazil).

The method employed to synthesize the 5-(alkyl/aryl/heteroaryl)-2-methyl-7-
(trifluoromethyl)pyrazolo[1,5-a]pyrimidines (3a–e, 3g) has already been described else-
where [13]. The compounds (3a–e) and (3g) were obtained in 50–98% yields (Scheme 2),
which showed the appearance of air-stable yellow-orange solids [13,20,21]. The compound
2-methyl-5-(4-nitrophenyl)-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine (3f) has yet to be
described in the literature, and it was obtained in 80% yield after recrystallization (also
from ethanol).

All products were fully characterized with 1H NMR and the melting point showed
spectral data typical for these compounds and also in agreement with the literature [13,20,21].
Until now, an unpublished compound (3f) was also characterized by 1H- and 13C NMR
and HRMS. For instance, in the NMR chemical shifts assignment, compound 3f presented a
chemical shift at 7.60 ppm at the 1H NMR spectrum, which was assigned to the pyrimidine
H-6; a signal at 6.77 ppm was assigned to the pyrazole H-3, a signal at 2.65 ppm referred
to the unique methyl substituent, and a signal at 8.41 and 8.32 ppm was assigned to the
p-phenyl substituted aromatic ring. The same compound 3f showed chemical shifts in
the 13C{1H} NMR spectrum as a singlet at 157.8 (C-2), 152.1 (C-5), 149.1 (C-3a), 102.4 (C-6)
and 98.7 (C-3) ppm, and a quartet for C-7 and CF3 group appearing at 134.1 ppm with
J = 37.1 Hz and 119.4 ppm with J = 274.8 Hz, respectively, due to the 13C–19F scalar coupling.
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3.2. Photophysical Properties of Pyrazolo[1,5-a]pyrimidines (3a–g)
3.2.1. Solution Analysis

Regarding the photophysical properties of pyrazolo derivatives 3a–g, the photophysi-
cal properties of all compounds in different solvent polarities (toluene, CHCl3, CH3CN,
THF, EtOH, and DMSO) were analyzed. For exemplification purposes, the spectral profile
of derivative 3b in all solvents studied is illustrated in Figure 2, and the absorption param-
eters of compounds are listed in Table 1; all UV–Vis absorption spectra are listed in the
Supplementary Information (Figures S9–S14).

In general, all derivatives showed electronic transition bands in the UV region and
can be attributed to π→ π* and n→ π* type transitions, which are characteristics of this
type of heterocyclic and aromatic skeleton, according to the literature [12,23,24,34]. As seen
in Figure 2, the derivatives studied show a similar absorption behavior according to the
nature of the solvent. Additionally, by analyzing the UV–Vis spectra in the ground state of
related compounds, small changes according to the solvent property are also observed, and
some spectral changes occur due to the presence of electron-donor or -acceptor substituents
(Table 1).
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Figure 2. Comparative UV-Vis absorption spectra in several solvents of compound 3b. 
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Table 1. Photophysical data analysis of derivatives 3a–g in different solvents.

Compound Solvent a λabs, nm (ε; M−1cm−1) λem, nm (QY, %) b SS (nm/cm−1) c

3a CHCl3 274 (15670); 309 (4850) 501 (67.0) 192/12,400
THF 273 (19870); 308 (4505) 473 (87.0) 165/11,325

Toluene 283 (16120); 309 (8870) 492 (92.0) 183/12,040
CH3CN 306 (12550); 337 (7150) 511 (67.0) 174/10,105
EtOH 305 (17500); 338 (9690) 456 (55.0) 118/7655
DMSO 307 (9995); 342 (5120) 441 (86.0) 99/6565

3b CHCl3 266 (22520); 325 (7320); 357 (sh) 504 (79.0) 147/8170
THF 256 (30195); 324 (13535); 362 (sh) 507 (78.0) 145/7900

Toluene 286 (19550); 331 (15950); 362 (sh) 508 (88.0) 146/7940
CH3CN 265 (20210); 324 (3800); 360 (sh) 506 (71.0) 146/8015
EtOH 265 (21035); 325 (4175); 365 (sh) 514 (71.0) 149/7940
DMSO 269 (17410); 328 (3570); 362 (sh) 521 (91.0) 159/8430

3c CHCl3 290 (13420); 338 (5785); 367 (sh) 500 (77.0) 133/7250
THF 256 (18080); 295 (23610); 339 (12985); 368 (sh) 500 (75.0) 132/7170

Toluene 294 (22040); 338 (19095); 365 (sh) 501 (84.0) 136/7435
CH3CN 287 (14085); 324 (3800); 360 (sh) 554 (63.0) 194/9730
EtOH 289 (11740); 337 (5285); 367 (sh) 487 (56.0) 120/6715
DMSO 269 (10020); 327 (2010); 364 (sh) 509 (88.0) 145/7825

3d CHCl3 269 (15780); 331 (2870); 370 (sh) 504 (79.0) 134/7185
THF 256 (17380); 288 (8800); 326 (9640); 362 (sh) 509 (77.0) 147/7980

Toluene 289 (18920); 336 (6020); 369 (sh) 510 (87.0) 141/7490
CH3CN 266 (20720); 325 (4070); 359 (sh) 516 (73.0) 157/8475
EtOH 267 (17185); 328 (3030); 360 (sh) 514 (73.0) 154/8320
DMSO 269 (15720); 327 (3125); 359 (sh) 521 (93.0) 162/8660

3e CHCl3 276 (17465); 330 (3800); 364 (sh) 507 (79.0) 143/7750
THF 257 (9915); 291 (9720); 329 (8275); 365 (sh) 511 (78.0) 146/7830

Toluene 290 (22170); 334 (15485); 362 (sh) 510 (87.0) 148/8015
CH3CN 272 (10370); 327 (2195); 364 (sh) 516 (73.0) 152/8090
EtOH 274 (20375); 327 (4695); 366 (sh) 514 (73.0) 148/7865
DMSO 275 (17760); 330 (4285); 366 (sh) 524 (90.0) 158/8240

3f CHCl3 299 (10955); 344 (sh) 496 (64.0) 152/8910
THF 271 (10545); 296 (12640); 342 (sh) 524 (73.0) 182/10,155

Toluene 297 (11850); 346 (sh); 382 (sh) 520 (89.0) 138/6950
CH3CN 295 (11625); 341 (sh); 373 (sh) 545 (70.0) 172/8460
EtOH 292 (17630); 340 (sh); 373 (sh) 419 (24.0) 46/2940
DMSO 257 (14555); 301 (16145); 347 (sh) 558 (95.0) 211/10,900

3g CHCl3 280 (19115); 337 (8370); 375 (sh) 481 (63.0) 106/5875
THF 257 (15280); 304 (20765); 336 (19370); 378 (sh) 511 (75.0) 133/6885

Toluene 290 (17520); 345 (8170); 375 (sh) 510 (86.0) 135/7060
CH3CN 276 (11520); 343 (5715); 372 (sh) 517 (73.0) 145/7540
EtOH 278 (18050); 343 (8620); 371 (sh) 496 (56.0) 125/6790
DMSO 281 (21175); 346 (11215); 375 (7770) 520 (89.0) 145/7435

a Dielectric constant (ε) and refractive index (η): toluene (ε = 2.38; η = 1.4969), THF (ε = 7.50; η = 1.4072),
CHCl3 (ε = 4.81; η = 1.4459), CH3CN (ε = 36.6; η = 1.3441), EtOH (ε = 24.5; η = 1.3614), and DMSO (ε = 46.7;
η = 1.4793); b Excited at lower transition band and using 9,10-diphenylanthracene (DPA) in chloroform as standard
(λexc = 375 nm; Φf = 0.65); c Stokes shifts: ∆λ = λem − λabs = 1/λabs − 1/λem; sh = sholuder.

By comparing the electronic effect of the substituent on the aromatic moiety (3c—OCH3
and 3f—NO2 units), very subtle shifts can be observed in the other solvents investigated,
revealing that there is no significant change in the ground state (Table 1).

Regarding fluorescent emission properties, derivatives 3a–g were investigated in the
same solvent polarities used in the UV-Vis analysis, and the data regarding the emission
peaks (λem), quantum fluorescence yield (QY), and Stokes shifts (SS) are presented in
Table 1. The normalized fluorescence emission spectra of derivatives in all solvents are
presented in the Supplementary Information (Figures S15–S20). Regarding the fluorescence
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lifetime measurements of the derivatives in solution, time-resolved measurements were
not made because the proper NanoLED source was unsuitable for this analysis.

In general, derivatives 3a–g have emission bands located in the blue to green range.
As with the UV–Vis absorption analysis, compound 3b was chosen as an example, and the
fluorescence emission spectra in all solvents and natural/UV light solution photography
are listed in Figure 3. According to the spectra in Figure 3c, the solvent polarity does not
show any significant changes in the emission peaks of compound 3c. As for compound 3f
(containing NO2 group), more visible changes are observed, mainly in the protic medium
(Supplementary Information—Figure S24). We can attribute this to a difference in the
stabilization of the structures in the excited state, primarily in the presence of electron-
withdrawing groups and the secondary H-bonding interactions in ethanol solution.
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Figure 3. (a) Solutions in natural light, (b) solutions in UV365nm light irradiation, and (c) comparative
steady-state fluorescence emission spectra in several solvents of compound 3b.

As for the Φf values, the compounds presented higher QYs; this may be associated
with a greater stabilization and solvation of these molecules in the singlet excited state
(Table 1) and dependence on the substituent electronic property. Finally, moderate to large
SS were observed for all derivatives in the solvents studied, and this can be attributed to
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the vibrational relaxation or dissipation and solvent reorganization, which can decrease the
separation of the energy levels of the ground and excited states (Table 1).

3.2.2. Aggregation-Induced Emission Behavior

In a generalized way, the aggregation-induced emission (AIE) phenomenon describes
the behavior of a molecule that shows dim or no emission in dilute solution but much-
enhanced emission in aggregates or the solid state [35,36]. The fluorescence emission
behaviors of the selected compounds 3b, 3c, and 3f were examined in the THF-H2O
mixture (0–90% water fraction) to confirm the possibility of AIE characteristics. Studied
compounds emit a blue to green region under a UV lamp with 365 nm in THF solution
(Figure 3). All fluorescence emission spectra in the THF-H2O mixture of compounds 3c
and 3f are listed in the Supplementary Information (Figures S23 and S24).

Interestingly, the fluorescence emission of derivatives 3b, 3c, and 3f is sensitive to
solvent polarity; thus, we aimed to explore their emission behavior in THF as an aprotic
water-miscible solvent. The emission responses of compound 3b upon adding different
amounts of water to THF solution is presented in Figure 4. With the increase of water
content (0–90% v/v), a great decrease in the emission peak intensities was observed, and the
fluorescence intensity as a function of water content showed a slightly bathochromic shift.
Tigreros and co-workers previously described similar behavior in a study with pyrazolo
derivatives containing a triphenylamine substituent [16]. Thus, the AIE properties were
not observed, and this decrease in the emission intensities of derivatives can be directly
attributed to an aggregation phenomenon (J- or H-aggregate types) as the water fraction
increases. Consequently, this result demonstrates that (trifluoromethyl)pyrazolo-based
probes can act as possible fluorescent sensors for small amounts of acid or protic molecules.
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Figure 4. (a) Fluorescence emission spectra of compound 3b and (b) photograph of compound 3b
solutions in THF/water mixture with different water fractions (0–90%) under a UV lamp (365 nm).
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3.2.3. Solid-State Analysis—First Evidences

A solid-state absorption and fluorescence emission spectroscopy analysis in powder
was performed as the (trifluoromethyl)-pyrazolo derivatives 3a–g present fluorescence
emission in the solid state. The reflectance spectra of the compounds revealed similar
absorption peaks compared to the solution study, in which we observed the broadening of
the absorption bands (Supplementary Information; Figure S25).

The fluorescence emission data of derivatives 3a–g in the solid state are listed in Table 2,
and all spectra are presented in Figure 5a. Thus, compared to the spectra in solution, the
derivatives presented emission peaks very close to the values obtained in organic solvents
(Table 1). The variations in emission peaks observed in the solid state can be attributed to a
change in the molecular arrangement in the absence of the solvent, which may be favored
by π-π stacking interactions. The QY values observed in the solid state for derivatives
3a–g are smaller than those observed in the solution, which may be directly related to the
solid-state arrangement.

Table 2. Photophysical data analysis of derivatives 3a–g in the solid state.

Compound λabs, nm λem nm (QY,%) a SS (nm/cm−1) b τf, ns (χ2) c kr (108 s−1) d knr (108 s−1) e

3a 261, 338, 417 493 (29.0) 76/3700 3.50 ± 0.44 (1.131901) 0.83 2.03
3b 286, 338, 425 493 (23.0) 68/3245 3.03 ± 0.59 (1.143012) 0.76 2.55
3c 283, 335, 425 485 (21.0) 60/2910 8.62 ± 0.37 (1.091558) 0.24 0.92
3d 294, 340, 427 509 (28.0) 82/3770 3.00 ± 0.45 (1.051683) 0.93 2.40
3e 290, 428 483 (24.0) 55/2660 6.62 ± 0.48 (1.131901) 0.36 1.15
3f 283, 335, 427 542 (29.0) 115/4970 1.36 ± 0.82 (1.151343) 2.13 5.22
3g 268, 331, 433 507 (24.0) 74/3370 6.14 ± 0.52 (0.919048) 0.39 1.23

a Excitation at a less-energy absorption peak using sodium salicylate as standard (Φf = 55%); b Stokes shifts:
∆λ = λem − λabs = 1/λabs − 1/λem; c Using excitation by NanoLED source at 284 nm; d,e Determined by [23].
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Figure 5. (a) Normalized steady-state fluorescence emission spectra of compounds 3a–g in the solid
state and (b) normalized fluorescence decay of compounds 3a–g in the solid state when excited by a
NanoLED source at 284 nm.

Compared with the solution study, solid-state fluorescence lifetime measurements
were conducted, and lifetime decay plots and the τf, radiative (kr) and non-radiative (knr)
values for derivatives 3a–g are presented in Figure 5b and Table 2, respectively. It is possible
to note a variation in the τf values according to the electronic nature of the molecule, which
is attributed to the non-influence of the solvent in the excited state and a greater ordering
of the molecules in the solid state (Table 2). In addition, we can evidence a decrease in the
radiative (kr) rates with an increase in the non-radiative (knr) rates, and this is probably
evidenced by a relaxation of the vibrational levels of the molecules and restricted motion.

3.3. Thermal Stability in the Solid State

The solid-state thermal stability of compounds 3a–g was accessed using TGA, and the
results are summarized in Table 3, where T0.05 expresses the temperature at which 5.0% of
mass loss occurred and Td is the temperature of maximum decomposition rate (i.e., the
peak of the derivative curve). The order of thermal stability was established in terms of
T0.05 as follows: 3a < 3b < 3d < 3e < 3g < 3c < 3f. The TGA curves for compounds 3a, 3e,
and 3f are presented in Figure 6, and the other results, including DSC/TGA/DTG curves
for compounds 3b and 3d, are shown in the Supplementary Information (Figures S26–S33).
It is possible to note from Figure 6 and the other curves that the thermal decomposition
occurs in a single step with almost 100% of mass loss. Additionally, the values of T0.05
are considerably low, especially for compound 3a, indicating low thermal stability for this
series of pyrazolo[1,5-a]pyrimidines. Regarding T0.05 and structure relations, no direct
correspondence between molar masses and thermal stability was observed for the entire
series. More important than the molar mass of the compounds was the nature of the R
substituent. Nonetheless, more detailed explanations for the observed order of thermal
stability would require further analysis. From the values of T0.05 in Table 3 and the melting
temperatures of compounds 3a–g, it is worth noticing that the majority of the compounds
presented considerable mass loss (5%) below their melting point, narrowing possible
applications to the solid state.

80



Photochem 2022, 2

Table 3. Results of the TGA analysis.

Compound T0.05 (◦C) Td (◦C) Mass Loss (%)

3a 72 110 99
3b 117 161 97
3c 171 200 99
3d 134 169 96
3e 147 187 97
3f 187 230 99
3g 151 187 98
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4. Conclusions

The synthesis in yields of 50–98% and photophysical behavior of a series of seven ex-
amples of 5-(alkyl/aryl/heteroaryl)-substituted 2-methyl-7-(trifluoromethyl)pyrazolo[1,5-
a]pyrimidine core (3) was achieved, where one new compound (3f) was obtained and fully
structurally characterized. The optical properties in solution and the solid state of this
geminated system 3 were also successfully investigated. In the photophysical evaluation of
the molecules, transition bands were observed in the UV region, and moderate to higher
values in the quantum fluorescence yields for the derivatives 3a–g. Regarding the solvent
polarity variation, the changes vary according to the electronic nature of the molecules eval-
uated in the presence or absence of the substituent. Furthermore, photophysical analysis
in the solid state and AIE phenomena were also evaluated. For this series of pyrazolo[1,5-
a]pyrimidines, regarding T0.05 and structure relations, no direct correspondence between
molar masses and thermal stability was observed for the entire series. Additionally, it is
worth noticing that most of the compounds presented considerable mass loss (5%) below
their melting point, narrowing possible applications to the solid state.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/photochem2020024/s1. Reference [37] is cited in the supplementary
materials.
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Abstract: The trivalent Eu(III) ion exhibits unique red luminescence and plays an significant role in the
display industry. Herein, the amperometry electrodeposition method was employed to electrodeposit
Eu(III) materials on porous Si and terpyridine-functionalized Si surfaces. The electrodeposited
materials were fully characterized by scanning electron microscopy, X-ray diffraction crystallography,
Fourier-transform infrared spectroscopy, and X-ray photoelectron spectroscopy. Photoluminescence
(PL) spectroscopy revealed that PL signals were substantially increased upon deposition on porous
Si surfaces. PL signals were mainly due to direct excitation and charge-transfer-indirect excitations
before and after thermal annealing, respectively. The as-electrodeposited materials were of a Eu(III)
complex consisting of OH, H2O, NO3

−, and CO3
2− groups. The complex was transformed to Eu2O3

upon thermal annealing at 700 ◦C. The electrodeposition on porous surfaces provide invaluable
information on the fabrication of thin films for displays, as well as photoelectrodes for catalyst
applications.

Keywords: porous Si; photoluminescence; europium; lanthanide; electrodeposition; terpyridine; func-
tionalization

1. Introduction

Porous silicon (PS) is known to show unique physicochemical properties and a high
surface area [1–5]. The pores have commonly been prepared by electrochemical anodization
process in a hydrofluoric acid (HF) solution by varying many experimental parameters
such as concentration, organic-solvent additive, time, and applied potential [6,7]. The
properties have consequently been determined by the finally achieved pore sizes and
depths. The application areas are very wide, and include sensors, catalysts, solar cells, and
charge storages [8–17]. For sensors, Ramírez-González et al. controlled the thickness of
the PS layer and tested ethanol-sensing performance by measuring conductivity. They
showed that the thickness is an important factor for a target-sensing gas [14]. Dwivedi
et al. prepared TiO2 nanotube-decorated PS, and showed that the heterojunction exhibited
a selective ethanol-sensing performance (with sub-ppm level down to 0.5 ppm) and a good
linear response at low detection level [15]. For catalyst applications, Kim et al. used PS
nanoparticles (NPs) for embedding Pd (~12 nm) and superparamagnetic γ-Fe2O3 (~7 nm)
NPs [16]. They demonstrated that the nanocomposites showed an excellent catalytic
performance for the reduction of 4-nitrophenol to 4-aminophenol by NaBH4. For solar
cells, Sundarapura et al. prepared an anodic SiO2 layer on a PS surface, and demonstrated
that the solar-cell efficiency was significantly improved [13]. For energy storage, Ortaboy
et al. synthesized MnOx-decorated carbonized porous Si nanowire, and showed that the
PS nanowire-based pseudocapacitor electrode had a specific capacitance of 635 F g−1,
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areal power of 100 mW cm−2, and energy of 0.46 mW h cm−2 [17]. They also reported a
power density of 25 kW kg−1 and an energy density of 261 W h kg−1 at 0.2 mA/cm2, and
a large potential window of 3.6 V. Surface functionalization on Si has also widely been
demonstrated to widen the application areas and performances [18–20]. Yaghoubi et al.
prepared a PS by the electrochemical etching method and modified with lectins via amino-
silane functionalization followed by glutaaldehyde incubation [20]. They demonstrated
that a lectin-conjugated PS showed good biosensing performances for label-free and real-
time detection of Escherichia coli and Staphylococcus aureus by reflectometric interference
Fourier transform spectroscopy.

In the present study, the electrodeposition method was employed to embed elec-
trodeposited materials inside the pores of a PS and to examine new characteristics arising
from the newly developed PS materials. In addition, surface functionalization was per-
formed to further modify the surface property on electrodeposition. The Eu(III) ion was
selected because it exhibits strong red luminescence and depends on local environment [21].
Therefore, luminescence profiles were examined, and consequently, dramatically enhanced
luminescence characteristics was observed. The newly reported results provide valuable
information on the development of thin-film display materials, as well as thin films for
other application areas, such as catalyst electrodes.

2. Materials and Methods

Chemicals of Eu(III) nitrate hexahydrate (99.9%, Alfa Aesar, Karlsruhe, Germany),
sodium perchlorate (NaClO4, ≥98.0%, Sigma-Aldrich, St. Louis, MO, USA), (3-aminopropyl)
trimethoxysilane (APTMS, 97%, Sigma-Aldrich), and 2,2′:6′,2′′-terpyridine-4′-carboxylic
acid (Tpy-COOH, 95%, Alfa Aesar) were used as received without further purification.
An Si wafer (<100> B-doped p-type, Siltron Inc., Gumi, Korea) was cut to a size of
20 mm × 20 mm and precleaned with isopropyl alcohol and deionized water, repeatedly.
The precleaned Si wafer was dipped in a solution of H2O:H2O2:NH4OH (5:1:1 v/v) for
15 min, then dipped again in a 2% HF solution for 30 min, and dried under an infrared
lamp. Gold (Au) sputtering was performed on the Si wafer at a current of 5 mA for 90 s,
and then thermal treated at 700 ◦C for 2 h in a furnace. For the fabrication of a porous Si
(PS), the Au-deposited Si wafer was dipped in a 5% HF solution for 48 h, and then cleaned
with deionized water. In the second etching step, the pre-etched Si wafer was used as an
anode. A carbon rod was used as a cathode with an applied potential of 30.0 V for 1 h
in an etching solution (ethanol:deionized water:HF = 2:1:1 molar ratio). Au nanoparticle
residues on the Si wafer were further removed by dipping in an aqua regia solution for 4 h.
The removal of Au was checked by X-ray photoelectron spectroscopy. For the function-
alization of terpyridine ligand, the finally obtained cleaned porous Si (PS) substrate was
initially dipped in a warm (60 ◦C) H2O/NH4OH/H2O2 (5:3:1, v/v) solution to make an
OH-terminated surface. After that, for the surface functionalization with amino-silane, the
OH-terminated PS substrate was dipped for 12 h in a 1% APTMS/methanol solution, then
fully washed with pure methanol, and dried under nitrogen gas stream. The amino-silane
functionalized substrate was then dipped in a 1 mM Tpy-COOH/DMSO solution for 6 h
to finally functionalize terpyridine ligand on the surface. The terpyridine-functionalized
substrate was abbreviated as PS-Si-Tpy.

For the electrochemical experiments of cyclic voltammetry and amperometry, a con-
ventional three-electrode system was employed using a Potentiostat/Galvanostat (WPG100
model, WonATech Co., Ltd., Seoul, Korea). A Pt wire (0.5 mm) and Ag/AgCl electrodes
were used as the counter and reference electrodes, respectively. Working electrodes were
bare Si, bare PS, and terpyridine-functionalized PS (PS-Si-Tpy) substrates. A 0.1 M NaClO4
solution was used as a supporting electrolyte with 10 mM Eu(III) ions. For electrodeposi-
tion of Eu on the three different substrates, the amperometry was performed at an applied
potential of −1.8 V (vs. Ag/AgCl) for 5 h in a 10 mM Eu(III)/ 0.1 M NaClO4 solution. The
Eu-electrodeposited samples were further examined before and after thermal annealing
at 700 ◦C.

85



Photochem 2021, 1

For the surface morphologies of PS, Eu-electrodeposited PS and Eu-electrodeposited
PS-Si-Tpy, a field-emission scanning electron microscope (model Hitachi S-4800 FE-SEM,
Hitachi Ltd., Tokyo, Japan) was employed to take surface images. For the analysis of
crystal phase formation, X-ray diffraction (XRD) patterns were obtained using a X-ray
diffractometer (model MiniFlex II, Rigaku Corp., Tokyo, Japan, CNU chemistry core-
facility) equipped with a Cu Kα X-ray light source. For crystal models, the VESTA software
program (ver. 3.5.7) was used. To examine the major functional groups and the complex
formation of the electrodeposited Eu materials before and after thermal annealing, FT-IR
spectra were taken using a Nicolet iS 10 FT-IR spectrometer (Thermo Scientific Korea, Seoul,
Korea) with an attenuated total reflection (ATR) mode. To examine photoluminescence
(PL) characteristics of the Eu-electrodeposited Si, PS, and PS-Si-Tpy samples, a Sinco FS-2
fluorescence spectrometer (Sinco, Seoul, Korea) was used to obtain emission and excitation
spectra, and their corresponding 2D and 3D photoluminescence (PL) counter maps scanned
at various excitation wavelengths. The PL decay curves were taken using a FluoroLog 3
spectrometer (Horiba-Jobin Yvon, Kyoto, Japan) with a pulsed laser diode 374 nm (±10), a
pulsed nano LED 264 nm (±10), and a single-photon-counting photomultiplier tube. X-ray
photoelectron spectroscopy (XPS) was employed to confirm the surface oxidation states
using a Thermo-VG Scientific K-alpha+ spectrometer (Thermo VG Scientific, Waltham, MA,
USA) equipped with a hemispherical energy analyzer and an Al Kα X-ray source.

3. Results
3.1. Suface Functionalization

The surface-functionalization process on a porous Si (PS) surface is depicted in Figure 1.
As described in the experimental section, a PS substrate was initially terminated by OH groups.
The surface was then functionalized with amino-silane. The amino group reacted with -COOH,
forming a peptide bond [22,23]. Consequently, a terpyridine ligand was functionalized on the
surface. The Lewis basic ligand strongly interacted with Lewis acidic metal cations such as the
Eu(III) ion in the present study [22,23].
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Figure 1. Surface functionalization process on a porous Si surface.

3.2. Suface Morphology of Porous Si and Electrodeposited Samples

Figure 2A,B display cyclic voltammetry (CV) profiles in 0.1 M NaClO4 and 10 mM
Eu(III)/0.1 M NaClO4 electrolytes over PS and PS-Si-Tpy electrodes, respectively. A current
increase (starting from −1.0 V in the negative-going potential) was commonly observed,
attributed to a hydrogen-production reaction [22,23]. Upon addition of 10 mM Eu(III)
ion, the current densities were enhanced by 1.5× and 1.7× at −1.8 V (vs. Ag/AgCl) over
the PS and PS-Si-Tpy electrodes, respectively, due to the reduction/complexation current.
For the functionalized electrode, the current density of hydrogen production current was
relatively diminished. Therefore, the morphology after electrodeposition was expected
to be different from that over PS, as discussed below. Figure 2a–d show the SEM images
of Si after the first and second etching steps. As seen in Figure 2a, the Si surface was not
fully etched by dipping in an HF solution. Furthermore, Au particles were still present on
the surface. After the second etching step by electrochemistry, followed by Au removal,
the SEM images showed submicron size pores well distributed on the surface shown in
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Figure 2b. In the SEM image (Figure 2c) of the PS surface upon electrodeposition of Eu,
clustered small particles were observed, and thin-film morphology was observed inside
the pores. Upon thermal annealing at 700 ◦C, the surface was markedly changed, and
small dots appeared to be embedded inside the pores. In the SEM image (Figure 2d) of the
PS-Si-Tpy surface upon electrodeposition of Eu, thick films were appeared to be formed on
the surface. The pores were fully covered by the electrodeposited materials. Upon thermal
annealing of the sample, aggregated particles were found to be formed on the surface.
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dotted line) and 0.1 M Eu(III)/0.1 M NaClO4 (thick red line) electrolytes; SEM images of Si (a) after the
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3.3. Crystal Phases of the As-Electrodeposited and Thermal-Annealed Samples

Figure 3 displays the XRD patterns of PS-Si-Tpy, Eu-electrodeposited PS-Si-Tpy, and
thermal (700 ◦C) annealed Eu-electrodeposited PS-Si-Tpy samples. Before electrodepo-
sition, the XRD signals were mainly due to bare Si [11]. Upon Eu deposition, new XRD
peaks were clearly observed at 2θ = 10.1◦, 20.1◦, 28.0◦, and 49.8◦. Interestingly, these XRD
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peak positions were in good consistency with those of the Ln2(OH)x(NO3)y(SO4)z·nH2O
complex [24], further discussed below. Joo et al. also reported similar XRD profiles for a
series of lanthanide complexes on carbon and Ni substrates prepared by amperometry elec-
trodeposition [25,26]. For the thermal-treated sample, several XRD peaks were observed
at 2θ = 28.5◦, 32.9◦, 47.3◦, and 56.1◦, a good match with the (222), (004), (044), and (226)
crystal planes of cubic phase (Ia-3) Eu2O3 (ref. no 98-004-0472) [21]. The XRD peak at
2θ = 28.5◦ was stronger than other peaks and corresponded to the (222) crystal plane. The
unit cell structure and the structure projections of the (222) and (440) crystal planes are
shown in the inset of Figure 3.
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3.4. FT-IR of the As-Electrodeposited and Thermal-Annealed Samples

To confirm the major functional groups of a complex deduced from the XRD patterns,
FT-IR spectra were taken and shown in Figure 4. Compared with the FT-IR profiles of PS
(Figure 4a) and PS-Si-Tpy (Figure 4b) substrates, the substrates after Eu-electrodeposition
showed strong transmittance FT-IR signals, and the two FT-IR profiles (Figure 4(a1,b1)) were
observed to be very similar. This indicated that the complex formation was the same, although
the corresponding morphologies (Figure 2) were different. A very strong and broad peak
was observed around 3570 cm−1, attributed to O–H stretching vibrations [21,25,26]. The O–H
bending vibration appeared around 1620 cm−1. A strong vibrational peak around 1100 cm−1

indicated a presence of ClO4
− species trapped (or complexed) in the complex [25–27]. The

peaks around 1350 cm−1 were attributed to the stretching modes of the CO3
2− group [25,26].

The vibrational modes of the NO3
− group also were found around this position [24]. Additional

vibrational modes of CO3
2− group were observed at 815 cm−1 and 935 cm−1, confirming the

presence of CO3
2− group in the complex. The peak around 620 cm−1 could be assigned to

a Eu–O vibrational mode [21,25,26]. On the basis of the FT-IR profiles, the complex of the
electrodeposited materials possibly consisted of Eu, OH, H2O, NO3

−, and CO3
2− groups.

Upon thermal annealing at 700 ◦C, most of the peaks disappeared. The O-H vibrational
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peaks were weakly observed, as expected. Two major peaks were observed at 1395 cm−1 and
1500 cm−1, and were assigned to chemisorbed CO2 species [21].
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3.5. Eu-Complexation with the Monolayer Terpyridine Ligand

Complexation of the Eu(III) ion with the functionalized terpyridine ligand was examined.
This complexation occurred on the monolayer level, not on a bulk state by electrodeposition.
A PS-Si-Tpy substrate was dipped in a 10 mM Eu(III)/0.1 M NaClO4 solution for 1 h, gently
rinsed with deionized water, and dried under a nitrogen gas stream. Photoluminescence
spectroscopy and X-ray photoelectron spectroscopy were employed to confirm the complex-
ation between the Eu(III) ion and the terpyridine group. For PS-Si-Tpy-Eu(III), Figure 5a
displays the emission spectra taken at excitation wavelengths of 395 nm and 300 nm. The 395
nm corresponds to the 5L6← 7F0 direct excitation for Eu(III) energy levels [21]. Under this
excitation, a broad peak was observed around 612 nm, attributed to the 5D0→ 7F2 transition
of the Eu(III) ion [21]. Under 300 nm excitation, two peaks were observed around 590 nm and
612 nm, assigned to the 5D0→ 7F1 and 5D0→ 7F2 transitions of the Eu(III) ion, respectively.
The corresponding 2D and 3D photoluminescence contour maps (Figure 5(a1,a2)) show a
more closely spaced region (or stronger signals) under 300 nm. This indicated that the Eu(III)
emission was mainly excited by an indirect charge-transfer process from porous Si support to
the Eu(III) site via the functionalized group.
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profiles of Eu(III) coordinated with the functionalized terpyridine; and survey (b), Eu 3d (b1), N 1s
(b2), Si 2p (b3), O 1s (b4), and C 1s (b5) XPS profiles.

Figure 5(b–b5) display the survey, Eu 3d, N 1s, Si 2p, O 1s, and C 1s XPS profiles for
PS-Si-Tpy-Eu(III). Strong signals of Si, C, and O elements were expected from the PS and
the functionalized molecules. The weak Eu 3d signal was due to Eu(III) complexed with the
terpyridine ligand. Eu 3d5/2 and Eu 3d3/2 peaks were observed at 1133.8 eV and 1163.7 eV,
and were attributed to the Eu(III) oxidation state [21,26]. Si 2p peaks were observed around
98.2 and 101.9 eV, and were attributed to Si0 and Si-O species, respectively [11]. A strong
O 1s peak at 531.5 eV was mainly due to Si-O species. Three N 1s peaks were observed,
and were tentatively assigned to N of the amide bond (at 396.8 eV), and N of the singly
(401.0 eV) and doubly (399.4 eV) coordinated terpyridine groups, respectively. The C 1s
peaks at 284.1 eV, 285.6 eV, and 287.8 eV were attributed to C-C, C-N, and C-O species,
respectively.

3.6. Photoluminescence of Electrodeposited Eu on the Si Substrate

Figure 6(a,a1) display the excitation and emission spectra for the Eu-electrodeposited
Si substrate with no pores. The corresponding 2D and 3D photoluminescence contour
maps are shown in Figure 6(c,c1), respectively. For the excitation spectra at emission
wavelengths of 610 nm and 590 nm, weak peaks were observed around 280 nm and 395
nm, respectively. For the emission spectrum at an excitation wavelength of 280 nm, a
broad peak was observed between 350 nm and 650 nm. The PL signals of Eu(III) ions
were significantly observed between 550 nm and 720 nm. For the emission spectrum at
395 nm, weak signals appeared around 589 nm, 614 nm, 650 nm, and 690 nm, and were
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attributed to the transitions from the excited 5D0 level to the lower 7F1, 7F2, 7F3, and 7F4
levels, respectively [21,23].

Upon thermal annealing at 700 ◦C, the PL signals (Figure 6(b,b1)) were increased,
due to a change in the crystal phase and a decrease in the PL quenching centers. In the
excitation spectrum at an emission wavelength of 610 nm, the several peaks at 365 nm,
382 nm, 395 nm, and 405 nm were assigned to the transitions from the ground 7F0 level
to the upper 5D4, 5GJ/5L7, 5L6, and 5D3 levels, respectively [21,23]. A much stronger
(2×) and broader peak was observed around 280 nm, commonly attributed to a charge-
transfer (O2− → Eu3+) excitation [21,23]. For the excitation spectrum at 590 nm, a broad
peak around 280 nm was mainly observed. For the emission spectrum at an excitation
wavelength of 280 nm, two sharp peaks appeared at 588 nm and 611 nm, and were
attributed to the transitions from the excited 5D0 level to the lower 7F1 and 7F2 levels,
respectively [21,23]. On the other hand, for the emission spectrum at 395 nm, the peak at
611 nm was mainly observed, and the peak at 588 nm was drastically diminished. The
corresponding 2D and 3D photoluminescence contour maps taken at various excitation
wavelengths are shown in Figure 6(d,d1), respectively.
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3.7. Photoluminescence of Electrodeposited Eu on the Porous Si Substrate

Figure 7(a,a1) display the excitation and emission spectra for a porous Si substrate after
Eu electrodeposition, respectively. Compared with the PL signals in Figure 6, the PL intensity
was strongly enhanced by about 11×. In the excitation spectrum at an emission wavelength
of 612 nm, several peaks were observed around 295 nm, 320 nm, 364 nm, 381 nm, 395 nm,
and 415 nm, and were attributed to the transitions from the 7F0 level to the upper 5F4, 5H5,
5D4, 5GJ/5L7, 5L6, and 5D3, levels, respectively [21,23]. The peak at 395 nm was major. In
the excitation spectrum at 590 nm, the sharper peaks were somewhat weakened, while the
peak around 290 nm was increased. For the emission spectra at an excitation wavelength
of 290 nm, no characteristics of Eu(III) PL signals were significantly observed. However,
the emission spectrum at 395 nm showed sharp PL signals around 575 nm, 591 nm, 612 nm,
650 nm, and 697 nm, attributed to the transitions from the excited 5D0 level to the lower 7F1,
7F2, 7F3, and 7F4 levels, respectively, as mentioned above [21,23]. The corresponding 2D and
3D photoluminescence contour maps are shown in Figure 7(c,c1), respectively.
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Upon thermal annealing at 700 ◦C, the PL profiles (Figure 7(b,b1)) were drastically
changed, and the intensity was also substantially increased by about 29×. One major
change was found in the excitation spectra at excitation wavelengths of 614 nm and 590 nm.
In the excitation spectrum at 614 nm, the charge-transfer peak at 295 nm was observed to
be about 5.1× stronger than the peak at 395 nm. In the excitation spectrum at 590 nm, the
charge-transfer peak was mainly observed, and no transition signals of Eu(III) ions were
significantly observed between 350 nm and 450 nm. In the emission spectrum at 295 nm,
two major peaks were observed at 594 nm (5D0 → 7F1) and 613 nm (5D0 → 7F2). On the
other hand, in the emission spectrum at 395 nm, a peak at 614 nm (5D0 → 7F2) was mainly
observed. The peak at 697 nm (5D0 → 7F4) was observed to be substantially decreased
upon thermal annealing. The corresponding 2D and 3D photoluminescence contour maps
are shown in Figure 7(d,d1), respectively.
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3.8. Photoluminescence of Electrodeposited Eu on the PS-Si-Tpy Substrate

Figure 8(a,a1) displays excitation and emission spectra for the PS-Si-Tpy substrate
after Eu electrodeposition, respectively. The PL profiles were quite similar to those of the
PS substrate after Eu electrodeposition shown in Figure 7. One difference is that the PL
intensity was weaker (by about 0.2×) than those shown in Figure 7. The peak positions
and the corresponding assignments were the same, as discussed above. The corresponding
2D and 3D photoluminescence contour maps are shown in Figure 8(c,c1), respectively.
Upon thermal annealing at 700 ◦C, the PL profiles (Figure 8(b,b1)) were also drastically
changed, and the intensity was also substantially increased, as shown in Figure 7. The
peak positions and profiles were also very similar to those found in Figure 7(b,b1). In the
excitation spectrum at 614 nm, the charge-transfer peak at 295 nm was observed to be about
7.8× stronger than the peak at 395 nm. The corresponding 2D and 3D photoluminescence
contour maps are shown in Figure 8(d,d1), respectively.
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3.9. Photoluminescence Decay Kinetics

Figure 9 displays photoluminescence decay profiles at an emission wavelength of
610 nm, corresponding to the 5D0→ 7F2 transition. The fitting parameters are summarized
in Table 1 using a third-order exponential decay function [23]. The average lifetimes at an ex-
citation wavelength of 374 nm were estimated to be 18.7 ns and 23.4 ns for the PS-Si-Tpy/Eu
and thermal-annealed PS-Si-Tpy/Eu samples, respectively. The as-electrodeposited sample
showed a shorter lifetime. The lifetime at an excitation wavelength of 264 nm was much
shorter, at 15.4 ns.
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Table 1. Fitting parameters of the PL decay curves for 610 nm emission signals at excitation wave-
lengths of 264 nm and 374 nm for the PS-Si-Tpy/Eu and thermal-annealed PS-Si-Tpy/Eu samples.

Parameters PS-Si-Tpy/Eu
(374 nm)

PS-Si-Tpy/Eu-700 ◦C
(374 nm)

PS-Si-Tpy/Eu-700 ◦C
(264 nm)

τ1 (ns) 19.58 25.34 14.75

τ2 (ns) 798.36 867.749 1102.64

τ3 (ns) 6.18 5.94 3.19

B1 1558.68 1360.836 2288.291

B2 83.2513 98.52946 76.09427

B3 5271.567 4926.381 6620.526

R1 0.2254 0.2131 0.2547

R2 0.0120 0.0154 0.0085

R3 0.7625 0.7715 0.7368

A 34.77629 37.63854 93.39494

χ2 1.066872 1.102067 1.091194

τaverage (ns) 18.74 (±0.20) 23.37 (±0.24) 15.44 (±0.24)

Note: I(t) = A + ∑i Bie
−t
τi , Ri = Bi/(∑3

i=1 Bi), τaverage = ∑3
i=1 Ri·τi, R = the relative

ratio factor.

3.10. Surface Chemical States of the Electrodeposited Materials

Figure 10 displays the survey, Eu 3d, and O 1s XPS profiles of the PS-Eu and PS-Si-
Tpy-Eu before and after thermal annealing. The survey spectra commonly showed the
elements of Eu (Eu 3d, Eu 4s, Eu 4p, and Eu 4d), O (O 1s), and C (C 1s), as expected. For
the as-electrodeposited samples before thermal annealing, additional peaks were observed
at binding energies (BEs) of 407 eV and 208 eV, and were attributed to N of NO3

− and Cl
of ClO4

−, respectively [23,25,26]. These two groups were observed in the FT-IR spectra
(Figure 4). Upon thermal annealing, these two elements disappeared. For the Eu 3d XPS
profiles before thermal annealing, the Eu 3d5/2 and Eu 3d3/2 peaks were observed at
1133.8 eV and 1163.5 eV, respectively, with a spin-orbit splitting energy of 29.7 eV, which
was attributed to the Eu(III) oxidation state [21,28]. No indication of the Eu(II) oxidation
state was found. Upon thermal annealing, the Eu 3d5/2 and Eu 3d3/2 peaks were observed
at 1135.0 eV and 1164.8 eV, respectively, with a spin-orbit splitting energy of 29.8 eV, which
was attributed to the Eu(III) oxidation state. Interestingly, two additional peaks were found
around 1126 eV and 1156 eV; these were attributed to the Eu 3d5/2 and Eu 3d3/2 peaks
of the Eu(II) oxidation state. For the O 1s XPS profiles before thermal annealing, two
peaks could be assigned at 530.5 eV and 532.0 eV; these were attributed to the Eu-OH and
C-O/ClO4 species, respectively [23,25,26]. Upon thermal annealing, three peaks could be
assigned at 528.2 eV, 530.2 eV and 532.2 eV; these were attributed to lattice oxygen, defect
oxygen, and surface O-H/H2O species, respectively [23,25,26]. The dominant O 1s peak
at 532.2 eV could be due to the hygroscopic nature of Eu2O3 [21]. The defect-related peak
was plausibly due to the existence of two oxidation states of Eu(III) and Eu(II) ions after
thermal annealing.
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4. Discussion

Eu electrodeposition on both PS and terpyridine-functionalized PS (PS-Si-Tpy) were
observed to be successful. It was initially assumed that light absorption and emission
are both increased when Eu species were deposited on a PS with a high surface area.
Moreover, when it was applied to an electrode catalyst material, the catalytic surface area
was increased, and finally, the catalytic performance was enhanced. On the basis of the CV
profiles, the currents at the applied potential were due to hydrogen evolution reaction and
Eu complexation process. Thereby, the morphologies over the two different surfaces were
expected to be different. SEM images (Figure 2) confirmed Eu was deposited inside the
pores of PS. On the PS-Si-Tpy substrate, the film that was formed was thicker, and the pores
were fully covered by the film. The uniform film formation on the PS-Si-Tpy electrode
could be because the terpyridine ligand initially interacted with the Eu(III) ion that may
initiate uniform electrodeposition. The interaction between Eu(III) ion and the terpyridine
group was evidenced by PL and XPS (Figure 5). The Eu(III) emission characteristics were
observed in the PL profiles at both direct and indirect excitation wavelengths. The PL
intensity was stronger at an indirect (charge-transfer) excitation wavelength of 300 nm,
compared with that at a direct excitation. This indicated that the Eu(III) ion was well bound
with the terpyridine group. Thereby, a charge-transfer effect was observed to be efficient.
The higher N 1s BE position also indicated an interaction between Eu(III) ions and three N
atoms of the terpyridine group.

The materials were observed to be electrodeposited as a form of Eu2(OH)x(NO3)y
(CO3)z·nH2O complex [24–26]. One of several experimental evidences was the vibrational
modes of H2O/OH, CO3

2−, and NO3
− species in the FT-IR spectra (Figure 4). Another

evidence was the XRD profile (Figure 3) of the corresponding sample. Wu et al. reported
a very similar XRD profile for a Ln2(OH)5(SO4)x(NO3)y·nH2O complex. On the basis of
the literature, when SO4

2− is replayed by CO3
2−, we expect a similar complex forma-

tion, as well as a similar XRD profile. At a fixed potential during electrodeposition, an
electric double layer (positive and negative ions) is commonly formed. Therefore, in the
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present electrochemical condition the positive Lewis acidic Eu(III) ions and the negative
Lewis basic species (H2O/OH, CO3

2− and NO3
− species) are expected to form a double

layer and complexed by the interaction. The carbonate ion formation and complexation
with metal cations have commonly been reported via CO2 + H2O→ 2H+ + CO3

2− and
Mn+ + CO3

2− →MCO3 [29]. The hydrogen ion is plausibly reduced via 2H+ + 2e− → H2
in the negative potential. The oxidation state of Eu was observed to be purely +3 for the
complex, evidenced by the XPS data (Figure 10). When the electrodeposited materials were
thermal-annealed at 700 ◦C, the XRD profile was totally changed, and a cubic Eu2O3 crystal
phase was observed. The Eu2O3 was more tightly embedded inside the pores of the PS.

For the PL profiles of the as-electrodeposited samples, PL signals for the Eu(III) ion
were detected mainly under direct excitation into upper Eu(III) energy levels from the 7F0
level to the upper 5F4, 5H5, 5D4, 5GJ/5L7, 5L6, and 5D3 levels. The PL intensities of the as-
electrodeposited samples were significantly lower than those of the corresponding thermal-
treated samples. The lower intensity was due to lower crystallinity and PL quenching
centers such as H2O/OH [30]. The presence of H2O/OH was clearly evidenced by the FT-
IR spectra. The two major emission signals around 590 nm and 610 nm were attributed to
the 5D0 → 7F1 and 5D0 → 7F2 transitions, respectively. The 5D0 → 7F1 is a magnetic dipole
transition, and insensitive to the environment of the Eu(III) ion [21]. On the other hand, the
5D0 → 7F2 is an electric dipole transition, and sensitive to the local environment. For the
PL profiles at an excitation wavelength of 395 nm, the (5D0 → 7F2)/(5D0 → 7F1) intensity
ratios were estimated to be 1.89, 1.49, and 1.63 for the Si, PS, and PS-Si-Tpy electrodes,
respectively. This reflects that the Eu(III) complex on PS had a more symmetric character.
For the thermal-annealed samples, the 5D0 → 7F2 transition emission signal under 395 nm
was dominantly seen, and the 5D0 → 7F1 transition emission signal was extremely weaker
than the 5D0 → 7F2 transition. This reflects that the electric dipole transition dominated,
and the Eu(III) ion was positioned at the less-symmetric site. For the PL profiles at an
indirect excitation, the (5D0 → 7F2)/(5D0 → 7F1) intensity ratios were estimated to be 2.36,
3.95, and 7.0 for the Si, PS, and PS-Si-Tpy electrodes, respectively. The measured lifetime
(24 ns) of Eu2O3 on PS at the 5D0 → 7F2 transition was observed to be much shorter than
other systems, such as Eu2O3 powder with a lifetime of 25 µs [21]. The red (5D0 → 7F2
transition) emission in the Eu2O3 powder was mainly due to a direct excitation to an Eu(III)
energy level. On the other hand, the red emission for Eu2O3 on PS originated from strong
coupling between the PS and Eu via an oxygen bridge. Therefore, the shortening of the
PL lifetime was presumably due to the coupling. Park et al. reported longer lifetimes of
0.17–0.68 µs (170–680 ns) for Eu complexes on ITO surfaces electrodeposited in a 10 mM
Eu(III)/0.1 M NaClO4 electrolyte condition [22]. In the present study, the average lifetime
was estimated to be 0.0187 µs (18.7 ns) for the Eu complex on PS-Si-Tpy support. The
shorter lifetime was also attributed to a PS support effect.

5. Conclusions

Electrodeposition of an Eu(III) complex was successfully demonstrated on porous
Si and terpyridine-functionalized porous Si surfaces by amperometry. On the basis of
FT-IR, XPS, and XRD data, the electrodeposited material was tentatively concluded to be
an Eu2(OH)x(NO3)y(CO3)z·nH2O complex. This complex was converted to cubic phase
Eu2O3 upon thermal annealing at 700 ◦C. Eu2O3 was observed to be well embedded
inside Si pores. For the complexation of terpyridine, the Eu(III) ion was well coordinated
with a terpyridine ligand with three N atoms, based on the PL and XPS profiles. For
as-electrodeposited materials, photoluminescence signals of Eu(III) were mainly due to
a direct excitation of 395 nm, corresponding to the transition from the 7F0 level to the
upper 5L6 level. For thermal-treated materials, the strongly enhanced PL signals were
mainly due to charge-transfer (O2− → Eu3+) excitation between 280 nm and 300 nm.
This charge-transfer effect was dominant for the PS support. The PL signal intensity for
electrodeposited Eu on PS showed the highest and was much stronger than others on Si
and terpyridine-functionalized PS, respectively. The strongly enhanced luminescence was
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attributed to the PS support effect. The present results demonstrate that the porous surface
state significantly enhanced photoluminescence signals, and provide valuable information
on the development of display materials and thin-film electrodes.
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Abstract: The design of molecular solar fuels is challenging because of the long list of requirements
these molecules have to fulfil: storage density, solar harvesting capacity, robustness, and heat release
ability. All of these features cause a paradoxical design due to the conflicting effects found when
trying to improve any of these properties. In this contribution, we will review different types of
compounds previously suggested for this application. Each of them present several advantages
and disadvantages, and the scientific community is still struggling to find the ideal candidate
suitable for practical applications. The most promising results have been found using norbornadiene-
based systems, although the use of other alternatives like azobenzene or dihydroazulene cannot be
discarded. In this review, we primarily focus on highlighting the optical and photochemical aspects
of these three families, discussing the recently proposed systems and recent advances in the field.

Keywords: MOST; solar energy storage; solar fuels; norbornadiene; azobenzene; dihydroazulene

1. Introduction

Energy generation and storage has become one of the major challenges in our society
and are especially relevant for industry [1,2]. The current energy demand is continuously
rising [3] each year by 1.3%, and this progression is expected to last at least until 2040 [4],
even considering that many industries worldwide have been affected by COVID-19. Ac-
cording to the International Energy Agency, buildings are responsible for almost 30% of
energy consumption and account for 28% of CO2 emissions [4,5]. To avoid the environ-
mental impact from conventional energy sources, the use of renewable electricity needs to
augment considerably. However, we are not yet able to avoid our dependence on fossil
fuels. Consequently, significant efforts to find better alternatives to generate and store
energy are under exploration. This is especially relevant for solar energy use and storage [6],
which has been envisioned as an abundant, clean, and promising energy source.

Using natural photosynthesis as a working model for solar energy use, scientists are
designing and preparing chemical systems capable of capturing and storing solar energy.
Nowadays, different alternatives to make use of sunlight are under research, including
direct use of photonic solar power and heating capacity of solar radiation. The variability
in solar income is a very significant drawback to solar energy, as the power of both types
of energy (photonic and heating) is not constant during the four seasons of the year [7]
and strongly depends on the weather and geographical factors. This non-constant power
supply unequivocally demands a storage solution, which should allow wider usability
under conditions such as night or winter. Consequently, different methodologies have been
developed to exploit solar power such as underground solar energy storage (USES) and
molecular solar thermal (MOST) systems.
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The USES system mechanism consists of the storage of sun energy underground
during summer months using a pile [8,9]. There are four basic types of USES systems:
hot-water-thermal storage, borehole thermal storage, aquifer thermal storage, and water
gravel pit storage [10]. This mechanism requires a plant of quite large dimensions, making
it quite difficult to use this technique once the building has already been built [11]. Similarly,
in these approaches, the thermal insulation requirements usually imply a challenge for
long-term storage.

On the other hand, MOST technology has become a promising candidate to capture
and store solar energy in a sustainable and efficient manner. These systems have been
expanded significantly in the last decades [7], even though the first idea dates a while
back [12]. The MOST approach is based on the storage of solar energy as chemical energy
using a photoactive molecule, which, after being exposed to sunlight, isomerizes into a
metastable high-energy photoisomer [13]. The release of chemical energy as heat can be
performed during the back conversion step using an external stimulus (Figure 1a) either
through heat, through a catalyst, or electrochemically [14].

Figure 1. (a) Concept of the MOST system [15]. (b) Photoswitches most used in solar energy storage:
(i) norbornadiene–quadricyclane, (ii) E/Z–azobenzene, and (iii) dihydroazulene–vinylheptafulvene.

Along the years, a large number of systems have been proposed as MOST candidates.
There are at least six major requirements for a practical system, which makes the design of
successful candidates a challenging task; this will be described further in the next section.
Until now, none of the previously proposed compounds completely fulfils this list of
requirements. Thus, the design and preparation of new alternatives to MOST technology
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is still a hot topic. In the following sections, the most relevant efforts to prepare suitable
compounds according to these requirements will be discussed. For the scope of this
review, we will describe the three types of systems that have been mainly used within the
current framework of MOST technology: norbornadiene, azobenzene, and dihydroazulene
derivatives [15–17] (Figure 1b). In addition, we will focus on the central role of the optical
properties in the storage of solar energy.

2. Requisites for MOST Systems: Optical Properties

The development of new MOST candidates is a challenging task, which has gained
more attention and visibility in the last decades owing to the expectations raised by this
technology. As mentioned above, the ideal compound for a MOST device is still unknown,
so many different strategies combining experimental and computational tools are being
used to assist in the molecular design.

In order to maximize the efficiency of MOST systems, their optimization has received
a great deal of attention; in light of this, the design of a suitable photoswitch must meet a
large number of objectives to fulfil the ideal MOST system. Thus, the design criterion of a
MOST system is subjected to several parameters involving both engineering and chemical
challenges [18].

The first key step in the molecular solar thermal energy storage system is the absorp-
tion of light by the parent molecule, which undergoes a reversible photoisomerization
reaction to its corresponding metastable isomer. This photoisomer should be stable enough
to store the chemical potential for varying periods of time, depending on the envisioned
application. Then, this stored energy should be released when and where required, in the
form of heat. For the initial photoisomerization part of the MOST cycle to be successful, the
photoswitch pair needs to fulfil a long list of features, in some cases even contradictory [3]:

• A large difference in the free energies of the parent molecule and its photoisomer, with
a minimal increase in the molecular weight to maximize energy density [19,20].

• A moderately large kinetic barrier for back conversion [21,22].
• An absorption spectrum of the photoactive molecule matching the solar spectrum [22,23].
• A high quantum yield (Φ = 1) for the photogeneration of the metastable photoisomer.
• A photochemically inactive (or non-absorbing) photoisomer.
• Negligible degradation of both the photoactive molecule and its photoisomer after

multiple cycles, especially moving towards higher temperatures.

These are the major requirements that should be optimized to improve the perfor-
mance of any potential candidate. Furthermore, when considering a MOST molecule in an
integrated device, the use of environmentally friendly compounds and solvents is desired
to minimize the risks in case of leaching or losses to its surroundings. In this review, we
will focus on the optical properties. Thus, a more detailed explanation of some of the
requirements related to the photochemistry of these compounds will be presented: the
absorption spectrum (solar match), photoreaction efficiency (quantum yield), and energy
storage capacity.

2.1. Solar Match

The photochemical reaction from a low (parent molecule, photoactive molecule) to a
high energy configuration (photoisomer) is the central focus of the photochemical part of the
MOST cycle. For this transformation to take place, the main requirement is the absorption of
energy supply from the sun. Hence, the ideal MOST systems should absorb the maximum
number of photons in the UV and visible range of the solar spectrum, 300–700 nm, which
corresponds to the maximum intensity of sunlight. Ideally, the absorption spectrum of
the lower-energy isomer should overlap with the most intense region of the solar energy
window (solar match) and preferably in the solar spectrum range between 340–540 nm,
where the solar radiation is relatively high [22]. Moreover, it is desirable that no absorption
overlap between the initial isomer and photoisomer exists to avoid a non-desirable photon
absorption competition between the two states.
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Most of the basic cores of the photoswitches reported to date do not show wavelengths
going far beyond 350 nm (for instance, parent norbornadiene has a maximum at 236 nm
and some ruthenium derivatives absorb at 350) [24]. This is a significant drawback as the
solar photons’ flux at wavelengths below 330 nm is quite low. In this regard, both experi-
mental [25,26] and computational [27] progress has been made in providing functionalized
photoswitches that absorb at larger wavelengths. The most used and successful chemical
strategy to shift the absorption of MOST compounds toward higher wavelengths is by
creating a ‘push–pull’ effect through the introduction of donor–acceptor substituents and
increasing the molecule’s conjugated π-system. Preferably, low molecular weight electron
donor and acceptor groups are prominent targets for generating relevant photoswitches,
as they cause a lower impact on the energy density (affected by both the difference in
energy between isomers and the molecular weight). However, beyond the stored energy,
the chemical modification of photoswitches may also negatively affect other relevant prop-
erties, making it clear that the optimization of a set of molecules for MOST applications is
extremely challenging.

2.2. Quantum Yield

Once the parent molecule absorbs a photon from sunlight, the excitation from the
ground state (S0) to the excited state (Sn) takes place. Subsequently, a certain number
of molecules will undergo photo-conversion, but a fraction could undergo relaxation,
returning to their initial state. To quantify the fraction of molecules effectively performing
the photoconversion from the photoactive molecule to the photoisomer, the quantum yield
is measured. This dimensionless number provides the probability of a parent molecule to
furnish the metastable high-energy photoisomer per absorbed photon. From an efficiency
perspective, the photo-conversion that leads to the high isomer needs to be as high as
possible, being close to unity if possible. This should allow for an efficient conversion of
solar energy into chemical energy, hence avoiding other competitive processes such as
radiative, non-radiative, or quenching.

2.3. Storage Energy Density

While it is not strictly a photochemical property, another crucial concern in MOST
systems is the energy storage. MOST technology is designed for generating the greatest
possible increase in temperature after releasing the stored chemical energy in the photoiso-
mer as heat. In this way, the key property to achieve this goal is the enthalpy difference
(∆H) between photoisomers. This means that, the bigger the energy difference between the
(not charged) metastable photoisomer and its parent state, the larger the energy storage
density that will be accumulated in the system. As a rule of thumb, MOST systems should
provide at least 0.3 MJ/kg to be of practical use, prior to the subsequent heat release. Then,
heat could be released using an external stimulus like a thermal increment or via a catalyst.
Thus, the photoisomer should not undergo back-conversion quickly at room temperature
in order to store the energy for hours, days, or months (storage time) depending on the
target application. Even if this review is focused on the photochemical aspects of the MOST
technology, it is also relevant to mention that alternative cooling and heating methods
are available. For instance, the use of phase transition materials and water adsorption in
zeolites has been already commercialized [28,29].

3. Photoswitches Used in MOST Technology

As a brief introduction to the state-of-the-art of the historic development of MOST
candidates, very different sets of families were considered at some point. However, most
of them were discarded at a relatively early stage because of some practical reasons or
flaws. Considering the most explored molecular systems, the main parts of them are
photoswitches, as explained above. This is partly because of the considerable overlap
between the requirements for photoswitches in general and the compounds used in the
MOST concept (absorption, high quantum yields, photostability, and robustness). His-
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torically, the compounds designed to be used in MOST systems can be grouped into two
main types [2,16], depending on the photochemical transformation that takes place. In this
sense, the mechanism of the photochemical process transforming sunlight into chemical
energy can be an isomerization or a cycloaddition. Other types of photochemically induced
intramolecular rearrangements were also studied. As an example of some more complex
rearrangements, organometallic diruthenium fulvalene’s have also been considered [30].

According to the photochemical transformation involved, the systems based on an
isomerization are typical examples of molecular photoswitches, like stilbenes [31], azoben-
zenes, retinal-based photoswitches [32], or other less-known families like hydantoins [33].
The main problem behind using traditional cis-trans photoswitches is the typical small
energy gap between the two isomers, producing a small amount of energy storage. This
problem has been overcome by two different strategies. Firstly, stabilization of the E-isomer
usually occurs when increasing electronic delocalization. Secondly, with a destabiliza-
tion of the Z-isomer attributed to vicinal groups, steric interactions are incurred. Com-
bining those strategies, some stilbene derivatives could be designed to reach an energy
storage of 100 kJ/mol higher than the original unsubstituted stilbene molecule, reaching
105 kJ/mol [34]. Comparably, following the same strategies, retinal-like systems were
postulated for this application too, with more modest energy storage capacities [35].

The employment of systems based on a photochemical cycloaddition typically has
better properties in terms of energy storage, but their optical properties (absorption spectra)
are usually less tuneable as absorption usually lies in the high-energy region of the UV
spectra. The main exponent of this approach is the norbornadiene (NBD)–quadricyclane
(QC) couple [36], which has been studied since the 1980s and nowadays is a focus of
most of the efforts from the community. One of the first proposals using cycloaddition
reactions was the use of anthracene derivatives, thanks to their well-known intermolecular
[4 + 4] cycloaddition. These compounds also present some problems, as the absorption
usually occurs below 300 nm, meaning a low efficiency exposed to solar radiation. This
was partially solved by adding (a) bridge group(s) to link two anthracene moieties, but in
this case, the efficiency decreased drastically [37]. Another cycloaddition system used is the
pair based on dihydroazulene (DHA) and vinylheptafulvene (VHF) [38,39]. Unfortunately,
the parent compounds in this couple present a small energy difference between isomers,
plus the tunability of the optical properties has already been exhaustively explored [40].

Other systems such as ruthenium fulvalene complexes have also been proposed and
studied but have been discarded for practical applications because of the low efficiency
and high preparation costs [30,41].

In summary, many molecular systems have been studied along the years as poten-
tial MOST candidates. In the following, we will focus our attention on the three most
promising families of MOST molecules to date, namely, norbornadiene, azobenzenes, and
dihydroazulenes. These three families combine relatively good (or tuneable) properties
and are synthetically attainable.

3.1. Norbornadiene/Quadricyclane Couple

Among the previously mentioned MOST systems under investigation, the most pro-
foundly explored is without a doubt the NBD to QC isomerization. Even if the foundations
of the MOST concept did not begin with the NBD/QC photoswitch, it is nowadays the
main area of research in the field. These molecules have reached energy density values
close to the maximum energy density limit of a solar thermal battery at 1 MJ/kg [42]. In
contrast, the absorption of unsubstituted NBD is within the UVC range (less than 267 nm)
and does not overlap with the solar spectrum, which begins at 340 nm [26].

The ideal absorption scenario for molecular solar thermal energy storage systems is to
use solar radiation, which reaches the Earth’s surface at high intensities [43]. Thus, targeting
a photoisomerization induced reaction in the 350–450 nm range is highly desirable. In
designing new NBD/QC molecules, the difference in the absorption maxima between the
NBD and QC molecules needs to be large enough to minimize spectral overlap [25,44],
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which could diminish the incident radiation flux reaching the photoactive isomer. A
significant advantage of NBDs over other photoswitches (i.e., azobenzenes) is that, upon
absorption, a blue-shift usually occurs. Thus, the QC molecule tends to absorb outside of
the visible spectrum, which purposely mismatches the solar spectrum and, consequently,
the presence of photostationary states is circumvented. In turn, this avoids the need for
engineering adjustments such as band pass filters.

The long list of requirements for an optimal molecule for MOST applications has
caused the design of new molecules with increased complexity. For instance, two princi-
pal chemical strategies have been applied in the shifting of the absorption of the parent
molecule to higher wavelengths [2]. One of them involves adding electron-donating or
electron-withdrawing substituent groups to create a ‘push–pull’ effect, while the other
involves increasing the system’s extent of π-conjugation [45]. Some representative examples
are shown in Table 1 and Figure 2.

Table 1. Molar mass, λmax; enthalpy of isomerization (∆Hisomerization); and energy density of NBD
derivatives, which are shown in Figure 2 [2].

NBD
Molar Mass

(g/mol) λmax (nm)
∆Hisomerization

(kJ/mol)
Energy Density

(kJ/kg)

Unsubstituted 92 236 113 1228
1 244 308 96 393
2 274 309 97 354
3 342 318 98 287
4 299 350 97 324
5 355 365 102 287
6 217 331 - -
7 247 355 - -
8 223 340 - -
9 260 398 103 396

10 193 309 122 632
11 223 326 89 397
12 288 380 91 315
13 356 359 183 514
14 356 334 99 278
15 256 362 - -
16 308 350 - -
17 308 308 173 562
18 495 336 - -

The first method is typically performed by adding substituents with electron-rich
phenyl rings to red shift the absorption to higher wavelengths. A potential drawback caused
by this modification is an increased spectral overlap between the NBD and QC isomers [46].
Concordantly, solely changing the acceptor group from a cyano to a trifluoroacetyl group
red shifts the absorbance by 100 nm, although it considerably shortens the lifetimes of
QC [47].

In the second strategy, the use of NBD dimers in MOST systems is being explored,
although the origin of this molecular cooperativity remains to be fully understood. Ex-
tending the π-conjugation by linking two NBD units through an electron-rich aromatic
unit minimizes the impact of molecular weight increase as two units are considered and
two photons may be absorbed. Unfortunately, shorter wavelengths of absorption are re-
quired for the second photoisomerization process from QC/NBD to QC/QC, ultimately
decreasing the quantum yield. Moreover, both NBD moieties should be photoisomerized
as NBD/QC is far more labile than QC/QC [24].

Another method to try to improve the performance of the NBD/QC couple is the use
of alternative deactivation channels. In this sense, thermally activated delayed fluorescent
(TADF) molecules undergo an excitation to the lowest-lying singlet state, relax to the triplet
state, and finally can be thermally converted back to the singlet state (otherwise known as
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a reversible intersystem crossing) and relax from this singlet excited state. TADF molecules
have the lowest-lying excitation band ideally situated in the perfect range of the solar
spectrum required for MOST systems, at lower wavelengths than typical phosphorescent
molecules (480–550 nm) and higher wavelengths than fluorescent molecules (330–380 nm).
TADF molecules were originally built around a benzophenone core structure, with the
addition of carbazole and diphenylamine moieties being common, wherein keto groups are
in a co-planar position relative to aromatic moieties [48]. This co-planarity effect enhances
the overlap between n and π* states, creating a very small singlet–triplet energy gap. A
new promising approach was attempted linking thermally activated delayed fluorescence
molecules like phenoxazine–triphenyltriazine (PXZ-TRZ) to NBD moieties, where red-
shifted absorption peaks were in the 400–430 nm range [49]. Moreover, NBD molecules
were substituted onto these structures with an increased conjugation as a possible solution
to maximize the low-energy storage density of a single NBD unit.

Figure 2. List of NBD derivatives with absorption maxima in the 300–400 nm range.

Despite the copious publications using the NBD/QC photoswitch, the optimal system
has not been devised yet. The prime-substituted NBD has a red-shifted absorption of
59 nm, yet it has an increase in molar mass of 131 g/mol, inevitably reducing the energy
density by 13.3 kJ/mol. The energy density of unsubstituted NBDs to the present date
still outcompetes the prime-substituted NBD by a margin of 13% [50]. To implement
an NBD/QC MOST photoswitch that absorbs in the 350–450 nm region into practical
applications will entail a compromise of 20 kJ/mol of storage energy for a better fitting with
the solar spectrum, especially considering that, when moving to highly absorbing materials
like NBD, a major fraction of light will nonetheless be converted to heat. Controlling
thermal fluxes at the surface is not only required to keep the photoisomer stable, but it
is also a safety mechanism essential in energy storage devices like batteries to prohibit
overheating under working conditions. Utilizing waste heat by coupling a heat exchanger
to the final device will prevent local temperature extremes and maintain a truly closed
MOST system [44].
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As mentioned previously, it is also crucial to control the efficiency of the photochemical
process, which starts with the absorption of a photon by NBD. The incoming photon can
induce an electronic transition from the minimum in the ground state to the S1 state, causing
a [2 + 2] intramolecular cycloaddition [51]. Under natural solar irradiation conditions, this
photoconversion does not take place in the parent NBD, as just a few photons below 300 nm
arrive at sea level. Therefore, the unsubstituted NBD/QC couple is chemically inactive
to sunlight. Furthermore, in the event that the NBD absorbs a proper solar radiation, just
a few molecules will undergo photoisomerization because of the quantum yield of this
system being quite low (φ = 0.05). In consideration of these requirements, the NBD/QC
system has been chemically modified in order to increase the quantum yield [18] as well as
red-shift the wavelength of absorption.

As shown in Figure 3, the introduction of donor–acceptor groups increases the quan-
tum yield and makes the system capable of absorbing natural solar irradiation above
400 nm. Thus, when the incoming photon is absorbed by NBD, the photoisomerization
transformation starts through a S0–S1 transition. The molecules will then undergo relax-
ation in the excited state potential energy surface to reach the minimum energy conical
intersection point (MECI) S0/S1, leading to the photoisomer QC [24]. In the heat release
step, the thermodynamic driving force of the process (∆Hisom = 372 kJ/mol) pushes QC in
forming the less-strained geometry (NBD), based on the cleavage of two single bonds of
the four-membered ring and the transformation of the remaining bonds to double bonds,
as seen in Figure 4. In this stage, the reaction releases a high amount of energy because of
the high-standard enthalpy of the reversion of QC to NBD. This energy also depends on
the gravimetric energy density (MJ/kg), hence systems with smaller molecular weights
will hold comparatively greater energy densities. Thus, cyano-substituted NBD deriva-
tives have been computational and experimentally studied as they show attractive energy
densities (0.4–0.6 MJ/kg) [25].

Figure 3. Summary of the effect of electron donor–acceptor groups on the quantum yield and on the
onset of the absorption wavelength. Ar1 means a phenyl group and Ar2 means a p-methoxyphenyl
group. Data collected from [18,52–54].
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Figure 4. Approximate 3D illustration of a ground-state (S0, blue) and excited (S1, red) energy
landscape depicting the whole photoisomerization mechanism.

Control of the back conversion reaction is crucial in providing energy at the right time.
It is well known in these systems that the optimization of solar match and storage lifetime at
the same time is challenging, because one property is improved at the expense of the other.
However, a recent novel strategy defies this, wherein NBD molecules have an improved
solar match, yet the storage time remains untouched. Chiefly, via the introduction of
substituents in the ortho position, a substantial increase in back conversion ∆S* occurs,
which comes from the steric interference of the side group of the parent molecule [55].

3.2. Azobenzene Photoswitches

Azobenzene is a chemical compound based on diazene (HN=NH), where both hydro-
gens are substituted by a phenyl ring [56,57]. Azobenzene can be found either in a cis or
trans conformation [58]. The trans to cis isomerization can be triggered by different stimuli
such as irradiation with ultraviolet (UV) light [59], mechanical force [60], or an electrostatic
stimulus [61,62]. Contrastingly, the cis to trans isomerization can be observed in dark
conditions when applying heat owing to the thermodynamic stability of the trans isomer,
although it can also be driven by visible light (see Figure 5a). The trans conformation
assumes a planar structure with C2h symmetry [63,64], with a maximum distance of 9.0 Å
between the most distant positions of the aromatic rings. On the other hand, the cis one
adopts a non-planar conformation with C2 symmetry [65,66] and the end-to-end distance
is reduced to 5.5 Å. The cis-isomer is not planar as a result of steric hindrance, and this
causes the π-electron clouds of the aromatic rings to face each other, leading to a small
dipolar moment in the molecule (µ ~3D) [67]. This ring’s disposition is also reflected in
the proton nuclear magnetic resonance (1H-NMR) spectra. The shielding effect produced
by the anisotropy of the π-electron cloud in the cis-isomer affects the signals, thus making
them appear at a higher shift compared with the trans-isomer.
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The absorbance spectrum of the trans-azobenzene molecule typically presents two
absorption bands (see Figure 5b), corresponding to the electronic transitions n–π* and
π–π*. The electronic transition π–π* produces a strong band in the UV region and is also
present in analogous-carbon systems such as stilbene [68]. The n–π* electronic transition
presents a different band, which is far less intense, in the visible region. This latter transition
is produced by the nitrogen’s lone pair of electrons [69], which generates a completely
different photoisomerization process compared with its analogous carbon system, the
stilbene. The trans–cis isomerization process is usually followed by a color change towards
more intense tonalities. The absorbance spectra of both isomers are differentiated by the
following aspects: (i) trans-isomer: the absorption band related to the π–π* electronic tran-
sition is very intense, with a molar extinction coefficient (ε) around 2–3 × 104 M−1 cm−1.
On the other hand, the band corresponding to the n–π* electronic transition is much
weaker (ε ~400 M−1 cm−1), as this transition is forbidden by the symmetry rules in this
isomer. (ii) Cis-isomer: the absorption band related to the π–π* electronic transition is
hipsochromically shifted and its intensity diminishes greatly (ε ~7–10 × 10−3 M−1 cm−1)
with respect to the trans-isomer. On the other hand, the band corresponding to the n–π*
electronic transition (380–520 nm) is allowed in this isomer, thus significantly increasing
the intensity of this band (ε ~1500 M−1 cm−1). These optical properties can be greatly
modified upon substitution and this fact has been exploited to match the requirements of
MOST technology.

Figure 5. (a) Azobenzene isomer structures and an overview of properties. (b) Absorbance spectrum
scheme of trans and cis-azobenzene isomers with its main bands assigned to electronic transitions.
(c) Schematic view of lower energy levels and pathways of the azobenzene isomers, adapted from
Georgiev et al. [70].

Although azobenzene can adopt trans and cis conformations, the former is more stable
at the electronic ground state by roughly 58.6 kJ/mol (0.6 eV) [71]; this is explained by
the lack of delocalization and a distorted configuration of the cis-form in comparison
with the trans-isomer. The experimentally measured energy barrier between trans and cis
conformations is about 96.2 kJ/mol (1.0 eV) [72]; thus, in dark conditions and at room
temperature, the predominant species is the trans one (Figure 5c). As explained above, the
energy difference between isomers will have a strong effect on the stored energy density.
This value could be also affected by substitution, but in general, smaller values of energy
density could be obtained using azobenzene compared with other MOST molecules such
as NBD/QC.
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The differences in spectroscopical properties for the cis and trans isomers and the
distribution of excited state electronic levels allow them to undergo isomerization upon
irradiation. This photochemical interconversion usually ends up providing a varying
mixture of cis and trans isomers on the photostationary states (PSS). The ratio of isomers
in the mixture depends on the substitution of the azobenzene core and the wavelength of
irradiation. In turn, the excitation wavelength at which this process takes place depends on
the nature of the substituents on the aryl groups of the azobenzene; although, usually, in
the trans to cis isomerization, this process is promoted by wavelengths around 320–380 nm,
while exposition to 400–450 nm wavelengths typically favors cis to trans isomerization.
This reversion can also be induced thermally. Although both photochemical conversions
take place in the order of picoseconds, the cis to trans thermal relaxation is in the order of
seconds or even hours and can be tuned by substitution.

Although several mechanistic studies have focused on the isomerization mechanisms
of azobenzene, in fact, the effect of the substituents on the phenyl rings as well as the influ-
ence of other parameters yields a complex mechanism [73–75]. In fact, several mechanisms
of the isomerization of the azobenzene and its derivatives can take place depending on
the nature of the substituents and the reaction conditions (see Figure 6): (i) The inversion
of one of the N–C bonds corresponds to an in-plane inversion of the NNC angle between
the azo bond and the first carbon of the benzene ring (angle Φ), reaching 180◦, while the
angle of CNNC remains fixed at 0◦. (ii) Through the rotation of the N=N double bond. This
mechanism is similar to the one in the stilbene isomerization [73]. The rotational pathway
starts with the breakage of the N=N p-bond, thus becoming an N–N bond. After that, there
is an out-of-plane rotation of the CNNC dihedral (ϕ) angle, while the CNN angle remains
at 120◦. (iii) Through the concerted inversion [76], where there is a simultaneous increase
in the NNC angles up to 180◦. (iv) Lastly, through inversion-assisted rotation mechanism,
which implies changes in both CNNC and NNC angles at the same time.

Figure 6. Schematic view of four different isomerization mechanisms of azobenzene described in
the literature.
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Nevertheless, recent computational studies [75] using ab initio methodology including
dynamic electron correlation have precisely depicted the topography of the potential
energy surfaces of the S1 (n–π*) and S2 (π–π*) energy levels. The inclusion of the dynamic
correlation makes this study more reliable as the topography of the PES can be highly
altered when it is not included, thus providing contradictory data because of changes in
the location of the minima and shape of the reaction paths. A high-level computational
study [75] at the CASSCF/CASPT2 (Complete Active Space Self Consistent Field/CAS
second-order perturbation theory) level, reoptimizing some of the critical points of the
excited states at the MS-CASPT2 level, was performed. The mechanisms described fit into
the different reaction pathways depending on the isomer excited and the excited state
reached (see Figure 7). The inversion mechanism is the most likely pathway for the cis to
trans thermal-back isomerization, but for the trans to cis case, depending on the excitation,
different paths are available.

Figure 7. Different electronic states and paths involved in the free-rotation and restricted rotation of
azobenzene derivatives. Adapted from Reguero et al. [75].

When an azobenzene is promoted to the S1 state and rotation is not hindered by
substituents, a CNNC rotation will take place, reaching the S1 potential energy surface
minimum. An available conical intersection between this excited state and the ground
state is located close in terms of geometrical distortion and energy, usually above by just
4–8 kJ/mol. Therefore, the population is funneled to the ground-state surface, yielding
photoisomerization. For the excitation to S2, an energy degenerated region is usually
present, thus leading to the same rotational pathway discussed for S1. However, alternative
pathways can lead to photoisomerization back to the starting material. All of these pro-
cesses produce differences in the quantum yield observed [76] depending on the excited
state reached and the geometries allowed. Consequently, the PSS composition and the
photoisomerization quantum yield become largely dependent on the substitution of the
phenyl rings of the azobenzene and the specific irradiation wavelength used.

As shown in previous paragraphs, substitution has a major impact on the properties
related to the MOST concept. Azobenzene derivatives can be classified into three different
groups depending on the energetic order of its electronic states (π–π* and n–π*). This
order is mainly dependent on the electronic nature of the azobenzene aromatic rings and
their substitution pattern. The three classes are usually labelled as follows (see Figure 8a):
(i) Azobenzene-type molecules, in which the electronic nature of the phenyl rings is analo-
gous to that existing in the unsubstituted azobenzene (Ph-N=N-Ph). They present a strong
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π–π* band in the UV region and a weak n–π* band in the yellow visible region. (ii) Aminoa-
zobenzenes, which can be ortho- or para-substituted with an electron-donating group (EDG),
[(para- or ortho-(EDG)-C6H4-N=N-Ar)]. The π–π* and n–π* bands are very close or even
overlap in the UV/Vis region; they are typically orange. (iii) Pseudo stilbenes, which have
an electron-donating and an electron-withdrawing group (EWG) at the para position of
the phenyl rings, thus being a push–pull system [(p-(EDG)-C6H4-N=N-C6H4-p-(EWG)].
They are typically red and the absorption band corresponding to the π–π* electronic tran-
sition undergoes a bathochromic shift, overlapping bands or even changing the order of
appearance with the corresponding band of the n–π* electronic transition.

Figure 8. (a) Azobenzene classification by Rau et al. [77] helps describe the optical and physical
properties of this family of compounds (i.e., their color). (b) Typical example of absorption spectra of
the different azobenzene derivatives.

Pseudo-stilbenes have a highly asymmetric electron distribution alongside the molecule,
which turns into a large molecular dipole and anisotropic optical properties. In addition,
this class also presents the best photo-response, which is mainly caused by an overlapped
absorption spectrum of the E and Z forms, thus reaching a mixed photo-stationary state
where the trans and cis isomers are continuously interconverting. Therefore, for pseudo-
stilbenes, a single visible light wavelength can induce both forward and reverse isomeriza-
tion. Thermal relaxation from cis to trans spans from milliseconds to seconds.

On the other hand, in the other two classes of compounds, the absorption spectra
usually do not overlap, meaning that two different wavelengths are needed to switch
between the cis and trans forms, which is ideal for photoswitchable materials. Particu-
larly, azobenzene-type molecules are proven to isomerize back from cis into trans isomers
very slowly through thermal relaxation when bulky substituents are introduced into the
structure, thus providing a thermal relaxation time from cis to trans isomers of hours for
the azobenzene-type molecules and minutes for the amino-azobenzene-type molecules.
Recently, it has even been proven that some stable cis-isomers can be isolated using the
proper solvent, which leads to a stable two-state photoswitchable system.

Even if the optical properties of azobenzenes discussed in previous paragraphs are
quite interesting for MOST applications, the applicability of these compounds is somewhat
limited by the energy density. The energy difference of a typical azobenzene is usually
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around 40 kJ/mol, which does not outcompete other systems. In addition, spectral overlap
and the increased molecular weight to obtain excellent optical properties have led to a
relative decrease in the interest of these compounds [16]. However, the broad tunability
and the synthetic availability of different compounds achieved in the last two decades
have reactivated their use as MOST candidates. Additionally, the wider scope obtained by
azoheteroarenes, in which one of two phenyl rings are modified by a heterocyclic ring, can
exponentially increase its possibilities by tuning some of the relevant properties.

For instance, we have already discussed that the photosiomerization quantum yield
should be as high as possible [78,79]. Thus, this parameter has been subject to extensive
research. The effect of various solvents, temperatures, and rigid environments was explored.
Zimmerman et al. reported that n–π* quantum yield is more efficient than π–π* in both
directions of conversion (cis-trans/trans-cis) and, in accordance with Birnbaum and Style,
the absorption in the cis-trans conversion is more efficient (cis-trans: 0.39, while trans-cis:
0.33) [80–82]. This should be carefully considered when designing MOST applications
based on azobenzenes. On the other hand, the ability of azobenzenes to absorb light in the
visible region to induce the photoisomerization has been considered a clear advantage of
these compounds [83].

The poor performance of azobenzenes with respect to energy storage has been ad-
dressed differently. In 2014, Grossman and Kolpak performed a series of density functional
theory (DFT) computational studies of the azobenzene coupled with carbon nanotubes
(CNTs) (Figure 9a). The addition of nanotubes to azobenzene increases the rigidity and
conformational hindrance of the structures, so the energy storage per azobenzene increased
up to 30% and the storage lifetimes almost reached the unit, in addition to increased fatigue
resistance (a half-life (t1/2) of 33 h was observed for the cis isomer) [84].

Figure 9. (a) Azobenzene coupled with carbon nanotubes. (b) (Z)-isomer stabilized by the substitution
of the azobenzene. (c) Azobenzene macrocycles. (d) Azoheteroarene derivative.

Later, the same authors extended their DFT study, incorporating azobenzenes function-
alized with carbon-based templates such as graphene, fullerene, and β-carotene, identifying
various potential molecules that have improved properties. Upon modification, the cis-
isomer is stabilized by intramolecular hydrogen bonds (Figure 9b), leading to long-term
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storage lifetimes (t1/2 = 5408 h) [85,86]. In view of these results, different experimental
groups carried out the synthesis of the photoswitches, obtaining good results [87,88]. Specif-
ically, they obtained molecules with 11–12 carbon atoms per azobenzene and the hydrogen
bond stabilization of the azobenzenes was confirmed by NMR, FT-IR, and DFT studies.

In a different approach, the addition of azobenzene to macrocycles [89] has also
been suggested to improve energy storage capabilities [90]. The use of rings formed by
azobenzenes connected through a suitable linker agent increase the barrier of the back
reaction (Figure 9c). In this approach, the formation of the macrocycle contributes to
increasing the rigidity of the system. In addition, it is possible to add functional groups to
the macrocycle, as done in the graphene, allowing to establish hydrogen bonds with the
aim of obtaining longer lifetimes for the energy storage.

Even if azobenzene-functionalized CNTs have increased the energy density, these
systems cannot be deposited into uniform films. To avoid this problem, an azopolymer
was prepared to act as solid-state solar-thermal fuel (STF) [91]. This novel design allows
to prepare uniform films. This device allowed to increase the temperature of the heat
generated in the back conversion by up to 180 ◦C [86]. Following this breakthrough,
different studies have been conducted on azopolymers [92,93] because of the ease of
application of the photoswitches in large areas. Additionally, different studies attempted to
combine the rigidity obtained by coupling a polymer and the addition of functional groups
to generate non-covalent interactions to the azobenzene, with the aim of stabilizing the
azopolymers. Non-covalent interactions have also demonstrated an increase in the lifetime
of the stored energy, such as π–π stacking and hydrogen bonds. Taking advantage of these
interactions, a new mechanism to synthesize azopolymers controlling the thickness and
film morphology by electrodeposition was described. Unfortunately, when the substitution
of the polymers is modified, the energy storage is greatly affected [94].

It is known that preparing azobenzenes with very bulky substituents increases the
rigidity and, therefore, the lifetime of energy storage. However, different and simpler
systems continued to be sought in parallel. In 2017, Grossman and co-workers demon-
strated that it was not necessary to use templates or even polymers to achieve SFT materials
with high-energy density and thermal stability. In this study, they synthesized various
azobenzenes substituted with bulky aromatic rings, obtaining an enthalpy difference be-
tween the cis and trans isomers comparable to the unsubstituted azobenzene. A critical
factor to improve the azobenzene properties was to distort the molecule to avoid planarity,
demonstrating that using small molecules made it possible to generate thin films with
excellent charging and cycling properties [95].

Lately, a novel approach implying the use of azoheteroarene photoswitches has been
explored. In various experimental and computational studies, it was discovered that chang-
ing the type of heteroaromatic ring or the position of the heteroatom with respect to the azo
group had a crucial effect on the photoswitching properties [35,96]. Using this approach,
it was possible to prepare molecules with a half-life of days or even years, providing an
excellent alternative to use these compounds in a MOST system. The increase in the half-
lifetime in the photoswitches is due to the formation of an intramolecular hydrogen bond
affecting the energy difference between isomers, and thus the energy storage (Figure 9d).
However, not all studied azoheteroarenes absorb in the visible region, making their use
for energy storage problematic. Again, the long list of features that a system should fulfil
to be of practical use in the MOST technology makes it extremely difficult to select the
ideal candidate. However, the ever-growing list of available azoheteroarenes turns these
compounds into excellent candidates to absorb and store sunlight in MOST devices.

3.3. Dihdroazulene–Vinylheptafluvene (DHA–VHF)

Another system widely studied in the context of MOST applications is the dihdroazu-
lene/vinylheptafulvene (DHA/VHF) couple. While these compounds have some practical
issues that hamper their applied use, they also feature some interesting properties. The
optical properties of this system imply a DHA absorption of ca. 350 nm and a band at
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480 nm for VHF, which also includes an isosbestic point at 400 nm with a very low overlap
between both species. The photoisomerization quantum yield is around 0.6, which could
be considered a good value for practical applications, although clearly lower than the better
examples of NBD/QC, but by far better in comparison with NBD (0.05) or azobenzene
(0.33). However, the main drawback for this couple is the short half-life time of parent VHF,
being only 10 h at 25 ◦C. This should rule out its use for a long-term storage application,
but others implying daily cycles (as charging during the day and releasing at night) can
be considered as an alternative. On the other hand, it has shown some promising features
in certain application tests. For instance, it has been used on solar and fluidic devices to
provide an efficiency of up to 0.13% in non-laboratory experiments, considering the total
solar income harvested. In addition, DHA/VHF also has a very high robustness against
degradation, featuring less than 0.01% degradation in 70 irradiation back conversion cycles
in toluene solutions [2,17]. Another drawback of this system is the low-energy storage
capacity of DHA/VHF, which present an energy difference of ca. 28 kJ/mol, which is quite
modest in comparison with NBD derivatives.

The general energy landscape of this couple can be seen in Figure 10. Upon light
absorption, DHA isomerizes to VHF through a photoinduced carbon–carbon ring-opening
reaction. In the excited state, DHA planarizes, allowing the stereochemical conditions
to open the ring. This is favored by an increased steric hindrance due to the electronic
reorganization. After the photochemical step, two possible isomers can be obtained. The
initially formed cis-VHF can further evolve to the thermodynamically stable trans-VHF [38],
with both species being in equilibrium through a small energy barrier [97]. This behaviour
can facilitate an early back reversion to DHA, decreasing the lifetime of the photoisomer and
affecting the energy density at the same time. In addition, the enthalpy of the photoreaction
was measured to be ca. 35.2 kJ/mol in a vacuum [2].

Figure 10. Dihydroazulene (DHA)/vinylhetafulvene (VHF) couple and potential energy landscape.
Adapted from Nielsen et al. [40].

Another relevant point is the large solvent effect that has been observed for the
DHA/VHF couple. The photoreaction from DHA to VHF is faster in polar solvents than
in apolar ones [98]. In contrast, the robustness through different irradiation conditions
decreases notably in polar solvents (0.18–0.28%) compared with in apolar ones like toluene
(0.01%). From these studies, some differences in the kinetic parameters have been invoked
to explain the stabilization of charge-separated species, which acts as an intermediate
during the photochemical transformation [39,98]. On the other hand, DHA is 10 times
more soluble in toluene (apolar and aprotic) than in ethanol (polar and protic) and the
photoisomerization quantum yield is larger (0.6) in toluene than in ethanol (0.5), being
intermediate in acetonitrile (0.55). To sum up these effects, the more polar the solvent,
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the better the kinetic parameters, but, in contrast, an additional enhancement of system
robustness is found with apolar solvents.

Along the years, many different studies were performed to better understand and
improve the DHA capabilities, aiming at a better performance. The effect of some vicinal
chemical modifications over the photoisomerization from DHA to VHF was improved in
the 90s, usually by adding some donor or acceptor electronic groups on para positions of
the phenyl ring. This yields in a moderate modification of the photoreaction quantum
yield, ranging from 0.6 to 0.3 when increasing the electron-withdrawing strength of the
substituent in the para position [98].

More recently, some extensive computational analysis was performed for the screening
of interesting new candidates. In this work [40], an impressively wide number of chemical
modifications has been performed on DHA systems to tune some of their properties. The
most relevant and effective ones are summarized in Figure 11, whereby the main interest
was the substitutions in positions 1–3 and 7, according to the numbering seen below for
DHA systems.

Figure 11. Numbered positions and more relevant modifications in DHA structure, yielding some
type of improvement.

One of the first modifications was to check the importance of the CN groups in
position 1 and, as can be expected according to the mechanism, the elimination of this
strong electron-withdrawing group causes a lack of photoswitching capacity, proving
that the strong electrophilic behavior of C1 is crucial in the charge transfer intermediate
on the photochemical transformation. As the elimination lacks the photoisomerization,
some interesting attempts to replace one of the CN with other EWGs were carried out [99].
To finalize, the substitution of one CN by an ethoxycarbonyl or carbamoyl group can
maintain the photoswitching ability and enhance the energy storage capacity, increasing
it by 0.05–0.1 MJ/kg on average, being a relevant increment, also considering the higher
molecular weight. As counterpoint, the predicted ∆G is lower than that found in base DHA,
facilitating the back conversion. Moreover, with these systems, the solvent dependence
seems to be slightly lower, even being quite representative.
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The modulation on the stability of VHF and the back reversion speed can be controlled
by the modification of positions 2, 3, and 7; herein, the effect of donor- and electron-
withdrawing groups can drastically change some properties.

The inclusion of a donor group at C2 and an acceptor group at C3 or C7 have some
impact, increasing the lifetime of these derivatives [100,101]. The addition of electron-
withdrawing groups (EWGs), like cyano, in position 7 can increase the half-life of VHF
by up to six times, in some cases reaching an exceptionally long-lived VHF in acetonitrile.
This behavior can be explained by the stabilization of the VHF form, increasing the energy
needed to initiate the back-reaction, but, in contrast, having a low impact on the energy
storage capacity.

The inclusion of an amino group in position 3 yields a hydrogen bond between the
amino and the electron-withdrawing groups (CN). This seems to stabilize the DHA system,
increasing the storage energy, also blocking VHF in the s-cis-VHF conformer. This means
that the s-cis-VHF becomes the most stable isomer of VHF. Thus, geometrically, it is more
similar to the intermediate and, as expected, the back-reaction barrier becomes even lower.
This behavior reduces its usability because of the fast reversion achieved despite the higher
energy stored. In contrast, the addition of a donor group (amino) on position 3 and an
acceptor group (NO2) at C2 produces an increase in the ∆G of the back-reaction, also
lengthening the lifetime of the VHF form [40].

Some other modifications, like the condensed effect of adding a 9-anthryl group in
position 2 and 3, were found to increase the storage density to 0.38 MJ/kg, but this facilitates
the VHF-to-DHA ring closure in a few seconds [46].

The addition of bulky groups on the ortho position of the phenyl group in C2 can
stabilize the cis conformer of VHF, increasing the energetic barrier of the back-reaction [102].
The quantum yields of photoisomerization for these ortho substituted derivatives range in
acetonitrile close to DHA (0.55) values, thus improving the lifetime without perturbing the
photoisomerization rate. This effect is only with an iodine atom; if the size of the added
group increases, this effect is maximized, reaching a 60 times longer half-life and quantum
yields slightly higher than DHA of ca. 0.6–0.7.

The last modification that we will comment about is the preparation of multi-switcher
devices; on these, the combination of two DHA moieties, connected through a bisacetylene
bridge, can differ too much depending on the substitution in ortho, meta, and para, ranging
from an increase in the lifetime from a few hours to a couple of days [102].

In addition, combinations with other MOST candidates were attempted, offering
some promising results, especially the increase in storage density due to the charge of two
molecules, and in case of DHA-NBD, the combined absorption is notably red-shifted and
the spectral overlap is decreased [103]. Moreover, the use of an azobenzene derivative
together with phenylene bridge bis-DHA moieties, all included in a macrocyclic structure,
can yield a modification of the DHA isomerization because of the predominant azobenzene
isomerization found. This can limit the possibilities of combining azobenzenes and DHA
moieties [104].

A principal outlook towards the use of DHA systems presents a few advantages, such
as efficient isomerization and good optical properties, as well as a series of drawbacks
including the modest energy storage and short lifetimes.

4. Conclusions

In this review, we have covered the three more relevant families of compounds that are
under investigation as MOST systems, norbornadiene, azobenzene, and dihydroazulene
derivatives. Every set of compounds has its own drawbacks and strengths, which should
be carefully considered for any specific application. However, it is also relevant to recognize
that we are still far from finding the ideal MOST candidate. The mentioned improvements
in the molecular design constitute the basis for the future development of these systems.
In addition, the use of molecular modelling and machine learning strategies can provide
a fast and valuable input in this way [105]. A general increase in the performance of the
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molecules used for solar energy storage is required before this technology could provide an
alternative and efficient way of harvesting and storing solar energy, as well as its use and
release on demand. In the near future of MOST devices, the exploitation of hybrid strategies
(multijunction devices) is the more promising field to improve the overall performance.

Author Contributions: Bibliographic search and writing—original draft preparation, A.G.-G., L.M.,
N.S., B.P. and J.S.; writing—review and editing, R.L. and D.S.; supervision, R.L. and D.S.; funding
acquisition, D.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministerio de Ciencia e Innovación, grant number
PID2021-126075NB-I00.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: A.G.-G., L.M., N.S., and B.P. thank the European Union’s H2020 research and
innovation program under grant agreement No 951801. R.L. thanks Universidad de La Rioja and
Ministerio de Universidades for his Margarita Salas grant.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. de Amorim, W.S.; Valduga, I.B.; Ribeiro, J.M.P.; Williamson, V.G.; Krauser, G.E.; Magtoto, M.K.; de Andrade Guerra, J.B.S.O. The

nexus between water, energy, and food in the context of the global risks: An analysis of the interactions between food, water, and
energy security. Environ. Impact Assess. Rev. 2018, 72, 1–11. [CrossRef]

2. Sun, C.-L.; Wang, C.; Boulatov, R. Applications of Photoswitches in the Storage of Solar Energy. ChemPhotoChem 2019, 3, 268–283.
[CrossRef]

3. Wang, Z.; Erhart, P.; Li, T.; Zhang, Z.-Y.; Sampedro, D.; Hu, Z.; Wegner, H.A.; Brummel, O.; Libuda, J.; Nielsen, M.B.; et al. Storing
energy with molecular photoisomers. Joule 2021, 5, 3116–3136. [CrossRef]

4. Lee, D.S.; Fahey, D.W.; Skowron, A.; Allen, M.R.; Burkhardt, U.; Chen, Q.; Doherty, S.J.; Freeman, S.; Forster, P.M.;
Fuglestvedt, J.; et al. The contribution of global aviation to anthropogenic climate forcing for 2000 to 2018. Atmos. Environ. 2021,
244, 117834. [CrossRef]

5. IEA. Global Status Report for Buildings and Construction; International Energy Agency: Paris, France, 2019.
6. Rabaia, M.K.H.; Abdelkareem, M.A.; Sayed, E.T.; Elsaid, K.; Chae, K.J.; Wilberforce, T.; Olabi, A.G. Environmental impacts of

solar energy systems: A review. Sci. Total Environ. 2021, 754, 141989. [CrossRef]
7. Xu, X.; Wang, G. Molecular Solar Thermal Systems towards Phase Change and Visible Light Photon Energy Storage. Small 2022,

18, 2107473. [CrossRef]
8. Ma, Q.; Wang, P.; Fan, J.; Klar, A. Underground solar energy storage via energy piles: An experimental study. Appl. Energy 2022,

306, 118042. [CrossRef]
9. Ma, Q.; Wang, P. Underground solar energy storage via energy piles. Appl. Energy 2020, 261, 114361. [CrossRef]
10. Wu, D.; Kong, G.; Liu, H.; Jiang, Q.; Yang, Q.; Kong, L. Performance of a full-scale energy pile for underground solar energy

storage. Case Stud. Therm. Eng. 2021, 27, 101313. [CrossRef]
11. Wang, H.; Qi, C. Performance study of underground thermal storage in a solar-ground coupled heat pump system for residential

buildings. Energy Build. 2008, 40, 1278–1286. [CrossRef]
12. Ciamician, G. The Photochemistry of the Future. Science 1912, 36, 385–394. [CrossRef] [PubMed]
13. Moth-Poulsen, K. Organic Synthesis and Molecular Engineering; Nielsen, M.B., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA,

2014; pp. 179–196.
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41. Börjesson, K.; Ćoso, D.; Gray, V.; Grossman, J.C.; Guan, J.; Harris, C.B.; Hertkorn, N.; Hou, Z.; Kanai, Y.; Lee , D.; et al. Exploring the
Potential of Fulvalene Dimetals as Platforms for Molecular Solar Thermal Energy Storage: Computations, Syntheses, Structures,
Kinetics, and Catalysis. Chem. Eur. J. 2014, 20, 15587–15604. [CrossRef]

42. Kucharski, T.J.; Tian, Y.; Akbulatov, S.; Boulatov, R. Chemical solutions for the closed-cycle storage of solar energy. Energy Environ.
Sci. 2011, 4, 4449–4472. [CrossRef]

43. International, A. A International in Standard Tables for Reference Solar Spectral Irradiances: Direct Normal and Hemispherical on 37◦

Tilted Surface; ASTM International: West Conshohocken, PA, USA, 2012.
44. Jorner, K.; Dreos, A.; Emanuelsson, R.; El Bakouri, O.; Galván, I.F.; Börjesson, K.; Feixas, F.; Lindh, R.; Zietz, B.;

Moth-Poulsen, K.; et al. Unraveling factors leading to efficient norbornadiene–quadricyclane molecular solar-thermal en-
ergy storage systems. J. Mater. Chem. A 2017, 5, 12369–12378. [CrossRef]

118



Photochem 2022, 2

45. Liu, X.; Xu, Z.; Cole, J.M. Molecular Design of UV–vis Absorption and Emission Properties in Organic Fluorophores: Toward
Larger Bathochromic Shifts, Enhanced Molar Extinction Coefficients, and Greater Stokes Shifts. J. Phys. Chem. C 2013, 117,
16584–16595. [CrossRef]

46. Skov, A.B.; Broman, S.L.; Gertsen, A.S.; Elm, J.; Jevric, M.; Cacciarini, M.; Kadziola, A.; Mikkelsen, K.V.; Nielsen, M.B. Aromaticity-
Controlled Energy Storage Capacity of the Dihydroazulene-Vinylheptafulvene Photochromic System. Chem.—A Eur. J. 2016, 22,
14567–14575. [CrossRef] [PubMed]

47. Petersen, A.U.; Hofmann, A.I.; Fillols, M.; Mansø, M.; Jevric, M.; Wang, Z.; Sumby, C.J.; Müller, C.; Moth-Poulsen, K. Solar Energy
Storage by Molecular Norbornadiene–Quadricyclane Photoswitches: Polymer Film Devices. Adv. Sci. 2019, 6, 1900367. [CrossRef]
[PubMed]

48. Bas, E.E.; Ulukan, P.; Monari, A.; Aviyente, V.; Catak, S. Photophysical Properties of Benzophenone-Based TADF Emitters in
Relation to Their Molecular Structure. J. Phys. Chem. A 2022, 4, 473–484. [CrossRef]

49. Meng, F.-Y.; Chen, I.-H.; Shen, J.-Y.; Chang, K.-H.; Chou, T.-C.; Chen, Y.-A.; Chen, Y.-T.; Chen, C.-L.; Chou, P.-T. A new approach
exploiting thermally activated delayed fluorescence molecules to optimize solar thermal energy storage. Nat. Commun. 2022,
13, 797. [CrossRef]

50. Wang, Z.; Roffey, A.; Losantos, R.; Lennartson, A.; Jevric, M.; Petersen, A.U.; Quant, M.; Dreos, A.; Wen, X.; Sampedro, D.; et al.
Macroscopic heat release in a molecular solar thermal energy storage system. Energy Environ. Sci. 2019, 12, 187–193. [CrossRef]

51. Dubonosov, A.D.; Bren, V.A.; Chernoivanov, V.A. Norbornadiene–quadricyclane as an abiotic system for the storage of solar
energy. Russ. Chem. Rev. 2002, 71, 917–927. [CrossRef]

52. Harel, Y.; Adamson, A.W.; Kutal, C.; Grutsch, P.A.; Yasufuku, K. Photocalorimetry. 6. Enthalpies of isomerization of norbornadiene
and of substituted norbornadienes to corresponding quadricyclenes. J. Phys. Chem. 1987, 91, 901–904. [CrossRef]

53. Dilling, W.L. Intramolecular Photochemical Cycloaddition of Nonconjugated Olefins. Chem. Rev. 1966, 66, 373–393. [CrossRef]
54. Sadao, M.; Yoshinobu, A.; Zen-ichi, Y. Photochromic Solid Films Prepared by Doping with Donor–Acceptor Norbornadienes.

Chem. Lett. 1987, 16, 195–198.
55. Jevric, M.; Petersen, A.U.; Mansø, M.; Kumar Singh, S.; Wang, Z.; Dreos, A.; Sumby, C.; Nielsen, M.B.; Börjesson, K.; Erhart, P.; et al.

Norbornadiene-Based Photoswitches with Exceptional Combination of Solar Spectrum Match and Long-Term Energy Storage.
Chem.—A Eur. J. 2018, 24, 12767–12772. [CrossRef]

56. Mitscherlich, E. Ueber das Stickstoffbenzid. Ann. Der Phys. 1834, 108, 225–227. [CrossRef]
57. Noble, A. III. Zur Geschichte des Azobenzols und des Benzidins. Justus Liebigs Ann. Der Chem. 1856, 98, 253–256. [CrossRef]
58. Hartley, G.S. The Cis-form of Azobenzene. Nature 1937, 140, 281. [CrossRef]
59. Durr, H.; Bouas-Laurent, H. Photochromism: Molecules and Systems; Elsevier Science: Amsterdam, The Netherlands, 2003.
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Abstract: This contribution summarizes the current state in the photochemistry of metal nitroprus-
sides, which is dominated by the electronic structure of the nitrosyl group. From the combination
of p orbitals of the nitrogen and oxygen atoms in the NO+ ligand, a π*NO molecular orbital of
relatively low energy is formed, which has π*2px and π*2py character. This is a double degenerate
orbital. When the nitrosyl group is found coordinated to the iron atom in the nitroprusside ion, the
availability of that low energy π*NO orbital results in light-induced electronic transitions from the
iron atom dxy, dxz and dyz orbitals, 2b2 (xy)→ 7e (π*NO) and 6e (xz,yz)→ 7e (π*NO), which are
observed at 498 and 394 nm, respectively. These light-induced transitions and the possibility of NO
isomer formation dominate the photochemistry of metal nitroprussides. In this feature paper, we
discuss the implications of such transitions in the stability of coordination compounds based on the
nitroprusside ion in the presence of water molecules for both 3D and 2D structures, including the
involved degradation mechanisms. These photo-induced electronic transitions modify the physical
and functional properties of solids where the nitroprusside ion forms part of their structure and
appear as an opportunity for tuning their magnetic, electrical, optical and as energy-applied materials,
for instance. This contribution illustrates these opportunities with results from some recently reported
studies, and possible research subjects, even some not explored, are mentioned.

Keywords: photochemistry of metal nitroprussides; stability of transition metal nitroprussides;
meta-stable states in the nitroprusside ion; photo-isomerization; photochemistry

1. Introduction

Metal nitroprussides are salts of the pentacyanonitrosylferrate(II) ion, [Fe(CN)5NO]2−,
which were first reported in 1849 by Playfair [1]. Of these six ligands, only the five CNs at
their N ends are available to bond a metal center (T); the NO+ moiety remains unlinked at
its O end [2,3]. Such salts can be formed with alkaline, alkaline earth [4], transition [5–7]
and even rare-earth metals [8] and can even form 2D structures when the axial CN remains
unlinked at its N end, resulting in the formation of layered coordination polymers [9].
Certain organic ligands can disrupt the CNAx-T bond to occupy the metal axial coordination
sites [10–13].

These organic molecules behave as a pillar between adjacent layers. Since the metal
nitroprussides discovery, many studies related to their physical, chemical and electronic
properties have been performed and were recently reviewed by Reguera et al. [14]. One of
the most relevant properties is related to the hypotensive action of the sodium nitroprusside,
NaNP, which was demonstrated in 1929 and made the NaNP useful in cases of severe
hypertension [15]. This feature is due to the presence and release of the NO moiety when
the NaNP is dispersed in an aqueous solution and receives illumination.

Metal nitroprussides can absorb light through three mechanisms [16]: (1) metal-
ligand-charge transfer (MLCT); (2) band-to-band transitions; (3) d-d transitions when an
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appropriate transition metal (T) is involved. The photochemistry of metal nitroprussides
is dominated by the first mechanism, related to the photoactive properties of the nitrosyl
group. It is known that the MLCT is the main process in the photochemistry of transition
metal complexes [17], and its excitation depends on the ligands, particularly when these
last ones participate in a strong metal-ligand π-bonding, such a charge transfer is possible.

Moreover, these transitions can produce an intermolecular redox reaction when the
excited states are promoted from the metal d orbitals to the orbitals (π, π*, σ and σ*) of the
ligand. Many papers have been published regarding the photochemistry of NaNP, and only
a handful have been made about other nitroprusside salts. Transition metal nitruprussides,
form a family of coordination polymers with demonstrated potential applications for small
molecules separation and storage, battery materials, sensors and actuators, information
storage, photo-catalysis, in healthcare and other areas [14].

Nevertheless, their stability in the presence of water molecules and under the light
incidence, two usually coinciding conditions in a normal environment, remains poorly
documented and only recently has been studied [18,19]. This contribution discusses the
accumulated information by our research group on the photochemistry of that family of
materials, in conditions close to that expected during their applications. The light-induced
electronic transitions Fe→ π*NO modifies the electronic structure of metal nitroprussides
and their physical properties. This has the potential for applications through materials with
light-driven functional properties. This subject is also considered in this feature paper.

2. Photochemistry of the Nitroprusside Block

Although the metal nitroprussides were synthesized in 1848, the crystal structure of
the sodium nitroprusside was determined a few decades later [2]. From this last study, we
now know that the NP ion has approximately C4v symmetry, being all the C-N distances
similar to other cyanide complexes and that the N-O distance is similar to the one found
in NOX, where X is a halogen. However, the Fe-NO distance is short enough to suggest a
triple bond between the Fe and N atoms, where the two π-bonds lay on the antibonding
π*(NO) and the σ-bond goes to an empty d-orbital from the iron atom [20]. The work
of Manoharan et al., using SCCC-MO calculations, gave valuable information about the
ordering of the energy levels on the nitroprusside ion [21]. The resulting energy is shown
in Figure 1. The highest-filled molecular orbitals, HOMO, in the ground state (GS) of the
NP ion are represented as (6e)2(2b2)2, where the former has dxz and dyz character but also
contains about a quarter of π*(NO) character, and the second one has around 85% dxy
character, with the remaining 14% being π(CN) and 2% π*(CN) contributions.

On the other hand, the lowest-unfilled molecular orbital, LUMO, is labeled as 7e and
is around 73% of π*(NO) character, completed with small contributions from the metal,
dxy, dxz, dyz and contributions from the σ(CN), π(CN) and π*(CN) orbitals. Because of
the π*(NO) has a high contribution to the HOMO 6e, which has mainly metal character, a
π-back bonding interaction between the Fe atom and the NO moiety can be inferred. This
leads to a significant decrease in the electron density on the iron atom, reducing its π-back
bonding interaction with the CN ligands, and in consequence, the electron density found
at their 5σ orbital lowers.

This remains well documented from XPS spectra of metal nitroprussides [22]. The large
contribution of the π*(NO) orbital to the 7e molecular orbital is probed by the frequency for
the ν(NO) stretching band in the IR spectrum, which decreases when the 2b2 (dxy)→ 7e
(π*NO) charge transfer increases [20]. For sodium nitroprusside, this transition is observed
at 498 nm, which explains the red-purple color of crystals of that sodium salt. For transition
metal nitroprussides, crystals of a varied diversity of colors (and absorption bands) are
formed related to the combination of light absorption via MLCT and d-d transitions for the
metal linked at the N end of the CN ligands [23]. Such d-d transitions have a minor impact
on the photochemistry of metal nitroprussides.
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In 1977, Hauser et al. [24,25] observed a light-induced metastable state recording
Mössbauer spectra at low temperature while a single crystal of NaNP was irradiated with
a blue-green laser beam. With this technique, these authors found a spectrum that was
different from the one obtained for the ground state (GS) measured without the laser
beam irradiation. The spectrum collected during the irradiation was only visible at a
certain angle.

Moreover, the irradiation must be continuous to produce this new state, so they
ruled out the possibility of the new state being generated by light absorption or inelastic
scattering. After these pioneer works, Zöllner et al. [26] studied by DSC (differential
scanning calorimetry) measurements the thermal behavior of an irradiated sample of NaNP
and discovered two long-lived metastable states (MS1 and MS2), the second decaying at
a lower temperature; also, they found that the production of the MS states is exhibited in
both single crystals or powders and even in other nitroprusside salts.

Subsequent experimental and theoretical studies [27–31] have enlighted a consistent
picture on the subject: the light-induced metastable states are linkage isomers of the
nitroprusside block, one of which has the O end of the NO bonded to the iron atom, the
isonitrosyl η1-O (MS1), and the other one has the NO side-bounded, η2-NO (MS2) [32]
(Figure 2).

These two metastable states result from the irradiation with a light source in the range
of λ = 350 to 580 nm while the sample is maintained underneath 100 K [33]; however, when
the temperature is raised to 165 K, these MS decay to the GS again, and thus it is evident
that the population of these metastable states depends on the polarization direction and
wavelength of the light beam used [34]. Furthermore, these two states can be converted
into one another by irradiating the sample with light of appropriate energy, 620–850 nm
(Figure 2). The metastable states can also be de-excited by raising the temperature or
irradiating the sample [26].

Further studies, recording SQUID (superconducting quantum interference device)
magnetic data for nickel nitroprusside, Ni[Fe(CN)5NO]·xH2O, at 5 K, irradiating the sample
with light from an Ar+ laser, λ = 475 nm, revealed the appearance of magnetic order at
low temperature. Such cooperative magnetic interaction disappears when the sample
is warmed above 200 K [35,36]. Such behavior was explained as due to the light-driven
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electron transfer from the iron atom to the NO ligand, resulting in the appearance of two
new paramagnetic centers in the solid, on the iron atom and the NO ligand.
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Figure 2. Excitation of isomeric transitions for the NO+ ligand by absorption in the UV–vis spec-
tral region.

The observed cooperative magnetic order results from their superexchange interaction
with the two unpaired electrons on the Ni atom. The authors reported the appearance
of a new IR band at 1821 cm−1, close to the frequency (1831 cm−1) corresponding to the
MS1 of sodium nitroprusside [37]. This suggests that the photo-induced magnetic order in
nickel nitroprusside is related to a light excited state (ES), which then decays to the MS1
and MS2 states for the NO group (Figure 2). Such interpretation is congruent with the
corresponding Mössbauer spectra recorded at low temperature (300 mK), which identified
the presence of Fe(III) species in the irradiated sample [8]. This provides a conclusive clue
to understanding the photochemistry of metal nitroprussides and their relationship with
the MLCT in this ion.

From the nature of the HOMO and LUMO orbitals described above, these metastable
states are considered as a d-π*(NO) one-electron excitation, however, Güdel proposed that
the nature of the MS cannot be due to one electron configuration, so the MS can also be
produced by a d-d transition added to the dominant MLCT [33]. These states have also
been found in other nitrosyl complexes with transition metals when irradiated within the
350–580 nm wavelength range, either in 3D or 2D structures [26,38].
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3. Photodecomposition: A Consequence of the Photoinduced
Metal-Ligand-Charge-Transfer
3.1. Photodegradation Studies on Sodium Nitroprusside (NaNP)

The photolysis of NaNP aqueous solution has been the subject of intense studies
due to its importance in medical issues as a potent hypotensive agent. In 1963 Mitra
et al. [39] reported that a solution of NaNP is acidified when irradiated with an unfiltered
mercury discharge lamp; this effect was reversible provided the irradiation was for a short
time; however, under prolonged irradiation, irreversible changes and secondary reactions
appeared to take place. The authors proposed that the changes in the NaNP solution
were triggered by the photolysis of the NP block, which releases the NO ligand as NO+.
Subsequent detailed studies covering spectroscopic and analytic techniques, mostly those
from the groups of Wolfe, Stockel and de Oliveira [40–42], agree with a general pathway
presented in Scheme 1.

Photochem 2022, 2, FOR PEER REVIEW  5 
 

 

3. Photodecomposition: A Consequence of the Photoinduced Met‐

al‐Ligand‐Charge‐Transfer 

3.1. Photodegradation Studies on Sodium Nitroprusside (NaNP) 

The photolysis of NaNP aqueous solution has been the subject of intense studies due 

to its importance in medical issues as a potent hypotensive agent. In 1963 Mitra et al. [39] 

reported that a solution of NaNP is acidified when irradiated with an unfiltered mercury 

discharge lamp; this effect was reversible provided the irradiation was for a short time; 

however,  under  prolonged  irradiation,  irreversible  changes  and  secondary  reactions 

appeared  to  take place. The  authors proposed  that  the  changes  in  the NaNP  solution 

were triggered by the photolysis of the NP block, which releases the NO ligand as NO+. 

Subsequent  detailed  studies  covering  spectroscopic  and  analytic  techniques,  mostly 

those  from  the groups of Wolfe, Stockel and de Oliveira  [40–42], agree with a general 

pathway presented in Scheme 1. 

 

Scheme 1. General photodegradation pathways for transition metal nitroprussides as a function of 

the external metal (T). 

The photodegradation of the nitroprusside ion in solution begins with the formation 

of  the  ES  due  to  the  intra‐molecular  electronic  transition  6e   7e  resulting  from  the 
photon absorption in the blue region (c.a. 400 nm). As we noted before, orbital 6e has a 

marked  bonding  character  reflecting  the  π‐back  bonding  interaction  of  the  Fe(II)‐NO 

bond, whereas orbital 7e has a predominant π*(NO) character; hence, after the 6e  7e 
transition, the resulting Fe(III)‐NO bond is significantly weakened respect to the ground 

state since now the interaction is only of σ nature.   

Thus, such destabilizing effect can give rise to the heterolytic rupture of the Fe‐NO 

bond, leading to the release of radical NO and the formation of [FeIII(CN)5H2O]2− ion after 

the incorporation of a water molecule to complete the coordination sphere of the central 

Fe(III) atom (step 2 in Scheme 1).   

Scheme 1. General photodegradation pathways for transition metal nitroprussides as a function of
the external metal (T).

The photodegradation of the nitroprusside ion in solution begins with the formation
of the ES due to the intra-molecular electronic transition 6e→ 7e resulting from the photon
absorption in the blue region (c.a. 400 nm). As we noted before, orbital 6e has a marked
bonding character reflecting the π-back bonding interaction of the Fe(II)-NO bond, whereas
orbital 7e has a predominant π*(NO) character; hence, after the 6e → 7e transition, the
resulting Fe(III)-NO bond is significantly weakened respect to the ground state since now
the interaction is only of σ nature.

Thus, such destabilizing effect can give rise to the heterolytic rupture of the Fe-NO
bond, leading to the release of radical NO and the formation of [FeIII(CN)5H2O]2− ion after
the incorporation of a water molecule to complete the coordination sphere of the central
Fe(III) atom (step 2 in Scheme 1).
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The effect of the solvent appears to be important in assisting the photo-degradation
process since experiments performed in neat conditions [18] prevent the NO release, likely
due to the cage effect. The NO release has been documented not only for nitroprusside
aqueous solutions but also for nitroprusside dispersed in several solvents [41,43].

The formation of [FeIII(CN)5H2O]2− ion and the release of NO to the solution are fol-
lowed by several secondary photo- and redox-reactions that account for the observed acidi-
fication of the solutions and also yield as byproducts new species like [FeII(CN)5H2O]3−,
NO2

−, NO3
−, CN− and Prussian blue (PB). The extent of these reactions depends on

the experimental conditions during the photodegradation test, as are the intensity and
duration of the irradiation, sample concentration, pH, and level of oxygen dissolved. The
[FeII(CN)5H2O]3− species can be formed by either thermal- and photo-reduction of the
primary [FeIII(CN)5H2O]2− ion [41,42,44], or by a redox reaction between this last species
and the released NO molecules, leading to NO+ cation that forms promptly NO2

− (step
3 in Scheme 1). In addition, NO can also be consumed in aerobic oxidation with the O2
dissolved in the solution to form NO2

− and NO3
− anions [45].

The key role of the 6e → 7e electronic transition is highlighted when studies are
performed using monochromatic radiation [40,46]; hence, several works have reported that
irradiating the nitroprusside solutions at the wavelength corresponding to the 2b2 → 7e
transition (near 500 nm), no release of the nitrosyl radical is detected. The explanation lies
in the fact that the 2b2 orbital is almost entirely composed of the iron dxy orbital, i.e., it
has a marked nonbonding character; therefore, the promotion of an electron to the π*(NO)
orbital does not influence significantly the strength of the Fe-NO bond.

An interesting question relies on whether the NO release competes with the linkage
metastable isomers MS1 and MS2, or it happens from the metastable states as a two-
step consecutive mechanism; this is a difficult task because photodegradation is usually
observed after prolonged irradiation times at room temperature and in solution phase,
i.e., under experimental conditions for which MS1 and MS2 decay rapidly and cannot be
detected with steady-state techniques.

Up to now, there has been no consensus regarding this issue. Several works have
postulated the consecutive mechanism [46–48] on the theoretical grounds that the structure
of MS1 and MS2 could favor the Fe-NO bond rupture [49,50]. On the other hand, the
work of Lynch et al. [37] supports the competitive mechanism for NaNP solutions at room
temperature based on the picosecond transient Infrared Spectroscopy technique, with
which they were able to trace simultaneously the appearance of MS1, MS2 and NO species.

3.2. Effect of T in the photodegradation of T[Fe(CN)5NO]·xH2O

The extent of the nitroprusside photolysis depends on the efficiency of the electronic
reorganization within the ES; conditions that favor a strong Fe(III)-NO σ interaction provoke
a fast deactivation of the ES, preventing bond rupture; on the contrary, as the σ interaction
becomes weaker, the life-time of the ES is expected to be longer, thus, increasing the
probabilities for Fe-NO bond rupture [46]. As can be inferred, there is room for controlling
the photolysis of nitroprusside-containing materials by tuning the electronic properties of
the internal block.

Based on this hypothesis, our research group tested the photo-stability of a series of
aqueous 3D transition metal nitroprusside dispersions in order to study the influence of
the external cation (T) bonded to the N ends of the T[Fe(CN)5NO]·xH2O structure, where
T = Mn, Fe, Co, Ni, Cu, Zn and Cd [18]. For this endeavor, we subjected the aqueous
dispersions to an intense white light lamp and analyzed the resulting products by FT-IR
and Mössbauer Spectroscopies along with potentiometric measurements to track the pH
variations during the photoreactions.

Since the ligands in the nitroprusside block are active in infrared absorption, giving
well-localized narrow and intense bands, FTIR is a valuable technique to sense the changes
involving them; at the same time, small variations in the coordination of the internal Fe
atom can be probed with Mössbauer spectroscopy. Thus, these techniques allow for tracing
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the loss of the NO ligand from the nitroprusside block and a facile identification of the
degradation products [FeIII(CN)5H2O]2− and [FeII(CN)5H2O]3−.

Our results evidenced two limiting situations. On one hand, when T = Mn and
Zn, the 3D compounds completely dissolve in water, and the recovered materials (by
rotoevaporating the solutions) show the typical spectroscopic signs encountered for NaNP
photodegradation, including a significant decrease of the solution pH. On the other hand,
for T = Co, Ni and Cu, the compounds are practically insoluble, which permits the sample
recovery by centrifugation; in these cases, the pH does not vary throughout the reaction, and
the recovered solids do not display spectroscopic variations respect to the original materials.

The case of the Cd compound presents an intermediate behavior: the insoluble fraction
remains unaltered and the soluble fraction is photodegraded. From these results, it is possi-
ble to rationalize the influence of T on the photodegradation tendency: 3D nitroprusside of
metal cations with low polarizing power are easily ionizable in water, which liberates the
internal building block and thus increases the electronic density in the N end of the CN
ligands (step 1 in Scheme 1); this charge is then available for the Fe(III) atom to stabilize the
photo-excited state, allowing longer a life-time that favors the rupture of the Fe(III)-NO
bond (step 2 in Scheme 1).

In contrast, in the nitroprussides where T forms stronger T-NC bonds due to the
significant polarization of the electronic density in the CN 5σ orbital toward the cation,
the available electronic density in the nitroprusside block is lower; as a consequence, the
σ interaction Fe(III)← NO in the ES becomes stronger and leads to rapid quenching of
the ES, frustrating the release of the nitrosyl radical from the nitroprusside block (step 4 in
Scheme 1).

The case of the FeNP is quite interesting because contrary to the expected behavior
owing to its polarizing power (intermediate between Mn and Co) not only the soluble
but also the insoluble fraction presents spectroscopic footprints of degradation, which are
now limited to the [FeII(CN)5H2O]3− species only. In addition, a careful analysis of the
Mossbauer spectrum at 5 K suggests the presence of Fe3+ cation in a high spin configuration
that is external to the building block.

All the experimental evidence points to the formation of the mixed-valence compound
Fe[FeII(CN)5H2O], similar to PB. Inspired by this finding, we performed a series of experi-
ments where several 3D TNP powder samples were extensively irradiated, with FeNP as
the only compound that showed traces of photodegradation, expressed as the occurrence
of the mixed-valence compound.

This result not only indicates the assisting role of the water in the NO release from
the nitroprusside block but also demonstrates the unusual sensitivity of the FeNP toward
photodegradation, which is clearly related with the PB-like species. In the initial ES, the
configuration Fe2+–NC–Fe(III)–NO leads to the more stable Fe3+–NC–Fe(II)–NO by a metal-
to-metal electron transfer from the external HS Fe2+ to the internal LS Fe(III) mediated by
the CN ligand, leading to a more stable configuration that significantly stabilizes the ES
(step 5 in Scheme 1).

3.3. Effect of Pyridine (Py) in the Photodegradation of T(Py)2[Fe(CN)5NO]

To obtain further insights on the influence of the nitroprusside electronic structure on
the material photostability, we prepared and evaluated a series of 2D transition metal nitro-
prusside derivatives containing pyridine (Py) as pillar molecules: T(Py)2[Fe(CN)5NO] [19].
Effectively, the treatment of the 3D materials with an excess of the organic molecule drives
the inclusion of it in the coordination sphere of the external metal as axial ligands, which
liberates the axial cyanide ligand of the nitroprusside block and transforms the initial
hydrated 3D structure into an anhydrous 2D structure [11].

As in the previous study, we tested the photostability of aqueous dispersions contain-
ing these 2D compounds as a function of the external metal T. For the sake of comparison,
experiments in dark conditions were first performed. The most striking feature was the
partial or complete recovery of the 3D phase due to the loss of the Py molecules from the
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metal coordination sphere; the 3D phase was detected by FTIR, and the free Py molecules
can be sensed due to the basification of the dispersed medium.

The 2D→ 3D transformation is more prominent as the polarizing power of T decreases;
for instance, while for the Ni compound the 3D phase is barely detected, for the Mn and Zn
counterparts, the whole samples are recovered in the soluble fraction as the 3D phases. For
the rest of the samples, both phases coexist with a 2D/3D composition that is consistent
with the cation polarizing power order. Using the Cu compound as a model, we were
able to tune the extent of Py losses by varying the ionic force of the medium, since high
salt concentration prevents the substitution of Py by water molecules in the coordination
sphere of T.

With this in mind, we then performed the analogous experiments under white light
illumination. The recorded degradation effects for the case of metals with low polarizing
power (Mn, Zn and Fe) were similar to those encountered during the photostability study
of the 3D TNP. This was expected because of the fast 3D formation at the initial stages of
the experiment; the pH behavior is consistent with this notion: it increases suddenly due to
Py release from the nitroprusside structure and then begins to decrease as a consequence of
the photolysis reactions.

The analysis of the data corresponding to the compounds containing cations of higher
polarizing power demonstrated that, contrary to the 3D TNP materials, a certain level
of photodegradation can be detected together with the ubiquitous 3D phase. In order to
rationalize this finding, we analyzed the NO release as a function of the ionic force of the
medium for the Cu compound. The obtained results indicated that NO losses are more
extensive as the ionic force becomes higher; at the same time, the same direct relation can
be found between the ionic force and the extent of Py losses, which is the inverse behavior
seen during the in-darkness experiments. Therefore, it seems that not only does NO and
Py release go hand-in-hand under illuminating conditions but also, more importantly, NO
release triggers the Py release.

The key factor for understanding the situation relies in the differential structural factor
that appears in the nitroprusside block on 2D formation: the free axial cyanide ligand
(CNaxial). For the cases where T is a low polarizing cation, the fast Py release provokes the
sudden formation of the 3D phase, which becomes ionized, and this process liberates the
nitroprusside block from the influence of T; therefore, the free CNaxial initially encountered
in the 2D structure does not have the opportunity to influence the photodegradation
process. Now well, the picture is different when the 2D structure contains a metal with
high polarizing power.

As it was explained, in this case, T retains the Py molecules in its coordination sphere,
thus, retarding the 2D→ 3D transformation; in other words, the CNaxial of the nitroprusside
block remains unbonded to metal centers. This allows the CNaxial to play part in the
electronic rearrangement that takes place after photoexcitation (step 1 in Scheme 2); in fact,
since now the available electronic density within the nitroprusside block is higher with
respect to the case when all the CN ligands are forming T-NC bonds, the extra stabilization
of the Fe(III) atom in the ES favors the rupture of the Fe-NO bond (step 2 in Scheme 2).

That explains why the 2D materials are more sensitive to photodegradation that the 3D
counterparts when T = Co, Cu and Ni. This proposed pathway is consistent with the direct
proportionality between the ionic force of the medium and the extent of NO release: as the
ionic force increases, the dielectric constant of the medium decreases, causing the excess
electronic density around the free CNaxial to be less dispersed throughout the medium, i.e.,
more available for stabilizing the photo-induced ES in the nitroprusside block.

Yet, what about the observed parallel behavior between NO and Py loses? Again, the free
CNaxial plays a fundamental role. The release of the NO ligand produces [FeIII(CN)5H2O]2−

residues throughout the structure; the extensive electronic rearrangement that takes place
within the aquopentacyanide complex provokes the CNaxial to bear higher electronic density
with respect to the case of the nitroprusside complex. As a consequence, the CNaxial ligand
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becomes more nucleophilic and could displace one Py molecule by attacking the metal center
of an adjacent layer, thus, forming a local 3D substructure (step 3 in Scheme 2).
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Scheme 2. Photodegradation pathways for the Co, Ni and CuPyNP samples.

Hence, it follows that, as the photolysis events are more frequent, the release of Py
molecules from the structure becomes more extensive. Clearly, the extent of the pillar’s
loss depends on its nucleophilicity. Thus, when Py is substituted by a more nucleophilic
derivative, such as 4-methoxypyridine [51], it is apparent that the rate of NO loss increases
respect to the rate of molecule loss.

Altogether, several useful conclusions can be drawn about the potential of transition
metal nitroprussides to tune the photodegradation response, which are summarized in
Table 1 for the studied compounds. For instance, the series of 3D TNP materials demonstrate
that there is a clear gap in the photo sensibility as a function of the metal nature. However,
the introduction of pillared molecules appears to open up possibilities for finer tuning; in
this regard, the variation of other structural properties (the nucleophilicity of the organic
ligand) or the medium conditions (the dielectric constant) could also be helpful. Controlling
the NO release in photo-sensible systems is crucial in the design of functional materials
with biomedical applications [52,53].

Table 1. The photostability of the aqueous dispersions for the studied 3D and 2D transition metal
nitroprussides *.

T T[Fe(CN)5NO]·xH2O (3D) T(Py)2[Fe(CN)5NO] (2D)

Mn Low Low

Fe Low Low

Co High Medium

Ni High High

Cu High Medium

Zn Low Low

Cd Medium -

* Experimental conditions: illuminating source: white-light lamp (8 × 104 lux); sample concentration: 0.5 g/L;
reaction volume: 100 mL; reaction time: 4 h. See other details in references [18,19].

130



Photochem 2022, 2

4. Role of the Photo-Induced Charge Transfer in the Physical and
Functional Properties

The relatively high stability (lifetime τ > 107 s below 160 K) for the photo-induced
metastable states (MS1 and MS2) together with the GS state (Figure 2) represent three
available possible light-driven configurations in the nitroprusside ion to modify the physical
and functional properties of materials based on that building block. The existence of
such long-lifetime meta-stable states stimulated the study of crystals of sodium, barium
and guanidinium nitroprussides as materials for holographic information storage in the
past [54].

In addition, the orientation of the Fe-NO group can be tuned through a controlled
2b2 (xy) → 7e (π*NO) charge transfer within the GS, enlarging such possibilities for
nitroprusside-based materials. That last effect is observed, for instance, during the 3D to
2D structural transition, which is probed as a progressive decrease in the frequency of the
ν(NO) stretching vibration but without reaching the frequency values corresponding to the
meta-stable states [55].

The above-discussed photo-induced magnetic order in nickel nitroprusside is a typical
example of light-driven physical properties in metal nitroprusside taking advantage of
the MLCT by photon absorption in a certain energy region [35,36]. Such a charge transfer
leads to the appearance of an unpaired electron on the iron atom and, at the same time, to a
reduction in the electron density on this atom.

This last effect reduces the charge density accumulated at the CN 5σ orbital; however,
the Ni(2+) has a sufficiently high polarizing power to participate in a strong superexchange
magnetic interaction with the iron atom, thereby, resulting in the reported photo-induced
magnetic order at low temperature. The unpaired electrons in the Ni and iron atoms are
found in orthogonal orbitals, eg and t2g, respectively, and the magnetic interaction between
them has a ferrimagnetic character (Figure 3A). This is a typical example of a cooperative
physical property induced by the sample illumination.

For the Mo analog, Cs1.1Fe0.95[Mo(CN)5NO]·4H2O, the photo-switchable ion conduc-
tion was documented [56]. In the crystal structure of that material, six molecular blocks
(Mo(CN)5NO) are arranged in such a way that their six unbridged NO groups are oriented
toward the center of a cube forming a cavity of ca. 5 Å. One of the water molecules is found
coordinated to the iron atom, which behaves as a Lewis acid, inducing the release of a
proton from the coordinated water molecule.

The remaining water molecules form a chain of hydrogen-bonding interactions where
the coordinated water molecule and the O end of the NO group participate. Such a network
of hydrogen-bonding interactions supports fast ionic conduction, 1 × 10−3 Scm−1, for the
released proton, via its hopping between water molecules (Grotthuss mechanism), in the
non-irradiated sample. When the sample is irradiated with a light of 532 nm, the ionic
conductivity decreases to 6 × 10−5 Scm−1, which is accompanied by a decrease in the
frequency of the ν(NO) vibration.

Such changes were ascribed to a photo-isomerization of the NO ligand, breaking the
chain of hydrogen-bonding interactions and, from this fact, the observed reduction in the
ionic conductivity (Figure 3B); once the irradiation ceases, the conductivity progressively
recovers the initial value [56]. More recently, the same research group has explored the
use of a dysprosium-containing nitroprusside complex as a reversible photo-switchable
nonlinear-optical crystal [57]. Upon irradiation at 473 nm, there is a notable increase in the
second harmonic generation signal due to the large hyper-polarizability of the –ON+ group
belonging to the linkage isomer MS1, which is depleted if the crystal is brought back to its
ground state by irradiating at 804 nm.

Recently, the formation of a salt of the nitroprusside ion with polar organic cation,
e.g., dimethylammonium (Me2NH2

+), was evaluated as a route to obtain light-tunable
ferroelectric materials [58]. That organic cation has a permanent dipole moment of 2.2
Debye. Such hybrid solids are obtained by evaporation of an aqueous solution of sodium
nitroprusside and the organic cation as hydrochloride. From the obtained solid, crystals
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of (Me2NH2)Na[Fe(CN)5NO] are separated and then submitted to a variable-temperature
structural study, in the 298 to 458 K range, complemented with DSC data.

This material undergoes a reversible structural transition that is easily detected in
the recorded DSC curves as exothermic/endothermic peaks at ca. 423 and 408 K. These
thermal effects and the XRD powder patterns provide a conclusive clue on the occurrence
of an order-disorder phase transition. The structure for the phase below the transition
temperature (TC) corresponds to a polar space group Pna21, where the organic cation
behaves as a charge balancing cation occupying the cavities in a framework formed by
Na[Fe(CN)5NO] units, interacting with the N ends of the ligands through hydrogen bonds.

Once the material is heated above TC, the structure changes to a centrosymmetric
space group (Pnam) related to a certain rotational disorder for the organic cation. Such
structural change has relevant implications for the material physical properties. Below TC,
it behaves as a ferroelectric material, and the observed structural change results in a first-
order ferroelectric phase transition. Below Tc, all the organic cation dipole moments appear
ordered (Figure 3C). According to the recorded IR spectra before and under irradiation
with light of 532 nm, in this material, both MS1 and MS2 meta-stable states can be excited.

From this fact, the authors advanced that such a photo-induced effect opens the possi-
bility to obtain multiple-states ferroelectric materials with attractive potential applications.
An analog study was reported for (Me2NH2)K[Fe(CN)5NO] with the additional attractive
that its authors report a uniaxial positive thermal expansion below TC but above the transi-
tion temperature, the three axes elongate without a notable anisotropy [59]. Considering the
photo-isomerization in the nitroprusside building block, its effect on both the ferroelectric
state and the atypical thermal expansion is anticipated but not documented.

Recently, 2D ferrous nitroprussides pillared with organic ligands have emerged as
a series of hybrid inorganic-organic solids with thermally-induced spin-crossover (SCO)
behavior [12,13,60]. Such an unusually large number of compositions with SCO was
ascribed to the role of the NO group as an electron buffer to modulate the electron density
found at CN 5σ orbital in the equatorial CN ligands [60]. This allows the tuning of the local
crystal field sensed by the iron atom to have a 10Dq value appropriate to stabilize the low
spin (LS) state (eg

0t2g
6) on the sample cooling.

If the sample in the LS is irradiated with light of a wavelength appropriate to induce
a Fe to NO charge transfer, the electron density in that molecular orbital (5σ) lowers,
diminishing the value of 10Dq, and the spin state will be perturbed, favoring the LS to HS
(high spin) transition. That effect has not been studied; however, it is expected. In that case,
the sample irradiation would be a route to commute between the LS and HS states with
consequent potential applications (Figure 3D).

In the interlayer region of 2D transition metal nitroprussides, the NO group is found
as a dangling ligand with a negative charge density at its O end. This is an appropriate
adsorption site for small quadrupolar molecules, e.g., H2, N2, CO2 and CS2. The presence
of such guest molecules in that region can be probed as a certain frequency shift for the
ν(CN) stretching band accompanied by a change in its splitting [55]. These effects could be
amplified through the sample illumination, within the GS for the NO ligand.

Figure 3 illustrates the main mechanisms involved in the light-driven functional
properties related to the photo-induced NO isomerization discussed above. The study of
molecular materials and those of hybrid inorganic-organic nature is an emerging research
area, and many examples where the nitroprusside ion forms part of these materials could
be reported in the near future. In such materials, the photo-induced isomerization of the
NO ligand appears like a route for tuning their physical and functional properties.
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5. Concluding Remarks

Nitroprussides exhibit interesting physical and functional properties—particularly
the coordination polymers formed with transition metal ions. Such properties have been
recently summarized and include their potential application for small molecule separation
and storage, battery materials, sensors, actuators, information storage, optical materials,
photo-catalysis, healthcare, etc. In the presence of water molecules, including those found
in their framework as structural or absorbed water, we discussed the light absorption and
induced photo-isomerization results in the liberation of the photo-active nitrosyl group
with the consequent material degradation.

In this paper, the understanding of the degradation mechanisms in the presence of
light and water received particular attention. In the absence of water molecules, the photo-
isomerization of the NO group appears as a reversible process that can be used to modulate
the physical and functional properties of metal nitroprussides. The photo-chemistry of
the nitroprusside ion in other solvents remains poorly documented, and considering the
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potential application of materials based on this building block, this is a subject that deserves
to be considered in further studies. Molecular and hybrid inorganic–organic solids are
opening new opportunities to prepare materials where different physical properties are
combined to obtain novel functional materials.

This will be an active research area for metal nitroprussides in the future for applica-
tions in spintronic, photo-optical devices, sensors and actuators and smart materials with
the ability to respond to external agents as observed in solids with a spin-crossover effect.
In this contribution, some of these potentialities are briefly summarized, and others are
anticipated. This feature paper was prepared with the intention of helping to understand
the photochemistry of nitroprusside-based materials and how to control the favorable and
unfavorable effects.
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Abstract: The conformational stability, infrared spectrum, and photochemistry of phenyl 1-hydroxy-
2-naphthoate (PHN) were studied by matrix isolation infrared spectroscopy and theoretical com-
putations performed at the DFT(B3LYP)/6-311++G(d,p) level of theory. The main intramolecular
interactions determining the relative stability of seven conformers of the molecule were evaluated. Ac-
cording to the calculations, the twofold degenerated O–H···O=C intramolecularly hydrogen-bonded
conformer with the phenyl ring ester group ±68.8◦ out of the plane of the substituted naphtyl moiety
is the most stable conformer of the molecule. This conformer is considerably more stable than the
second most stable form (by ~15 kJ mol−1), in which a weaker O–H···O–C intramolecular hydrogen
bond exists. The compound was isolated in cryogenic argon and N2 matrices, and the conforma-
tional composition in the matrices was investigated by infrared spectroscopy. In agreement with the
predicted relative energies of the conformers, the analysis of the spectra indicated that only the most
stable conformer of PHN was present in the as-deposited matrices. The matrices were then irradiated
at various wavelengths by narrowband tunable UV light within the 331.7–235.0 nm wavelength range.
This resulted in the photodecarbonylation of PHN, yielding 2-phenoxynaphthalen-1-ol, together
with CO. The extension of the decarbonylation was found to depend on the excitation wavelength.

Keywords: phenyl 1-hydroxy-2-naphthoate; conformational space; infrared spectra in argon and N2

matrices; photodecarbonylation; 2-phenoxynaphthalen-1-ol

1. Introduction

Hydroxynaphthoate derivatives show important biological and medicinal proper-
ties. For example, methyl 1-hydroxy-2-naphthoate and ethyl 1,6-dihydroxy-2-naphthoate
present anti-inflammatory activity [1,2], while 1-hydroxy-2-naphthoic acid itself has a rec-
ognized antibacterial action [3]. The 1-hydroxy-2-naphthoate moiety is observed in natural
products such as the cytotoxic compounds 3-hydroxymollugin and 3-methoxymollugin [4].
In addition, hydroxynaphthoates have been used as precursors for the synthesis of the
anti-carcinogenic compounds taiwanin C [5,6], α- and β-sorigenin methyl ethers [7], and
olivin trimethyl ether [8].

Woolfe and Thistlethwaite [9,10] have reported on the photophysics of methyl 3-
hydroxy-2-naphthoate and phenyl 1-hydroxy-2-naphthoate. They observed that the
first compound gives rise to a dual fluorescence emission, with one component exhibit-
ing a large Stokes shift, in contrast to the second compound, which exhibits normal
fluorescence [9,10]. Law and Shoham have also investigated the photophysics of methyl 3-
hydroxy-2-naphthoate in different solvent media and at various temperatures, confirming
the previous observations regarding its unusual fluorescence pattern, which they inter-
preted as being the result of a photoinduced excited-state intramolecular proton transfer
(ESIPT), leading to the formation of the enol tautomer of the compound that is responsible
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for the Stokes-shifted emission [11]. The formation of the enol is facilitated by the presence
in the ground state of a strong intramolecular hydrogen bond.

Evidence on the existence of intramolecular hydrogen bonding in methyl 2-hydroxy-
3-naphthoate has been reported by Bergmann and co-workers [12]. Similarly to methyl
3-hydroxy-2-naphthoate, methyl 2-hydroxy-3-naphthoate exhibits a dual fluorescence
emission, which was also explained assuming the occurrence of enolization via ESIPT upon
excitation [13]. The ESIPT mechanism in jet-cooled methyl 2-hydroxy-3-naphthoate has
been investigated comprehensively, more recently, by McCarthy and Ruth [14]. On the
other hand, the lack of ESIPT emission for both methyl 1-hydroxy-2-naphthoate and
methyl 2-hydroxy-1-naphthoate has been explained by Catalán et al. [15] in terms of the
rapid non-radiative dynamics of their respective lowest-energy keto tautomers. Those
authors concluded that the relative position of the intramolecular hydrogen bond in the
naphthalene skeleton in this type of compound acts as a switch, and controls the yield of
the ESIPT process [15]. These results are also in agreement with the work of Tobita and
co-workers on methyl 1-hydroxy-2-naphthoate, in which the fluorescence characteristics
of this compound were compared with those exhibited by 1-hydroxy-2-acetonaphthone
and 1-hydroxy-2-naphthaldehyde [16]. The occurrence of ESIPT has also been observed
for phenyl 1-hydroxy-2-naphthoate (PHN) in a previous study by some of the present
authors [17], in which the solvatochromism, intramolecular hydrogen bonding, and ground
and excited state dipole moments of the compound were investigated using fluorescence
spectroscopy in solutions of different solvents.

In the present study, we focused on the ground-state conformational preferences
exhibited by PHN, its infrared spectrum, and UV-induced photochemistry under matrix
isolation (Ar and N2 matrices) conditions. The interpretation of the experimental results
received support from structural and spectroscopic data obtained from electronic structure
calculations undertaken within the density functional theory (DFT) framework. As de-
scribed in detail below, intramolecular hydrogen bonding plays a major structural role in
PHN. Conformational photo-isomerization, with production of a high-energy conformer
of the compound, and photo-induced decarbonylation of PHN were found experimen-
tally to be the major processes taking place upon in situ narrowband UV excitation of
the matrix-isolated compound within the 331.7–235.0 nm range, with the extension of the
conformational isomerization reaction depending on the excitation wavelength.

2. Experimental Details: Matrix Isolation Infrared and Photochemical Experiments

A commercial sample of PHN was provided by Sigma-Aldrich, St. Louis, MO, USA
(powder; 99% purity), and was used without any further purification. In order to prepare
the cryogenic matrices, the sample was placed in a mini glass oven attached to the vacuum
chamber of the cryostat, and was sublimated using a thermoelectrical heating system,
whosemain component is a DC Power Supply VITEECOM, model 75-HY5003. The vapor
of the compound was co-deposited with a large excess of the host matrix gas (Ar or N2,
obtained from Air Liquide) onto a cold CsI window assembled at the tip of the cryostat, and
cooled to 10 K by an APD Cryogenics DE202 closed-cycle refrigerator system. The solute
to matrix ratios were kept at ~1:1000 in order to guarantee the adequate isolation of the
compound. The temperature of the matrix sample was measured at the sample holder by
using a LakeShore Model 331S Temperature Controller, with 0.1 K accuracy.

The infrared spectra were collected in the 4000–400 cm−1 range, with 0.5 cm−1 res-
olution, using a Nicolet 6700 FTIR spectrometer (Waltham, MA, USA) equipped with a
mercury cadmium telluride (MCT) detector and a KBr beam splitter. The instrument was
purged by a stream of dry/CO2-filtered air in order to avoid interference from atmospheric
H2O and CO2 vapors.

The photoexcitation of the matrix-isolated PHN was performed through the outer KBr
window of the cryostat using tunable narrowband UV light (full-width at half-maximum
of 0.2 cm−1) provided by a Spectra Physics MOPO-SL optical parametric oscillator (OPO)
pumped by a pulsed (pulse duration 10 ns, repetition rate 10 Hz) Quanta Ray Pro-Series
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Nd-YAG laser. The excitations were undertaken within the 331.7–235.0 nm wavelength
range, and were performed with different pulse energies and exposure times (see Table S1
in the Supplementary Materials for details).

3. Computational Details

All quantum chemical computations were performed with Gaussian 09 (revision
A.02) [18]. The geometries were fully optimized at the DFT level of theory using the B3LYP
functional [19–21] and the 6-311++G(d,p) basis set [22]. The harmonic vibrational frequen-
cies and infrared intensities were calculated at the same level of theory, the frequencies
being subsequently scaled by a factor of 0.978 in order to approximately correct them for the
neglected anharmonicity and method/basis set limitations. The assignment of the vibra-
tional modes was performed with the help of the animation module of GaussView (version
5.0) [23]. In the simulated spectra, the infrared bands were built using Lorentzian functions
centered at the calculated (scaled) frequencies, and with a full-width at half-maximum
(fwhm) of 2 cm−1.

4. Results and Discussion
4.1. Geometries and Relative Energies of the PHN Conformers

The relative energies of the conformers of PHN, calculated at the B3LYP/6-311++G(d,p)
level, are presented in Table 1. The optimized structures of the various conformers
are represented in Figure 1, while their Cartesian coordinates are provided in Table S2
(Supporting Information). Table 2 gives the optimized values for the conformationally-
relevant dihedral angles of the different conformers of PHN.

Table 1. Calculated relative electronic energies (∆E), zero-point corrected electronic energies (∆E(0)),
and standard Gibbs energies (∆G◦; 298.15 K; 1 atm) for the different conformers of PHN, dipole
moments (µ), and estimated gas phase equilibrium populations at 298.15 K (p(298.15)) a.

1 2 3 4 5 6 7

∆E 0.00 14.75 33.13 57.45 55.98 81.46 77.03
∆E(0) 0.00 14.41 32.35 54.14 53.04 77.36 73.15
∆G◦ 0.00 13.02 33.53 49.65 49.48 75.72 73.19

p(298.15) 99.5 0.5 0.0 0.0 0.0 0.0 0.0
µ 1.75 1.25 3.80 3.41 3.89 5.55 6.17

a Relative energies in kJ mol−1; dipole moments in Debye.Populations in % were estimated using the Boltzmann
equation. The calculated absolute values for E, E(0) and G◦ for conformer 1 are: −880.9763632, −880.730014, and
−880.774689 hartrees, respectively.
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Table 2. Optimized conformationally-relevant dihedral angles of the different conformers of PHN a.

Dihedral Angle b 1 2 3 4 5 6 7

C–C–O–H −0.1 0.1 −3.4 −172.5 −171.1 164.3 −170.6
O=C–C–C −0.2 −179.8 6.6 −10.8 162.5 −59.6 −132.9
C–O–C=O −0.7 0.7 −118.2 −2.1 −3.3 157.1 −153.1
C–C–O–C −68.8 76.6 25.7 −63.7 −57.5 −52.3 44.6

a Angles in degrees. The indicated values correspond to the form shown in Figure 1; for all of the conformers,
there is a symmetry-related minimum wherethe dihedral angles assume the symmetric values. b The carbon
atoms in bold correspond to the two ring carbon atoms where the substituents are bound; the C–C–O–C dihedral
corresponds to the smaller dihedral made by the phenyl ring of the ester group relative to the plane of the
carboxylate moiety.

The molecule of PHN has four a priori conformationally-relevant internal rotation
axes, which can be defined as a function of the C–C–O–H, O=C–C–C, C–O–C=O and C–C–
O–C dihedrals provided in Table 2. The first and second dihedrals determine the relative
orientation of the OH and phenylcarboxy substituents, while the third and fourth dihedrals
are related to the conformation assumed by the phenyl ester group. One can group the
seven different conformers of PHN into two groups, the first comprising conformers 1–3,
which bear an O–H···O intramolecular hydrogen bond and are of lower energy, and the
second including the remaining four conformers (4–7), in which no intramolecular hydro-
gen bond exists, and that are of higher energy. All conformers are doubly-degenerated by
symmetry, so that all structures shown in Figure 1—the dihedrals of which are specified
in Table 2—have symmetry-related equivalent forms in which all of the dihedral angles
have symmetric values. For simplicity, in the discussion below, we will only refer to the
structures depicted in the Figure.

In the first group of conformers, the two lower energy forms (1 and 2) have the
ester group in the intrinsically more stable cis conformation (C–O–C=O dihedral equal
to ~0◦) [24,25], whereas conformer 3 has this group in a distorted trans geometry where
the C–O–C=O dihedral is −118.2◦ (the trans arrangement corresponds to a C–O–C=O
dihedral equal to ~180◦). The reasons for the higher stability of the cis ester arrangement
have been pointed out in detail elsewhere [24]. Essentially, the main factor responsible
for the stabilization of a cis carboxylic ester arrangement in relation to the trans one is
electrostatic in nature, and results from the different relative orientation of the dipoles
associated with the C=O and O–C (ester) bonds in the two types of geometries. In the
cis geometry, this alignment is nearly anti-parallel (attractive, stabilizing), while in the
trans it is approximately parallel (repulsive, destabilizing). In conformer 3, the distortion
relative to the trans conformation results from the strong steric repulsion in that geometry
between the phenyl and naphtol moieties (see Figure 1). Conformer 1, in which a strong
intramolecular hydrogen bond is established with the carbonyl oxygen atom, is the most
stable conformer of PHN, with conformer 2, where a weaker intramolecular hydrogen
bond is established with the ester oxygen atom, being higher in energy than form 1 by
14.75 kJ mol−1. In all of the conformers 1–3, the phenyl ester group is considerably out of
the carboxylic plane in order to minimize repulsions within the carboxylic ester group (for
1 and 2) and with the naphtol moiety (in the case of 3). Conformer 3 is higher in energy
than the most stable PHN conformer by 33.13 kJ mol−1.

The four higher-energy non-hydrogen bonded conformers (4–7) have relative energies
from ca. 55 to about 81 kJ mol−1 above conformer 1. In all these conformers, the dominant
intramolecular interactions are of repulsive type, and are established between the lone
electron pairs of the hydroxylic and the carbonylic or carboxylic ester oxygen atoms. In
the case of the highest energy conformers 6 and 7, to these repulsions one must also add
the extra energy resulting from the unfavorable trans arrangement of the ester group and
the phenyl-naphtol repulsions (in the case of 6). As for the lower energy conformers, the
high-energy conformers of PHN also have the phenyl ester group considerably out of the
carboxylic plane in order to minimize repulsions.
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It is interesting to examine in more detail the intramolecular hydrogen bonds present
in conformers 1–3. Table 3 presents some structural parameters (bond distances and angles)
that are useful to estimate the different strengths of the hydrogen bonds in these conformers.
Some of these structural parameters can also be correlated with the different stability of the
cis and trans ester arrangements. As seen in the Table, the strongest hydrogen bond occurs
in conformer 3, as measured by the values of the H···O and O···O distances and, to a less
extent, by the O–H bond lengths found in the three conformers under consideration. The
hydrogen bond in conformer 1 is slightly less strong than that present in conformer 3, while
that present in conformer 2 (which is established with the ester oxygen atom as acceptor
instead of the carbonylic oxygen atom as in 1 and 3) is much weaker, in particular if one
takes into account the smaller value for the O–H···O angle and the much longer H···O
distance (see Table 3). If we assume that the energy difference between 1 and 2 is mostly
due to the different strengths of the intramolecular hydrogen bonds present in these two
forms, we can estimate that the one that is present in the most stable conformer is about
10–15 kJ mol−1 stronger than that which is present in conformer 2. On the other hand,
assuming that the hydrogen bonds in 1 and 3 do not differ by more than 3–5 kJ mol−1 in
energy, the (trans-ester)–(cis-ester) intrinsic energy difference can be roughly estimated as
being of ca. 30 kJ mol−1 in PHN, a value that is similar to those found in other carboxylic
esters [24,25].

Table 3. Selected optimized geometric parameters (distances and angles) for the intramolecularly hydrogen-bonded
conformers 1–3 of PHN a.

Conformer C–O
(Naphtol) O–H H . . . O C=O C–O

(Carboxylic) O . . . O <(O–H . . . O)

1 1.339 0.986 1.715 1.224 1.358 2.593 146.2
2 1.347 0.973 1.751 1.201 1.397 2.597 143.2
3 1.336 0.987 1.700 1.221 1.377 2.579 146.2

a Distances in Å; angles in degrees.

The relative values of the C–O (naphtol) and O–H bond lengths and the H···O dis-
tances correlate with the relative strength of the intramolecular hydrogen bonds in the
three conformers, the first and the last becoming shorter and the second becoming longer
when the hydrogen bond becomes stronger, as expected. On the other hand, the relative
values of the C=O bond lengths require a somewhat more elaborated explanation, because
two factors are relevant to their determination. On the one side, there is the well-known,
more important π-electron delocalization in the cis-ester arrangement compared to the
trans-ester geometry, which favors a longer C=O bond in 1 and 2 compared to 3 [24,25],
and on the other side, there are the relative strengths of the hydrogen bonds in 1 and 3,
in which the carbonyl oxygen atom acts as the acceptor, and the non-participation of this
atom in the hydrogen bond in 2, which favors a longer C=O bond in the order 3 > 1 > 2. On
the whole, the two factors lead to the observed order for the C=O bond lengths: 1 > 3 >> 2.
The higher degree of π-electron delocalization in the cis-ester conformation (as in 1 and 2),
compared to the trans-ester geometry (as in 3) is also in accordance with the shorter C–O
(carboxylic) bond length in 1 compared to 3 (form 2 has the longest C–O bond among the
three conformers because of its involvement in the intramolecular hydrogen bonding).

In the context of the present work, the relative energies of the different conformers are
of particular importance. It is clear from Table 1 that, in the room temperature (298.15 K)
gas phase equilibrium, conformer 1 accounts for 99.5 % of the total population. Because the
gaseous beam of the compound (and matrix gas: Ar; N2) was at room temperature in the
matrix isolation experiments described in the next sections, one can expect that only con-
former 1 shall be present in the matrices in a detectable amount. Conformer 2 is predicted
by the calculations to account for only 0.5% of the population, which is too low to allow its
experimental detection, while the remaining conformers have a negligible population.
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4.2. Infrared Spectra of Matrix-Isolated PHN

In the present study, PHN was isolated in low temperature (10 K) Ar and N2 matrices,
as described in Section 2. The recorded experimental mid-IR spectra of the as-deposited
matrices in the 1800–1100 and 1100–450 cm−1 spectral regions are shown in Figures 2 and 3,
in which they are compared with the B3LYP/6-311++G(d,p)-calculated infrared spectrum
of conformer 1 (the spectral range 3500–2900 cm−1 is shown in Figure S1). The proposed
band assignments are provided in Table 4, together with the calculated frequencies and
infrared intensities.
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Figure 2. Infrared spectrum of PHN in Ar (middle) and N2 (bottom) matrices (10 K), and the
B3LYP/6-311++G(d,p) calculated spectra for PHN conformer 1 (top) in the 1800–1100 cm−1 range.
The band at 1597 cm−1 in the N2 matrix spectrum, and those at 1624, 1608, 1593 and 1590 cm−1 in
the Ar matrix spectrum are due to traces of monomeric water impurity.
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Figure 3. Infrared spectrum of PHN in Ar (middle) and N2 (bottom) matrices (10 K), and the
B3LYP/6-311++G(d,p) calculated spectra for PHN conformer 1 (top) in the 1100–500 cm−1 range.
The very small bands at ~668 cm−1 are due to atmospheric CO2.

As seen from Figures 2 and 3 and Table 4, the calculated spectrum for conformer
1 reproduces the experimental data very well, demonstrating the sole existence of this
conformer in the matrices and making the assignment of the experimental spectra straight-
forward. The excellent reproduction of the experimental data by the calculations shall
be highlighted, because frequently the DFT method does not describe hydrogen bonding
precisely, which is an essential intramolecular interaction in the case of the experimentally-
relevant conformer of the studied molecule. Nevertheless, the functional/basis set used
in the present study has been shown to be reliable for infrared spectra predictions for
many other intramolecularly-bonded molecules formed exclusively by atoms of the first
and second row of the periodic table [26–28]. In here, only the assignments for the most
prominent characteristic vibrations of PHN will be briefly addressed.
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Table 4. Assignment of the observed IR spectra of PHN in argon and N2 matrices (10 K), and the B3LYP/6-311++G(d,p)
calculated spectra for conformer 1 a.

Experimental Calculated
(Form 1)

Ar Matrix N2 Matrix ν b IIR Approximate Description c

3435/3375 3429/3375 3314 476.4 νO–H

3166 3167
3141 3.3 νC–H ring2
3138 5.0 νC–H ring3

n.obs. n.obs. 3133 1.3 νC–H ring1

3124 3131
3128 7.1 νC–H ring1
3119 22.0 νC–H ring1

3097 3102 3117 21.8 νC–H ring3
3085 3087 3109 7.8 νC–H ring1

3074 3078
3107 15.8 νC–H ring2
3105 4.0 νC–H ring3
3100 0.4 νC–H ring1

n.obs. n.obs. 3093 0.4 νC–H ring3
1691/1686/1682/1680 1693/1689/1682/1681 1671 329.1 νC=O

1644/1639 1641/1638 1628 131.5 ν rings2-3, δO–H
1610 1619 1605 10.4 ν rings2-3
1605 1606 1602 12.8 ν ring1
1598 1600 1597 33.6 ν ring1
1585 1582 1571 69.9 ν rings2-3, δO–H

1512/1506 1511/1507 1504 19.0 ν rings2-3, δC–H rings2-3
1496 1498 1488 55.5 ν ring1, δC–H ring1
1465 1469/1464 1464 51.6 ν rings2-3, δC–H rings2-3, δO–H
1459 1460 1453 3.4 ν ring1, δC–H ring1
1434 1431 1432 18.6 ν rings2-3, δC–H rings2-3, δO–H

1420/1415 1420/1415 1410 62.1 δC–H rings2-3, νC–O(H), δO–H
1393/1390 1395/1391 1397 24.3 δC–H rings2-3, νC–O(H), δO–H
1373/1364 1369/1365 1364 103.0 ν rings2-3, δO–H

1351/1350/1340/1331 1354/1352/1343/1340 1328 354.9 δO–H, νC–C, νC–O, νC–O(H), ν rings2-3
1318 1320 1317 1.4 ν ring1, δC–H ring1

1298/1294 1300/1295 1299 1.4 ν ring1, δC–H ring1
1276/1271 1280/1271 1269 78.2 δO–H, δC–H ring3

1255 1255 1244 464.8 νC–C, νC–O, δC–H rings2-3
1236/1234 1242 1217 10.0 νC–O(H), δ rings2-3, δC–H rings2-3
1223/1219 1223/1219 1205 16.5 δ rings2-3, δC–H rings2-3

1205/1204/1199/1198 1212/1207/1199/1195 1186 549.5 νC–O–C asym.
1166/1165 1165 1159 129.6 δC–H ring1

1159 1158 1155 16.6 δC–H ring1
1156 1152 1152 19.6 δC–H ring3
1151 1151 1150 34.6 δC–H rings2-3

1139/1137 1140/1138 1127 165.6 δC–H rings2-3, δO–H, νC–O
1088 1089 1076 110.6 δ rings2-3, δC–H rings2-3, νC–O(H)

1078/1074 1079/1073 1072 10.3 δC–H ring1
1027 1025 1023 0.8 ν ring3
1025 1022 1020 15.0 δC–H ring1

1008/1002 1009/1002 997 9.3 δ ring1
n.obs. n.obs. 980 0.0 γC–H ring3
n.obs. n.obs. 977 0.1 γC–H ring1

963 967 963 0.6 γC–H rings2-3
955 n.obs. 958 0.1 γC–H ring1
953 954 954 0.7 γC–H rings2-3

931/930 933 923 24.5 γC–H ring1
903/902 906 899 24.0 γC–H ring1

880 879 870 3.1 δ ring3
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Table 4. Cont.

Experimental Calculated
(Form 1)

Ar Matrix N2 Matrix ν b IIR Approximate Description c

871 875 865 4.0 γC–H rings2-3
845/840 846 830 13.0 γC–H ring1, δC–O–C

826 n.obs. 821 0.5 γC–H ring1
822 825 814 9.2 γC–H rings2-3

800/797 801 790 36.9 γC–H rings2-3
794/792 792 786 3.1 δO–C=O, δ rings1-2-3

774 777 777 122.2 τO–H
754 755 757 12.2 γC=O

745/743/742/740 746 737 38.6 γC–H ring1
734/731 735 726 4.7 γC–H rings2-3, γC=O

723 723 717 14.9 δ rings2-3
687 691 684 25.2 γC–H ring1
660 661 656 5.9 γC–O(H)
632 631 628 0.8 δ rings1-2-3
616 617 616 0.7 δ ring1
605 604 599 4.4 δ rings2-3
576 578 577 8.1 τ rings2-3
552 551 550 15.2 Skeletal deformation
527 528 525 1.1 Skeletal deformation

504/501 503 500 7.5 τ ring1
488 488 483 8.1 δ rings2-3
479 481 479 0.4 τ rings2-3
422 422 423 6.1 τ ring3

n.obs. n.obs. 412 0.2 τ ring1
n.obs. n.obs. 408 4.7 δC–O(ph)

n.i. n.i.

387 1.3 Skeletal deformation
345 12.4 νH...O
277 1.1 Skeletal deformation
268 2.2 Skeletal deformation
220 2.6 rings2-3 sym. butterfly
214 0.7 τ ring1
157 1.5 δC–C=O
142 0.5 rings2-3 asym. butterfly
99 0.1 γC–C(ester)
74 0.2 τC–C
56 0.7 γC–O(ph)
28 0.5 τC–O
15 0.1 τO–C

a Frequencies in cm−1; calculated intensities in km mol−1; n.obs., not observed; n.i., not investigated. b The calculated frequencies were
scaled by 0.978. c ν, stretching; δ, bending; γ, rocking; τ, torsion; sym., symmetric; asym., anti-symmetric; ph, phenyl ester group. Rings 1,
2, and 3 correspond to the phenyl ester, phenol, and benzo aromatic moieties, respectively.

4.2.1. 3500–2900 cm−1 Region

The stretching mode of the H-bonded O–H group can be expected to give rise to a very
broad band, spreading across a wide range of frequencies. Accordingly, in the experimental
spectra, a broad feature is observed within the 3460–3350 cm−1 range, with maxima at 3435
and 3375 cm−1 in the case of the argon matrix spectrum, and at 3429 and 3375 cm−1 for
the N2 matrix, which are ascribed to the νO–H stretching mode. It is interesting to note
that the calculations predict this vibration at 3314 cm−1, i.e., somewhat shifted to lower
frequencies when compared to the experimental data. Such a result may indicate that
the intramolecular hydrogen bond strength is overestimated to some extent by the DFT
calculations, a result that has been found for other molecules bearing strong intramolecular
hydrogen bonds, e.g., malonic acid [29]. The fact that the experimentally-observed bands
have two major maxima indicates that, in both matrices, PHN molecules have been trapped
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in two main matrix sites, a conclusion that is reinforced by the observation of other bands
exhibiting a doublet-type structure in other spectral regions, as pointed out below.

The bands originating in the aromatic C–H stretching modes give rise to the structured
features spreading from 3261 and 2970 cm−1, and from 3229 and 2895 cm−1, in the argon
and N2 matrices, respectively. These spectral features result from extensive overlapping
bands due to the different νC–H stretching modes (which can also be expected to be
site split) and also comprise contributions resulting from Fermi resonance interactions
involving the overtones and combination modes of the δC–H bending and νC–C stretching
ring modes whose fundamentals are observed in the 1550–1450 cm−1 range. This is in
accordance with the findings of earlier theoretical studies that found a strong contribution
of non-fundamental modes to the C–H stretching region [30].

4.2.2. 1800–1100 cm−1 Region

In this spectral range, the IR spectrum of PHN is dominated by the strong bands pre-
dicted at 1671 (νC=O), 1328 (a mixed mode with major contributions from δO–H, νC–O(H),
νC–O and νC–C), 1244 (corresponding essentially to the anti-symmetric stretching mode
involving the C–C and C–O bonds α to the carbonyl) and 1185 (νO–C–O anti-symmetric
stretching) cm−1. These bands have experimental counterparts in the experimental spectra
obtained in the argon and N2 matricesat 1691/1686/1682/1680, 1351/1350/1340/1331,
1255 and 1205/1204/1199/1198 cm−1, and 1693/1689/1682/1681, 1354/1352/1343/1340,
1255 and 1212/1207/1199/1195 cm−1, respectively (see Table 4).

With the exception of the feature observed at 1255 cm−1, the remaining three modes
give rise to four overlapping bands resulting from the simultaneous occurrence of matrix
site splitting (two major sites, as seen also for νO–H; see above) and Fermi resonance
interactions (tentative interacting modes are respectively the overtone of the mode whose
fundamental is observed at 845 cm−1, the combination tone 687 + 660 cm−1, and the
overtone of the fundamental at 605 cm−1, in the argon matrix, which in N2 appear at 846,
691+661 and 604 cm−1, respectively). It is also interesting to note that the calculations
predict the νC=O stretching at a slightly lower frequency value compared to the observed
ones, which supports the above conclusion that the strength of the intramolecular hydrogen
bond is somewhat overestimated by the calculations.

A remarkable result that can be extracted from the calculations is the fact that the δO–
H bending vibration is mixed extensively with other vibrations, contributing significantly
to eight normal modes, whose frequencies span from ca. 1270 up to about 1630 cm−1 (see
Table 4). As expected, all of these modes thus give rise to bands with a significantly high
infrared intensity, which is confirmed by the experimental data (see Table 4 and Figure 2).
To a lesser extent, the same can be also stated for both the C–O and C–O(H) stretching
vibrations, which are predicted to contribute significantly to four and five normal modes,
respectively (in some cases the same to which the δO–H vibration contributes), all of them
giving rise to considerably intense experimental infrared bands.

The remaining bands observed in this spectral region in the matrix isolation spectra
of PHN are mostly ascribable to vibrations of the aromatic rings and could be assigned
straightforwardly in view of the very good agreement with the calculated data (see Table 4).

4.2.3. 1100–450 cm−1 Region

In the higher frequency range of this spectral region, from 1100 to 800 cm−1, most of
the bands are of low intensity and originate from vibrations of the aromatic moieties, and
the experimental spectra are globally very well reproduced by the calculations. Only two
vibrations with significant contributions from other molecular fragments are observed in
this part of the spectrum. The first corresponds to the intense bands observed in argon and
N2 at 1088 and 1089 cm−1, respectively, which are ascribed to a vibration with a relevant
contribution from the νC–O(H) stretching (predicted at 1076 cm−1). The second appears at
845/840 and 846 cm−1 in the spectra obtained in the argon and N2 matrices, respectively,
which—according to the calculations—will also have a non-negligible contribution from

146



Photochem 2021, 1

the δC–O–C bending (calculated at 830 cm−1; see Table 4). On the other hand, below
800 cm−1, the number of bands ascribable other than the aromatic groups is larger. The
most prominent band is due to the τO–H torsion, which is observed at 774 and 777 cm−1

in the argon and N2 matrices, respectively, in good agreement with the predicted value
(777 cm−1). Besides this, the bands observed at about 800, 755, 735 and 630 cm−1 are also
observed in this spectral region in both the argon and N2 matrices, and have significant
contributions from the δO–C=O, γC=O and γC–O(H) vibrations. Both the frequencies and
relative intensities of these bands agree fairly well with the calculated data, as can be seen
in Figure 3 and Table 4.

4.3. Narrowband UV-Induced Decarbonylation of PHN

The photochemistry of matrix-isolated PHN (in both argon and N2 matrices) was
here investigated for the first time. The matrices were irradiated using narrowband
UV-light (see Section 2 for details); the excitation wavelength range used was chosen
whilst taking into account the TD-DFT-B3LYP/6-31G(d) calculated UV spectrum of the
compound [17]. After each irradiation, an infrared spectrum was collected and analyzed
in order to probe the changes taking place in the sample. The irradiation experiments
started using UV light with λ = 331.7 nm, which was subsequently decreased stepwise
down to λ = 235.0 nm (the sequences of irradiations performed are described in Table S1,
which gives the irradiation wavelengths, laser pulse energies and exposure times used).
Noticeable spectral changes indicating the transformation of PHN into other molecules
were observed for all wavelengths used, the efficiency of the process increasing with the
energy of the excitation UV light used.

The spectra of the irradiated matrices reveal the photogeneration of carbon monoxide
(CO), which gives rise to the bands at 2138 cm−1 (in the Ar matrix) and at 2139 cm−1 (in the N2
matrix), which were assigned to the well-isolated monomer, and at 2126/2122/2118/2114 cm−1

(Ar) and 2126/2117 cm−1 (N2) due to CO molecules interacting with other species in the
matrices (Figure 4) [31–35]. These results doubtlessly indicate the occurrence of photodecar-
bonylation. Together with CO, 2-phenoxynapthalen-1-ol (PNO) shall be produced, which
is confirmed by the comparison of the experimental spectra of the irradiated matrices with
the calculated spectra of this molecule. This comparison is presented in Figure 5, which
shows the 1300–1050 cm−1 spectral region of the difference infrared spectra (spectra of
the irradiated matrices at the end of the full sequence of irradiations, minus the spectra
of the as-deposited matrices), with the simulated difference spectrum built based on the
B3LYP/6-311++G(d,p) calculated infrared spectra of cis PNO (with positive intensities)
and of PHN (with negative intensities). In this figure, the calculated spectrum of the cis
conformer of PNO is presented, because it was calculated to be more stable than the trans
form (by 22.9 kJ mol−1) (see Figure 6). The full calculated infrared spectrum of PNO is
provided in Figure S2.

The calculations predict that, globally, the infrared spectrum of PNO is less intense
than that of PHN. Together with the low efficiency of the decarbonylation reaction (the
estimated amount of reactant consumed at the end of the full sequences of irradiation,
based on the decrease of intensity of its bands, is less than 5%), this fact makes it possible to
detect only the most intense bands of the photoproduct. However, in the 1300–1050 cm−1

spectral region (see Figure 5), in which almost all of the most intense bands of PNO are
predicted to occur, the emerging bands fit fairly well those calculated for this compound.
Specifically, the comparatively intense vibrations predicted at 1264, 1250, 1238, 1205, 1194,
1159, 1146, 1075, and 1074 cm−1, most of them with significant contributions from the δO–H
(in most of the cases), νC–O, or/and νC–O(H) coordinates, have experimentally-observed
counterparts at 1274/1265, 1251, 1241, 1211, 1195, 1162, 1150, 1087, and 1080 cm−1 in
the argon matrix, and at 1275/1267, 1248, 1241/1237, 1205, 1195, 1163, 1152, 1090, and
1080 cm−1 in the N2 matrix, all being in good agreement with the calculated values (the
approximate descriptions of the calculated normal modes for cis PNO are given in Table S4).
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λ = 331.7 nm and λ = 250.0 nm in an N2 matrix.
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Figure 5. Infrared difference spectra (1300–1050 cm−1 region, in which the most intense bands of PNO occur; baseline
corrected) showing the results of the full sequence of the performed irradiations (see Table S1) of PHN isolated in Argon
(middle) and N2 (bottom) matrices. The simulated difference spectrum built based on the B3LYP/6-311++G(d,p) calculated
IR spectra of PNO (cis form) and PHN (conformer 1) is presented in the (top) of the figure. In the calculated spectra, the
wavenumbers were scaled by 0.978.

Figure 6. B3LYP/6-311++G(d,p) optimized structures of the cis and trans conformers of PNO. The ∆E(trans-cis) value is given
in parentheses (in kJ mol−1). The Cartesian coordinates for the optimized structures are given in Table S3.
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5. Conclusions

Phenyl 1-hydroxy-2-naphthoate (PHN) was investigated by matrix isolation infrared
spectroscopy, complemented by DFT(B3LYP)/6-311++G(d,p) calculations. The investi-
gations were focused on the evaluation of the conformational space of the molecule and
reasons for the different stability of its conformers, and on the UV-induced phototransfor-
mation of matrix-isolated PHN in argon and N2 matrices (at 10 K).

The twofold degenerated O–H···O=C intramolecularly hydrogen bonded conformer
with the phenyl ring ester group±68.8◦ out of the plane of the substituted naphtyl moiety is
the most stable conformer of the molecule, being considerably more stable than the second
most stable form (by over 14.75 kJ mol−1), in which a weaker O–H···O–C intramolecular
hydrogen bond exists. The non-hydrogen bonded conformers were characterized by
dominant repulsive intramolecular interactions involving the lone electron pairs of the
oxygen atoms as well as the aromatic rings, and were predicted to have much higher
energies than the H-bonded forms (over 55 kJ mol−1).

The most stable conformer of PHN was successfully trapped both in argon and nitrogen
matrices, and was shown to photodecarbonylate upon UV irradiation within the wavelength
range 331.7–235.0 nm, with the decarbonylation process showing a low efficiency which
increases for shorter irradiation wavelengths. Together with CO, 2-phenoxynaphthalen-1-ol
(PNO) was produced and successfully detected in the photolysed matrices. No evidence
of the occurrence of any other photo-induced process was gathered. On the whole, the
present study contributes to the better understanding of the structure, intramolecular
interactions and photochemistry of PHN, a relevant member of the hydroxynaphtoate
family of compounds.

Supplementary Materials: The following are available online https://www.mdpi.com/2673-725
6/1/1/1025/s1. Figure S1: Infrared spectrum of PHN in Ar and N2 matrices (10 K), and B3LYP/6-
311++G(d,p) calculated spectra for PHN conformer 1 in the 3500–2900 cm−1 range. Figure S2:
Graphical representation of the full calculated infrared spectrum of cis PNO. Table S1: Information
on the used UV-irradiation sequences. Tables S2 and S3: B3LYP/6-311++G(d,p) optimized Cartesian
coordinates for the conformers of PHN and PNO, respectively. Table S4: Calculated infrared data for
cis PNO, including the approximate description of the vibrations.
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17. Sıdır, İ.; Gülseven Sıdır, Y. Solvatochromism and Intramolecular Hydrogen-bonding Assisted Dipole Moment of Phenyl 1-
Hydroxy-2-naphthoate in the Ground and Excited States. J. Mol. Liq. 2016, 221, 972–985. [CrossRef]

18. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 09, Revision A.02; Gaussian, Inc.: Wallingford, CT, USA, 2009.

19. Becke, A.D. Density-functional Exchange-energy Approximation with Correct Asymptotic Behavior. Phys. Rev. A 1988, 38,
3098–3100. [CrossRef]

20. Lee, C.T.; Yang, W.T.; Parr, R.G. Development of the Colle-Salvetti Correlation-energy Formula into a Functional of the Electron
Density. Phys. Rev. B 1988, 37, 785–789. [CrossRef] [PubMed]

21. Vosko, S.H.; Wilk, L.; Nusair, M. Accurate Spin-dependent Electron Liquid Correlation Energies for Local Spin Density Calcula-
tions: A Critical Analysis. Can. J. Phys. 1980, 58, 1200–1211. [CrossRef]

22. McLean, A.D.; Chandler, G.S. Contracted Gaussian Basis Sets for Molecular Calculations. I. Second Row Atoms, Z=11–18. J. Chem.
Phys. 1980, 72, 5639–5648. [CrossRef]

23. Dennington, R.; Keith, T.; Milam, J. GaussView (Version 5.0); Semichem Inc.: Shawnee Mission, KS, USA, 2009.
24. Fausto, R.; Batista de Carvalho, L.A.E.; Teixeira-Dias, J.J.C. Conformational Analysis of Carbonyl and Thiocarbonyl Ethyl Esters:

The HC(=X)Y-CH2CH3 (X, Y = O or S) Internal Rotation. J. Comput. Chem. 1992, 13, 799–809. [CrossRef]
25. Lopes, S.; Nikitin, T.; Fausto, R. Structural, Spectroscopic, and Photochemical Study of Ethyl Propiolate Isolated in Cryogenic

Argon and Nitrogen Matrices. Spectrochim. Acta A 2020, 241, 118670. [CrossRef] [PubMed]
26. Reva, I.D.; Stepanian, S.; Adamowicz, L.; Fausto, R. Combined FTIR Matrix Isolation and Ab Initio Studies of Pyruvic Acid: Proof

for Existence of the Second Conformer. J. Phys. Chem. A 2001, 105, 4773–4780. [CrossRef]
27. Apóstolo, R.F.G.; Bento, R.F.; Tarczay, G.; Fausto, R. The First Experimental Observation of the Higher-Energy Trans Conformer of

Trifuoroacetic Acid. J. Mol. Struct. 2016, 1125, 288–295. [CrossRef]
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Abstract: We report herein the linear optical properties of some extended 2,4,6-triphenyl-s-triazines
of formula 2,4,6-[(1,4-C6H4)C≡C(4-C6H4X)]3-1,3,5-(C3H3N3) (3-X; X = NO2, CN, OMe, NMe2, NPh2)
and related analogues 4 and 7-X (X = H, NPh2), before briefly discussing their two-photon absorption
(2PA) cross-sections. Their 2PA performance is discussed in relation to 2PA values previously
measured for closely related octupoles such as N,N′,N′′-triphenylisocyanurates (1-X, 5, and 6-X) or
1,3,5-triphenylbenzenes (2-X). While s-triazines are usually much better two-photon absorbers in the
near-IR range than these molecules, especially when functionalised by electron-releasing substituents
at their periphery, they present a decreased transparency window in the visible range due to their
red-shifted first 1PA peak, in particular when compared with corresponding isocyanurates analogues.
In contrast, due to their significantly larger two-photon brilliancy, 2,4,6-triphenyl-s-triazines appear
more promising than the latter for two-photon fluorescence bio-imaging purposes. Rationalisation of
these unexpected outcomes is proposed based on DFT calculations.

Keywords: 2,4,6-triaryl-s-triazines; octupoles; two-photon absorption; DFT calculations; fluorescence;
linear optics

1. Introduction

Planar molecules featuring trigonal symmetry have attracted sustained attention for
their second-order nonlinear optical (NLO) properties since the late eighties [1–4]. Ini-
tially aroused by the quest for molecules with large second-order NLO properties, these
so-called “octupolar” molecules were likely to exhibit sizeable hyperpolarizabilities due
to their peculiar symmetry, in reason of the existence of off-diagonal tensorial elements
in the electronic coupling matrix between peripheral branches [2]. It was subsequently
shown that this symmetry can also be potentially beneficial to third-order NLO properties
such as two-photon absorption (2PA). Given the very appealing societal prospects for
dyes presenting large 2PA cross-sections [5–8], in particular regarding fluorescence bio-
imaging when the dye also fluoresces [6,9], we have started exploring the 2PA properties
of various families of molecules, such as extended 1,3,5-triaryltriazinane-2,4,6-triones (1-X;
Scheme 1) [10,11] or 1,3,5-triphenylbenzene (2-X) [12]. Both 1-X (also known as N,N′,N′′-
triphenylisocyanurates [13]) and 2-X derivatives proved to be good two-photon absorbers,
especially when functionalised by electron-releasing groups at their periphery [11,12]. Ac-
tually, in line with these findings as well as with independent reports [14], we observed that
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the cross-section of the first 2PA peak for these derivatives increased with the polarisation
of the peripheral arms, typically when strongly electron-releasing X substituents were
present (X = OMe, NMe2, NPh2). However, we also observed that upon progressing from
the isocyanurate core (1-X) to the slightly less electron-deficient 1,3,5-phenylene core (2-X),
a slight decrease in the 2PA cross-section occurred for the latter derivatives but only for the
most electron-releasing substituents. This suggested that the polarisation induced by the
former core was slightly more favourable to 2PA than that induced by the second.
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Scheme 1. Molecular structures of known and targeted compounds.

In this respect, surmising that the 1,3,5-triazine core was more electron-attracting than
the isocyanurate one, it was now interesting to study the 2PA properties and the fluores-
cence of related 1,3,5-triazine analogues of 1-X such as 3-X (X = NO2, CN, OMe, NMe2, and
NPh2). Thus far, emissive triphenyl-s-triazine derivatives and related extended analogues
have mainly raised interest in the field of OLEDs or closely related fields [15–18]; however,
very few studies were actually focused on the NLO properties of such derivatives. While
related derivatives such as extended trialkynyl-s-triazines [19], trialkenyl-s-triazines [20,21],
or tris(2-thienyl)-s-triazines [22–25] have given rise to some 2PA investigations, to the best
of our knowledge, only one recent theoretical paper deals specifically with the second-order
NLO properties of molecules such as 3-X [26], and only one other single paper addresses
the 2PA properties of an s-triazine derivative closely related to 7-H [27]. Thus, regarding
extended triphenyl-s-triazines, essentially styryl-type analogues of 3-X have been investi-
gated so far for their 2PA properties [28–30]. A general experimental and theoretical study
focused on the 2PA properties of octupolar compounds such as 3-X and 7-X would therefore
be timely. Furthermore, anticipating the well-known propensity of nitro substituents to
poison fluorescence in 3-NO2, we also targeted a derivative such as 4, which similar to 3-
CN, constitutes another example of a compound featuring electron-withdrawing arms [31].
The optical properties of this new triazine derivative might then be compared with those
of its known isocyanurate analogue (5) [32]. Finally, given that the extended 4-fluorenyl
derivative 6-NPh2 exhibits the most promising optical properties for bio-imaging purposes
among all triarylisocyanurates studied so far [33], the study of triazine analogues such as
7-X (X = H, NPh2) was also required. Accordingly, in the following we will first start with
the synthesis of the targeted molecules (3-X, 4, and 7-X) and study the 2PA properties of
their emissive representatives via two-photon excited fluorescence (TPEF). Their optical
properties of interest will then be discussed with the help of density functional theory (DFT)
and time-dependent DFT (TD-DFT) calculations.

2. Results
2.1. Synthesis and Characterisation

The desired 3-X, 4, and 7-X derivatives are structurally close to known s-triazine
derivatives [15–17,27,34–40]. The 3-X series corresponds to the simplest derivatives in
which the 1,3,5-triphenyl-s-triazine core has been extended with a phenyl–alkynyl linker
and terminated with X-groups of varying electron-donor/acceptor power. The second
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series (7-X) involves replacing the second phenyl unit with a 2-fluorenyl unit, which
is luminescent in its own right. All these derivatives were obtained via Sonogashira
coupling reactions (Scheme 2) from the known bromo [17,41–43] or iodo [43] precursors
8-Y, after reaction with the corresponding aromatic alkynes. Most of these products
required chromatographic purification. The use of 8-I instead of 8-Br allows generally
using smother reaction conditions or leads to higher yields of isolated coupling products
under similar conditions. Several 3-X derivatives have already been reported, such as
3-CN [17], 3-OMe [15], and 3-NPh2 [18]. All other compounds were new and were fully
characterised by usual techniques. However, synthesis of the nitro derivative 3-NO2, due
solubility issues, was very problematic by such an approach and had to be attempted
from the known triyne 8-C≡CH [16,18], itself obtained in two steps from 8-Br. Regarding
IR-characterization, the in-plane ring stretches of the s-triazine ring resemble those of the
phenyl ring and are not so characteristic of triphenyl-s-triazines [44], except perhaps for
the fully symmetric stretch (only Raman-active), around 990 cm−1 [45,46].
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2.2. One- and Two-Photon Absorption and Emission Studies

The UV–Vis absorption spectra of the various triazine derivatives were recorded.
Except for 3-CN and 4, most of the extended compounds (3-X and 7-X) absorbed signifi-
cantly in the visible range and were strongly coloured (deep yellow in solution), with a
lowest-energy absorption entailing significantly above 400 nm (Table 1). Upon progress-
ing from 4 to 3-NPh2 (corresponding to an increase in the electron-releasing nature of
the para-substituents), a bathochromic shift of the first absorption was clearly observed
(Figure 1). A similar trend could also be observed when progressing from 4 to 3-NO2.
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For a given substituent in the 3-X series, the intensity of the lowest-energy absorption
was comparable with that of 1-X or 2-X analogues. A higher-energy absorption (at ca.
270–325 nm) was also observed for all these derivatives. The latter became of comparable
intensity to the one at the lowest energy for the compounds with the most electron-releasing
substituents. Except for 3-NO2, 3-CN, and 4, all extended derivatives were significantly
luminescent in CH2Cl2 solutions (Table 1). Luminescence was maximal (ΦF = 0.80) for the
fluorenyl derivative 7-H. The fluorescence of 3-X and 4 was comparable to that of their
isocyanurate analogues (1-X and 5) but was overall slightly lower than that of their known
1,3,5-triphenylbenzene analogues (2-X). In contrast, the fluorescence quantum yield of
7-NPh2 was roughly one-fourth of that previously found for 6-NPh2 (ΦF = 0.78). In all
cases, mirror-symmetry relationships between the first absorption and emission bands and
energetic differences between their maxima (see ESI, Figure S7) suggest that the strongly
absorbing state at the lowest energy was also the emitting state for all these compounds.
Then, as indicated by the corresponding Stokes shifts, larger structural reorganisations
and/or solvation energy changes apparently occurred for the compounds featuring the
strongest electron-releasing (X = NPh2) or electron-withdrawing (X = NO2) substituents,
i.e., 7085 cm−1 and 10,685 cm−1 in THF, respectively (ESI, Table S1).

In line with similar studies made for 1-X, 2-X and related derivatives [11,12,18,27],
solvatochromic studies on 3-NPh2 revealed a relatively solvent-insensitive absorption but
a very solvent-sensitive emission for such a symmetrical D3h molecule [47]. The shift to
lower energy observed on proceeding to the most polar solvent suggests that the excited
state was more polarised than the ground state. These results are consistent with the
localisation of a (more polar) charge-transfer excited state on one arm of the compound
(after relaxation) [14,33,48–50].

The 2PA cross-sections of these derivatives were measured in the near-IR (NIR) range
(λ = 700–1000 nm) through an investigation of their two-photon excited fluorescence (TPEF).
The excitation was performed with femtosecond pulses from a Ti:sapphire laser (Figure 2
and Table 2). Due to instrumental limitations (1PA below 350 nm for 3-CN), solubility
issues (3-NO2), or too weak luminescence (4), no TPEF maxima could be detected for
several samples. A comparison of these 2PA bands with the 1PA bands for each compound
reveals that the 2PA maxima were situated close to twice that of the 1PA maxima detected
at the lowest energy in the UV range (see ESI, Figure S9), suggesting that the excited states
at the origin of 2PA in the NIR were also active for 1PA or were close in energy to the first
allowed 1PA state.
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Table 1. Absorption and emission properties of selected compounds 3-X, 4, and 7-X in CH2Cl2 at
25 ◦C and corresponding TD-DFT computed transitions.

Cmpd λabs 10−3 εmax λem ΦF
a Stokes Shift b DFT: λmax (nm) [f ] c in CH2Cl2

(nm) (M−1·cm−1) (nm) (cm−1) CAM-B3LYP/6-31*G d MPW1PW91/6-31*G d

3-NO2
e 355 113.0 / n.e. f / 346 [2.75] 392 [2.50]

267 [0.04] 309 [0.13]

3-CN
352 154.0 369 0.02 1308 336 [2.88] 374 [2.59]

332 (sh) e 142.0 264 [0.02] 310 [0.27]

3-OMe
359 122.0 450 0.77 5632 341 [2.64] 398 [2.04]
270 51.0 258 [0.04] 300 [0.57]

3-NMe2
405 105.0 587 0.27 7656 369 [2.76] 456 [1.82]
301 89.0 263 [0.10] 340 [0.67]

3-NPh2
406 99.0 583 0.69 7478 371 [3.03] 465 [1.83]
309 100.0 265 [0.25] 340 [0.71]

4
339 112.0 405 0.025 4807 322 [2.43] 356 [2.15]

270 (sh) e 21.3 262 [0.04] 289 [0.33]

7-H
377 173.0 455 0.80 4547 352 [3.23] 410 [2.50]
321 67.0 270 [0.04] 325 [0.62]
295 66.0 / 296 [0.18]

7-NPh2

406 129.0 648 0.20 9198 375 [3.73] 483 [1.71]
334 105.0 277 [0.32] 388 [1.20]
317 101.0 275 [0.45] 369 [0.63]

a Fluorescence quantum yield in CH2Cl2 when excited at λabs (standard: quinine bisulphate in 0.5 M H2SO4).
b Stokes shift = (1/λabs − 1/λem). c f = oscillator strength. d Functionals used. e Shoulder. f Not emissive.
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Table 2. Experimental (TPEF) and calculated 2PA properties of selected derivatives in CH2Cl2 at 25 ◦C.

Cmpd λ1PA
a

(nm)
λ2PA

b

(nm)
σ2

c

(GM)
σ2/MW d

(GM/g)
Neff

e σ2/(Neff)2

(GM)
ΦF·σ2

f

(GM)
σ2 [λ2PA] g

(GM [nm])

3-NO2 355 / / / 28.1 / / 660 [1051]
3-CN 352 / / / 31.6 / / 2735 [918]

3-OMe 359 730 580 0.830 28.1 0.732 447 5391 [954]
3-NMe2 405 820 1250 1.694 28.1 1.579 338 8701 [1078] h

3-NPh2 407 820 1500 1.351 31.8 1.488 1035 13,875 [1181]
7-H 376 730 710 0.587 38.4 0.481 568 7260 [1033]

7-NPh2 407 820 1910 1.117 41.1 1.129 382 21,531 [1378]

1-NMe2
h 352 720 360 0.458 24.5 0.600 72 4246 [800] k

1-NPh2
h 364 740 410 0.354 28.6 0.502 300 /

2-NMe2
i 357 740 380 0.517 25.0 0.609 262 4322 [800] k

2-NPh2
i 369 760 390 0.352 29.0 0.464 285 /

6-NPh2
j 383 770 500 0.284 37.8 0.350 390 /

a Wavelength of the one-photon absorption maximum. b Wavelength of the two-photon absorption maximum.
c 2PA cross-section at λ2PA. d Specific cross-sections: figure-of-merit relevant for applications in optical limiting or
nanofabrication [51]. e Effective number of π electrons [52]. f Two-photon brightness: figure-of-merit for imaging
applications [51]. In these expressions, ΦF represents the luminescence quantum yield and MW the molecular
weight. g Computed values using the SAOP functional (see text). h For exp. data, see also [11]. i For exp. data, see
also [12] j For exp. data, see also [33]. k See: [53].

To understand better the structural dependence of these nonlinear absorptions on
the π electrons, we divided their 2PA cross-sections by the square of the effective number
of π electrons (Neff

2) [54]. These figures of merit (σ2/Neff
2) allow normalisation of the

cross-sections and should permit a better comparison between them regardless of the
different number of π electrons in each compound (see Section 3) [54]. The Neff values
were derived according to the method initially proposed by Kuzyk [52], by decomposing
the various compounds into a collection of “independently” conjugated π manifolds (ESI,
Figure S18).

2.3. Density Functional Theory (DFT) Calculations

DFT calculations (see computational details in Section 4.4) were performed on the 3-X
(X = NO2, CN, H, OMe, NMe2, NPh2), 4 and 7-X (X = H, NPh2) derivatives. Similar compu-
tations were also performed on the model compounds 9a-b, 10a-b, and 11a-b (Scheme 3) to
specifically investigate the impact of the central core on the electronic structure of 1-X, 2-X,
and 3-X analogues. The key results of these are disclosed in the next section.
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All derivatives adopted a nearly coplanar conformation after geometrical optimisation
relative to the central core upon geometry optimisation in CH2Cl2 (ESI, Table S1). As
a result, in line with the available crystallographic data for 3-CN [17] or 3-NPh2, 3-X
compounds appeared significantly more planar in solution than their 1-X or 2-X analogues
(55–80◦) [18]. Such planar conformations are likely favoured by weak intramolecular
hydrogen bonds between ortho hydrogen atoms of the first aromatic ring and the triazine
nitrogen atoms (with N· · ·H- distances around 2.46 Å in optimised structures) [55,56].
Thus, the permanent dipole moment of 3-X and 4 compounds with axially symmetric X
substituents was nearly zero (ESI, Table S2) [11,33].

The HOMO–LUMO gap in these derivatives (Table 3) was smaller than that in the cor-
responding isocyanurate (1-X) and triphenylbenzene (2-X) analogues. Starting from 3-CN,
the calculations revealed that this gap progressively decreased when increasingly electron-
releasing substituents were installed at their periphery, mirroring the trend observed
experimentally for the lowest-lying intense absorptions of these compounds (Table 1). In
line with experimental observations (Figure 1), replacing the peripheral 1,4-phenylene
groups with a 2,7-fluorenyl one in 3-X, when a strong electron-releasing X group such as
X = NPh2 was present (Figure 3), led only to a slight bathochromic shift of the first allowed
absorption band computed at lowest energy for 7-X (e.g., 371 nm (f = 3.03) for 3-NPh2 vs.
375 nm (f = 3.73) for 7-NPh2, using CAM-B3LYP). In contrast, computations predicted that
a much more pronounced shift could be expected for a less electron-releasing substituent
such as X = H (e.g., 329 nm (f = 2.46) for 3-H vs. 352 nm (f = 3.23) for 7-H, using the
same functional), reminiscent of observations previously made between 1-X and 6-X [33].
Calculations made for 3-X compounds also indicated that, for X = CN (ESI; Figure S14)
and more electron-withdrawing substituents, the direction of the photo-induced charge-
transfer process was reversed, leading to a “umpolung” of the polarisation of the peripheral
branches in the first allowed excited state, as already observed for the 2-X analogues [12].

Table 3. Calculated (CAM-B3LYP/6-31G* level in CH2Cl2) HOMO–LUMO energy gaps in CH2Cl2
for 1-X, 2-X, and 3-X.

X HOMO–LUMO Gap (eV)

2-X 1-X 3-X

NO2 5.62 7.06 5.82
CN 6.09 6.45 5.99
H 6.42 7.47 6.00

OMe 6.23 6.30 5.71
NMe2 5.81 5.86 5.18
NPh2 5.70 5.82 5.11

TD-DFT calculations qualitatively reproduced the energy trends observed for the
most intense transitions at the lowest energy for 3-X, 4, and 7-X (Table 1). Transition
energies were consistently overestimated when using the CAM-B3LYP functional and
underestimated when using the MPW1PW91 functional [57], a better agreement with the
experiment being obtained using the CAM-B3LYP functional for the low energy band [58].
However, overall, better results were obtained with MPW1PW91 when the transition
moments were also considered (ESI, Figure S13). The nature of the dominant excitations
underlying the first absorption band (ESI, Table S4) was the same using either the CAM-
B3LYP or the MPW1PW91 functional. It does not change much for all the compounds
presently considered. These excitations are a pair of (nearly) degenerate transitions that
would correspond to the set of degenerate transitions towards an E-type excited state
under strict C3v symmetry (i.e., an E←A transition). In line with previous findings for 1-X
and 2-X [11,12,33], the first absorption band, therefore, corresponds to a π→π* symmetric
charge transfer (CT) between the peripheral arms and the central core.
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3-NPh2 and 7-NPh2 (isocontour 0.02 [e/bohr3]1/2).

Consistent with the acceptor character of the s-triazine ring, the CT occurs usually from
the periphery towards the centre for all compounds, when X is electron-releasing [11,12,33].
The next and weaker absorption at higher energy observed for all these derivatives also
corresponds to an allowed π–π* transition with a similar CT character but involves deeper-
lying occupied MOs. As a result, this transition is more arm-centred than that at the lowest
energy. However, it does not correspond to an n–π* transition, as previously proposed [18].
Indeed, according to our calculations, transitions with n–π* character were much weaker
(f < 0.1) and remained hidden beneath the dominant bands at lowest energy (especially for
7-X derivatives) but also at higher energy.

In line with our previous studies [53,59], the simulations of 2PA spectra were also
carried out for selected compounds using the damped cubic response theory of Jensen
et al. [60]. The calculations were performed using the SAOP functional, for sake of consis-
tency with previous computations already reported on these compounds (see computa-
tional details in Section 4.5) [53]. The simulated 2PA spectra (ESI, Figure S17) revealed a
first 2PA band for these compounds at lower energy than that experimentally determined
with significantly higher 2PA cross-section values (Table 2). While an overestimation of the
real 2PA cross-sections by this method was expected [53], the experimental trends were
generally qualitatively fairly well reproduced within a given family of compounds [59].
Based on these SAOP calculations, we speculate that the cross-section of the first 2PA band
of 3-CN or 3-NO2, which could not be experimentally determined, should be lower than
that of the other 3-X compounds. Interestingly, these computations revealed the existence
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of another and much larger 2PA peak at about 620 nm for 3-NPh2. This second 2PA band
was hypsochromically shifted for 3-NMe2 and 3-OMe.

3. Discussion

As for their 1-X and 2-X analogues [12,33], the first allowed electronic transition at low-
est energy for most of the 3-X compounds corresponds to a π→π* transition, with a charge
transfer (CT) character directed from the electron-rich peripheral arms towards the central
electron-poor core (Figure 3). In line with previous investigations on 1-X [11,33] and 2-
X [4,14] derivatives, the available solvatochromic studies on some of these molecules [18,27]
strongly suggest localisation of the excited state on one branch in the first excited state
after vibrational relaxation. As surmised at the start of this study, DFT calculations on
compounds 9a-b, 10a-b, and 11a-b (Figure 4), confirm that the s-triazine central unit in
3-X compounds is more electron-withdrawing than the isocyanurate core in 1-X analogues.
Indeed, regardless of the presence of three peripheral phenyl groups (11b) or not (11a),
for a HOMO of comparable energy, the LUMO is always more stabilised in 11a-b than in
10a-b, resulting in lower HOMO–LUMO gaps for the triazine-cored compounds relative to
their isocyanurate analogues.
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Figure 4. Frontier molecular orbitals of the 9a-11a and 9b-11b compounds modelling the central core
in 2-X, 1-X and 3-X (isocontour 0.02 [e/bohr3]1/2).

Furthermore, 3-X compounds were also significantly more fluorescent than their 1-X
counterparts, a trend especially apparent with the weaker electron-releasing substituents
(X = OMe, NMe2). As for 2-X derivatives, this might be related to the stronger transi-
tion moments observed for the lowest-energy 1PA absorptions in 3-X compared with 1-X
analogues. Stronger transition moments should result in larger emission quantum yields,
owing to the Strickler–Berg relationship [61], and in the absence of low-lying n–π* states
able to efficiently quench the fluorescence in 3-X derivatives [11,62].

161



Photochem 2022, 2

As previously observed for 1,3,5-triphenylbenzene- or isocyanurate-cored families of
analogues, electron-releasing peripheral (X) substituents favour larger 2PA cross-sections
(σ2) [11,12]. Thus, the cross-sections determined by TPEF for the 3-X derivatives were
always significantly higher than those found for 1-X and 2-X (Table 2). In accordance with
this observation, the σ2 values calculated for 3-NMe2 and for quite all other 3-X derivatives
(except for X = CN) were also higher than those previously computed for 1-NMe2 or
2-NMe2 (Table 2) [53]. In spite of the fact that SAOP calculations always overestimate
2PA cross-sections [53,59], the present study therefore provides further evidence that the
qualitative ordering of the experimental σ2 values is generally retrieved.

Then, the 2PA cross-section presently measured for 7-H (710 GM) is significantly
lower than the value of 2210 GM independently reported for its dihexyl analogue (13-H;
Scheme 4) at nearly the same wavelength (730 nm vs. 740 nm) [27,63]. Actually, the value
reported for 7-H is closer to that reported for compound 14 (395 GM at 790 nm), although
the latter value was not recorded at the TPA peak maximum (779 nm) and possibly includes
some RSA contribution [64].
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Comparison of the photophysical data presently measured for 3-NPh2 with those
reported for structurally related s-triazine derivatives such as 15 [19], 16 [22], and 17 [29]
(Scheme 4) revealed larger fluorescence yields in chlorinated organic solvents for 3-NPh2
(69% for the latter compound vs. 52%, 51%, and 27%, respectively). Regarding 2PA,
removing the first 1,4-phenyl ring significantly reduced the 2PA cross-section (1500 GM for
3-NPh2 vs. 910 GM reported for 15), while replacing it with a 2,5-thienyl unit apparently
did not impact this figure significantly (1508 GM reported for 16) apart from slightly red-
shifting the 2PA maximum (850 nm vs. 830 nm for 3-NPh2). Then, changing the alkynyl
linkers for alkenyl ones in 3-NPh2 seemed to reduce the 2PA cross-section. However,
care should be given here since the value reported for 17 (495 GM) was obtained at a
single wavelength (800 nm) which did not exactly match that of the 2PA maximum of
this compound.

In terms of NLO activity per volume/mass unit, specific cross-sections [51] (Table 2)
revealed that 3-X derivatives are much more active than 1-X and 2-X (Table 2). More
precisely, among all triazine derivatives investigated, 3-NPh2 appears to be the best-suited
two-photon absorber for elaborating molecular materials. As confirmed by other relevant
figures of merit (σ2/(Neff)2) [54], these compounds optimise 2PA for a given number of
effective electrons (Neff), a feature possibly connected to their enforced planarity [65] but
also certainly to their more pronounced (multi)polarity, compared to those of their 1-X
and 2-X analogues. Both of these features ultimately translate into lower HOMO–LUMO
gaps for 3-X derivatives. Based on a simple perturbational approach, such a reduction in
HOMO–LUMO gaps when progressing from 1-X or 2-X to 3-X derivatives is expected to
favour 2PA (at least at wavelengths above that of the lowest-energy absorption) [9]. Finally,
the near-perfect spectral overlap between the 1PA spectrum plotted at half wavelength and
the 2PA spectrum for each of these octupolar compounds (ESI, Figure S9) suggests a near
degeneracy of the A and E excited states, in line with a small electronic/excitonic coupling
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between the peripheral branches [5,14,66]. As a result, the contribution of the octupolar
symmetry to the 2PA improvement in these compounds should not be determining [67,68].

In terms of applied uses of these 2PA absorbers, both the significant bathochromic
shift of 1PA and 2PA peaks and the larger intensity of the first absorption band result
in a diminished transparency relative to 1-X analogues, making them less favourable for
selected NLO applications [6] such as optical limiting [69] or second harmonic generation
in the visible range [70]. However, both the increased two-photon brightness [51] and the
bathochromically-shifted 2PA maxima for the various 3-X compounds (Table 2) points to a
larger potential for two-photon fluorescence imaging. Such uses were already reported for
structurally different s-triazine derivatives presenting much poorer figures of merit than
3-X [71], but also for nanoparticles obtained from extended analogues of 17, and giving rise
to aggregation-induced emission (AIE) in water–THF mixtures [30]. Compared with 1-X
or 2-X derivatives, the best candidate for fluorescence imaging is 3-NPh2. This compound
has indeed a two-photon brightness far above those of its known triphenylbenzene and
isocyanurate analogues (1-NPh2 and 2-NPh2, respectively) and a 2PA peak at 820 nm,
i.e., also significantly bathochromically shifted relative to them (Table 2) [6,9]. In contrast,
contrary to the trend previously observed with triarylisocyanurates derivatives [33], the
tris(2-fluorenyl)triazine 7-NPh2 presents neither a higher 2PA cross-section value nor a
larger two-photon brightness than 3-NPh2.

4. Materials and Methods
4.1. General

All manipulations were carried out under an inert atmosphere of argon with dried and
freshly distilled solvents [72]. Transmittance FTIR spectra were recorded using a Perkin
Elmer Spectrum 100 spectrometer (Waltham, MA, USA) equipped with a universal ATR
sampling accessory (400–4000 cm−1). Raman spectra of the solid samples were obtained
by diffuse scattering on a Bruker IFS 28 spectrometer and recorded in the 400–2500 cm−1

range (Stokes emission), with a laser excitation source at 1064 nm or on a Raman LabRAM
HR 800 spectrometer with a laser excitation source at 785 nm. Nuclear magnetic resonance
spectroscopy was performed using a Bruker AV-300 (300 MHz for 1H, 75 MHz for 13C)
a Bruker AV-400 (400 MHz for 1H, 101 MHz for 13C) or a Bruker AV–500 (500 MHz for
1H, 101 MHz for 13C) spectrometers at ambient temperature. 1H and 13C spectra were
calibrated using residual solvent peaks [73,74]. MS analyses were performed at the “Centre
Regional de Mesures Physiques de l’Ouest” (CRMPO, Université de Rennes) on high
resolution Bruker Maxis 4G or Thermo Fisher Q-Extractive Spectrometers. Elemental
analyses were also performed at CRMPO. Chromatographic separations (rapid suction
filtration (RSF), column chromatography, or flash chromatography) were performed on
Merck silica gel (40–63 µm), Aldrich basic Alumina (act 1), or Aldrich neutral Alumina
(act 1), with the eluants indicated. Commercial reagents and (pre/co)catalysts were used
as received. The trisbromo s-triazine precursor 8-Br was synthesised using a procedure
inspired by the literature [42], which was subsequently extended to the known trisiodo
analogue 8-I (ESI). The triyne 8-C≡CH was also obtained following modifications of the
reported literature procedure (ESI) [16]. The known triazine derivatives 3-CN [17], 3-
OMe [15], and 3-NPh2 [18] were obtained according to published procedures and fully
characterised (ESI), as were the required alkynes [33,75–78].

4.2. Synthesis of the New Triazine Compounds

2,4,6-tris{4′-[(4′′-dimethylamino)-2′′′-phenylethynyl]phenyl}-1,3,5-triazine (3-NMe2).
A dry Schlenk flask was charged with 8-I (203 mg, 0.295 mmol), 4-ethynyl-N,N-dimethylan
iline (211 mg, 1.453 mmol, 5 eq.), Pd(PPh3)4 (35 mg, 0.030 mmol, 10 mol%), and CuI (11 mg,
0.058 mmol, 20 mol%), and then degassed (4 × vacuum/argon cycles). A degassed mixture
of DMF/iPr2NH (2/1 mixture, 30 mL) was added using a cannula, and the flask was sealed
and heated at 50 ◦C for 2 days. The solvent was removed in vacuo and the residue triturated
with Et2O to remove the unreacted starting material. The residue was dissolved in a mix-
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ture of pentane/CH2Cl2/NEt3 (200 mL/200 mL/20 mL) and filtered through a short plug
(2 cm × 2 cm) of neutral alumina (deactivated with NEt3). The bright orange filtrate was
evaporated under reduced pressure, giving the title product as an orange powder (141 mg,
65%). MP: > 150 ◦C (dec.). Rf: 0.38 (petroleum ether/CH2Cl2 [7:3]). HRMS (ESI, MeOH):
m/z = 739.3542 [M + H]+ (calc. for C51H43N6: 739.3544). Anal. Calc. for C51H42N6•H2O:
C, 80.92, H, 5.86, N, 11.10; found: C, 81.39, H, 6.25, N, 10.24. 1H NMR (500 MHz, CDCl3):
δ 8.74 (d, J = 8.4 Hz, 6H, HPh); 7.69 (d, J = 8.4 Hz, 6H, HPh); 7.48 (d, J = 8.8 Hz, 6H, HPh’); 6.71
(d, J = 8.0 Hz, 6H, HPh’); 3.02 (s, 18H, CH3). 13C{1H} NMR (126 MHz, CDCl3): δ = 171.2
(Ctriazine); 135.1 (CPh’); 133.1 (CPhH); 131.6 (CPh’H); 130.6 (CPh); 129.0 (CPhH); 128.7 (CPh);
125.7 (CPh’H); 112.0 (CPh’H); 94.1 (C≡C); 87.9 (C≡C); 40.4 (CH3). IR (KBr, cm−1): υ = 2849
(w, CAr-H); 2201 (m, C≡C); 1598 (s, C=CAr); 1566 (m, C=CAr); 1507 (vs, C=Ntriazine). Raman
(neat, cm−1): υ = 2205 (s, C≡C); 1600 (vs, C=CAr); 1511 (m, C=Ntriazine); 990 (w, C=Ntriazine).

2,4,6-tris{4′-[(4′′-nitro)-2′′′-phenylethynyl]phenyl}-1,3,5-triazine (3-NO2). The com-
pound was isolated using a workup similar than that described above from 8-C≡CH
(110 mg, 0.289 mmol) and 4-bromonitrobenzene in excess (293 mg, 1.45 mmol, 5 eq.) with
Pd(PPh3)4 (10 mol%) and CuI (20 mol%) as catalysts in an DMF/NEt3 mixture at 75 ◦C for
2.5 days. The volatiles were removed in vacuo and the residue triturated with small por-
tions of CH2Cl2 and Et2O to remove the unreacted 4-bromonitrobenzene and other soluble
byproducts that formed during the reaction. The residue (ca. 90 mgs) was then dissolved
in THF and filtered through a short plug (2 cm × 2 cm) and recrystallised several times
to eventually yield pure fractions of yellow product that were used for characterisations.
MP: > 250 ◦C (dec.). Rf: 0.65 (petroleum ether/THF [9:1]). HRMS (MALDI-TOF, DTCB):
m/z = 745.183 [M + H]+ (calc. for C45H25N6O6: 745.18301). 1H NMR (300 MHz, THF-d8):
δ = 8.90 (d, J = 8.7 Hz, AA’XX, 6H, HPh’); 8.31 (d, J = 8.7 Hz, AA’XX, 6H, HPh); 7.83 (m, 12H,
HPh’). 13C{1H} NMR (125 MHz, THF-d8): δ = 172.2 (Ctriazine); 148.8 (CPh’); 137.6 (CPh); 133.6
(CPh’H); 133.1 (CPhH); 130.4 (CPh); 130.2 (CPhH); 127.8 (CPh’); 124.8 (CPh’H); 94.4 (C≡C);
91.3 (C≡C). IR (KBr, cm−1): υ = 2213 (w, C≡C); 1592 (s, C=CAr); 1569 (m, C=CAr); 1510
(vs, NO2-sym); 1506 (vs, C=Ntriazine); 1340 (vs, NO2-asym). Raman (neat, cm−1): υ = 2217
(vs, C≡C); 1600 (vs, C=CAr); 1510 (m, C=Ntriaz); 1341 (m, NO2-asym); 990 (w, C=Ntriazine).

2,4,6-tris{4′-[2′′′-(4′′-pyridyl)ethynyl]phenyl}-1,3,5-triazine (4). A solution of TBAF
(1.0 M in THF, 0.2 mL, 0.2 mmol) was evaporated to dryness in a dry Schlenk flask. The
flask was then charged with 8-I (394 mg, 0.57 mmol), (trimethylsilyl)ethnynyl pyridine
(566 mg, 3.23 mmol), Pd(PPh3)4 (78 mg, 0.067 mmol) and CuI (23 mg, 0.121 mmol) and
then degassed (4 × vacuum/argon cycles). The flask was wrapped in foil before degassed
DMF (20 mL) and NEt3 (9 mL) were added using a cannula. The reaction mixture was
then stirred at 25 ◦C for 2 days. The solvent was removed in vacuo, and the residue
was dissolved in CH2Cl2 (100 mL), washed with water (3 × 50 mL), and dried (MgSO4).
The solvent was removed under reduced pressure, and the crude material purified using
column chromatography (neutral alumina, 5 cm × 6 cm, eluting with a methanol/CH2Cl2
[2:98] mixture). The resulting solid was then precipitated from methanol/CH2Cl2, with
the slow evaporation of the CH2Cl2, and collected on a glass frit, washed with methanol,
and dried under reduced pressure (high vacuum) for 12 h giving the title product as an
off-white coloured powder (261 mg, 75%). MP: 310 ◦C (dec.). Rf: 0.60 (MeOH/CH2Cl2
[2.5:97.5]). HRMS (ESI, MeOH): m/z = 613.2134 [M + H]+ (calc. for C42H25N6: 613.2135).
Anal. Calc. for C42H24N6•1/2H2O: C, 77.91, H, 3.85, N, 12.83; found: C, 78.35, H, 3.80, N,
12.89. 1H NMR (400 MHz, CD2Cl2): δ = 8.76 (d, J = 8.2 Hz, 6H, HPh); 8.61 (d, J = 5.6 Hz,
6H, HPh’); 7.76 (d, J = 8.2 Hz, 6H, HPh); 7.44 (d, J = 5.6 Hz, 6H, HPh’). 13C{1H} NMR (101
MHz, CD2Cl2): δ = 171.6 (Ctriazine); 150.5 (CPyH); 136.9 (CPh); 132.7 (CPhH); 131.4 (CPy);
129.5 (CPhH); 127.0 (CPh); 126.1 (CPyH); 93.6 (C≡C); 89.8 (C≡C). IR (KBr, cm−1): υ = 2218
(w, C≡C); 1598 & 1569 (m, C=CAr); 1515 (vs, C=Ntriazine). Raman (neat, cm−1): υ = 2223 (s,
C≡C); 1605 (vs, C=CAr); 1520 (w, C=Ntriazine); 992 (w, C=Ntriazine).

2,4,6-tris{4′-[2′′′-(9′′,9′′-dibutyl-2′′-fluorenyl)ethynyl]-phenyl}-1,3,5-triazine (7-H).
A dry Schlenk flask was charged with 8-Br (100 mg, 0.183 mmol), 2-ethynyl-9,9-dibutylfluo
rene (263 mg, 0.869 mmol), Pd(PPh3)4 (24 mg, 0.021 mmol), and CuI (8 mg, 0.042), and
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then degassed (4 × vacuum/argon cycles). A mixture of dry, degassed DMF/iPr2NH (1/1
mixture, 30 mL) was added using a cannula. The flask was sealed and the reaction mixture
was heated at 70 ◦C for 3 days. The solvent was removed in vacuo, and the residue was
dissolved in CH2Cl2 (100 mL), washed with water (3 × 30 mL) and dried (MgSO4). The
solvent was removed under reduced pressure, and the crude material was purified using
flash column chromatography (silica gel, 3.5 cm × 15 cm, eluting with an hexanes/CH2Cl2
[9:1] mixture), giving the title product as a pale yellow solid (198 mg, 89%). MP: 146 ◦C. Rf:
0.52 (petroleum ether/CH2Cl2 [85:15]). HRMS (ESI, MeOH): m/z = 1210.6970 [M + H]+

(calc. for C90H88N3: 1210.6973). Anal. Calc. for C90H87N3: C, 89.29, H, 7.24, N, 3.47; found:
C, 89.33, H, 7.54, N, 3.50. 1H NMR (400 MHz, CDCl3): δ = 8.80 (d, J = 8.4 Hz, 6H, HPh); 7.79
(d, J = 8.4 Hz, 6H, HPh); 7.73–7.71 (m, 6H, HFlu); 7.61–7.58 (m, 6H, HFlu); 7.36–7.35 (m, 9H,
HFlu); 2.02 (t, J = 8.0 Hz, 12H, CH2-Bu); 1.16–1.07 (m, 12H, CH2-Bu); 0.70 (t, J = 7.4 Hz, 18H,
CH3-Bu); 0.66–0.50 (m, 12H, CH2-Bu). 13C{1H} NMR (101 MHz, CDCl3): δ = 171.3 (Ctriazine);
151.2; 151.0 (CFlu); 142.0; 140.5; 135.7; 132.0; 131.0; 129.1; 128.0; 127.8; 127.1; 126.2; 123.1;
121.1; 120.2; 119.9; 93.78 (C≡C); 89.5 (C≡C); 55.3 (CFlu); 40.4 (CH2-Bu); 26.1 (CH2-Bu); 23.2
(CH2.-Bu); 14.0 (CH3.-Bu). IR (KBr, cm−1): υ = 2953, 2925, 2854 (m, CAr-H); 2196 (w, C≡C);
1603 (m, C=CAr); 1569 (s, C=CAr); 1507 (vs, C=Ntriazine). Raman (neat, cm−1): υ = 2202 (s,
C≡C); 1605 (vs, C=CAr); 1511 (w, C=Ntriazine); 991 (vw, C=Ntriazine).

2,4,6-tris{4′-[2′′′-(9′′,9′′-dibutyl-7′′-diphenylamino-2′′-fluorenyl)ethynyl]phenyl}-
1,3,5-triazine (7-NPh2). A dry Schlenk flask was charged with 8-Br (49 mg, 0.090 mmol),
2-ethynyl-9,9-dibutyl-7-diphenylaminofluorene (198 mg, 0.422 mmol), Pd(PPh3)4 (11 mg,
0.009 mmol), and CuI (4 mg, 0.020 mmol), and then degassed (3 × vacuum/argon cycles).
A mixture of dry, degassed DMF/iPr2NH (2/1 mixture, 20 mL) was added using a cannula.
The flask was sealed, and the reaction mixture was heated at 70 ◦C for 2.5 days. The
solvent was removed in vacuo, and the residue was dissolved in CH2Cl2 (70 mL), washed
with water (2 × 20 mL), and dried (MgSO4). The solvent was removed under reduced
pressure, and the crude material was purified using flash column chromatography (neutral
alumina deactivated with NEt3, eluting with mixture of ether/hexanes/NEt3 gradient from
50/450/5 mL up to 245/250/5 mL mixture), giving the title product as a bright yellow waxy
solid (27 mg, 18%). MP: 140 ◦C (dec.). Rf: 0.34 (petroleum ether/CH2Cl2 [7:3]). HRMS
(ESI, CHCl3/MeOH [8:2]): m/z = 855.4542 [M]2+ (calc. for C126H114N6: 855.4547). Anal.
Calc. for C126H114N6•1/2CH2Cl2: C, 86.58, H, 6.61, N, 4.79; found: C, 86.72, H, 6.89, N, 4.87.
1H NMR (400 MHz, CDCl3): δ = 8.81 (d, J = 8.6 Hz, AA’XX’, 6H, HPh); 7.80 (d, J = 8.6 Hz,
AA’XX’, 6H, HPh); 7.65–7.55 (m, 12H, HFlu); 7.32–7.25 (m, 12H, HPh2N); 7.19–7.14 (m, 15H,
HPh2N and HPh2N); 7.08–7.03 (m, 9H, HPh2N and HPh2N); 1.92 (m, 12H, CH2-Bu); 1.13 (m,
12H, CH2-Bu); 0.80–0.65 (m, 30H, CH3-Bu & CH2-Bu). 1H NMR (400 MHz, CDCl3): δ = 171.3
(Ctriazine); 152.8; 150.9 (CFlu); 148.0; 147.9; 141.9; 135.6; 135.5; 131.9; 131.1; 129.4; 129.1; 128.1;
126.1; 124.2; 123.4; 122.9; 120.9; 120.3; 119.2; 119.1; 93.8 (C≡C); 89.4 (C≡C); 55.2 (CFlu); 40.1
(CH2-Bu); 26.2 (CH2-Bu); 23.2 (CH2-Bu); 14.0 (CH3.-Bu). IR (KBr, cm−1): υ = 2194 (w, C≡C);
1593 (s, C=CAr); 1569 (s, C=CAr); 1508 (vs, C=Ntriazine); 1490 (vs, C=Ntriazine). Raman (neat,
cm−1): υ = 2199 (w, C≡C); 1601 (vs, C=CAr); 1569 (w, C=CAr); 1508 (w, C=Ntriazine); 989 (w,
C=Ntriazine).

4.3. Fluorescence Measurements

All photophysical measurements were performed with freshly prepared air-equilibrated
CH2Cl2 (or THF) solutions (HPLC grade) at room temperature (298 K). UV–Vis absorp-
tion spectra were recorded on dilute solutions (ca. 10−5 M) by using a Jasco V-570 spec-
trophotometer (Mary’s Court, Easton MD, USA). The samples used to make the solutions
were freshly recrystallised or thoroughly washed with cooled ether/pentane prior to the
measurements to remove any organic impurity. Steady-state fluorescence studies were
performed in diluted air-equilibrated solutions in quartz cells of 1 cm path length (ca.
1 × 10−6 M, optical density < 0.1) at room temperature (20 ◦C), using an Edinburgh Instru-
ments (FLS920) spectrometer (Edinburgh, UK) in photon-counting mode. Fully corrected
excitation and emission spectra were obtained, with an optical density at λexc ≤ 0.1. The
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fluorescence quantum yield of each compound was calculated using the integral of the fully
corrected emission spectra relative to a standard, quinine bisulphate (QBS, λex = 346 nm,
ΦF = 0.546) [79,80]. UV–Vis absorption spectra used for the calculation of the fluorescence
quantum yields were recorded using a double-beam Jasco V-570 spectrometer.

4.4. Two-Photon Absorption Experiments

To span the 790–920 nm range, an Nd:YLF-pumped Ti:sapphire oscillator (Chameleon
Ultra, Coherent) was used, generating 140 fs pulses at an 80 MHz rate. The excitation
power was controlled using neutral density filters of varying optical density mounted in
a computer-controlled filter wheel. After a fivefold expansion through two achromatic
doublets, the laser beam was focused with a microscope objective (10×, NA 0.25, Olympus,
Shinjuku, Tokyo, Japan) into a standard 1 cm absorption cuvette containing the sample. The
applied average laser power arriving at the sample was typically between 0.5 and 40 mW,
leading to a time-averaged light flux in the focal volume on the order of 0.1–10 mW/mm2.
The fluorescence intensity was measured at several excitation powers in this range owing
to the filter wheel. For each sample and each wavelength, the quadratic dependence of
the fluorescence intensity (F) on the excitation intensity (P), i.e., the linear dependence of F
on P2 was systematically checked (see ESI, Figure S8). The fluorescence from the sample
was collected in epifluorescence mode, using the microscope objective, and reflected by
a dichroic mirror (Chroma Technology Corporation, Bellows Falls, VT, USA; “red” filter
set: 780dxcrr). This made it possible to avoid the inner filter effects related to the high dye
concentrations used (10−4 M) by focusing the laser near the cuvette window. Residual
excitation light was removed using a barrier filter (Chroma Technology; “red”: e750sp–2p).
The fluorescence was coupled into a 600 µm multimode fibre with an achromatic doublet.
The fibre was connected to a compact CCD-based spectrometer (BTC112-E, B&WTek,
Newark DE, USA), which measured the two-photon excited emission spectrum. The
emission spectra were corrected for the wavelength dependence of the detection efficiency
using correction factors established through the measurement of reference compounds
having known fluorescence emission spectra. Briefly, the setup allowed for the recording of
corrected fluorescence emission spectra under multiphoton excitation at variable excitation
power and wavelengths. Further, 2PA cross-sections (σ2) were determined from the two-
photon excited fluorescence (TPEF) cross-sections (σ2·ΦF) and the fluorescence emission
quantum yield (ΦF). TPEF cross-sections of 10−4 M dichloromethane solutions were
measured relative to fluorescein in 0.01 M aqueous NaOH using the well-established
method described by Xu and Webb [81] and the appropriate solvent-related refractive index
corrections [82]. To check the absence of aggregation, UV–Vis absorption spectra of the
dyes were recorded at this concentration in cells of 1 mm pathlength and compared with
those obtained with diluted solutions in cells of 1 cm pathlength.

4.5. DFT Computations

DFT and TD-DFT calculations reported in this study were performed using the Gaus-
sian09 [83] program. The geometries of all compounds were optimised without symmetry
constraints using the CAM-B3LYP [84] or the MPW1PW91 [57] functionals and the 6-31G*
basis set. The solvent effects were taken into account by means of the polarizable contin-
uum model (PCM) [85]. Calculations of the normal modes of vibration were carried out to
confirm the true minima character of the optimised geometries. TD-DFT calculations were
performed at the same level of theory using the previously optimised geometries. A value of
0.1 was considered for the damping parameter when simulating the electronic spectra (ESI).
Swizard [86] was used to plot the simulated spectra, and GausView [87] was used for the
MO plots. Subsequently, the 2PA properties were calculated for selected compounds using
the SAOP model potential [88,89] (statistical average of orbital model exchange-correlation
potential) using the damped cubic response theory module of Jensen et al. [60] implemented
in the ADF program package [90], considering the different molecules in the gas phase
with the optimised geometries obtained in solution (CH2Cl2). The lifetime of the electron-
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ically excited states was included in the theory using a damping parameter of 0.0034 au
(∼0.1 eV ∼ 800 cm−1) value, which was found suitable for 2PA computations [91,92]. The
2PA cross-section σ2 was obtained from the imaginary part of the third-order hyperpolar-
izability γ using ad hoc expressions (see ESI) [59]. Cross-section (σ2) values are usually
given in Göppert–Mayer units (1 GM = 10−50 cm4·s·photon−1), so we first evaluated them
in atomic units and then multiplied them by (0.529177 × 10−8 cm/a.u.)4 × (2.418884 ×
10−17 s/a.u.) to obtain values in the conventional units (cm4·s·photon−1).

5. Conclusions

The two-photon absorption properties of several 2,4,6-triaryl-s-triazines derivatives
such as 3-X (X = NO2, CN, H, OMe, NMe2, NPh2), 4, and 7-X (X = H, NPh2) were studied.
After characterising the new members of these families (X = 3-NO2, 3-NMe2, 4, 7-H, and 7-
NPh2), we uncovered evidence that significant 2PA occurs at the near-IR edge (730–820 nm)
for most of them. Similar to what was previously shown for 1,3,5-triarylbenzene or N,N′,N′′-
triarylisocyanurate analogues, this nonlinear absorption process apparently populates the
π-π* charge-transfer excited state(s) at the lowest energy. As confirmed by DFT calculations,
the charge transfer occurring during 2PA corresponds to a shift of electron density from
the periphery (arms) toward the central ring, except for strongly electron-withdrawing X
substituents (X = NO2 and CN) for which the charge transfer direction reverts. Based on our
calculations, compared with 1-X and 2-X, the improved 2PA properties of 3-X derivatives
find their origin in the quasi-planar conformation adopted by these molecules in solution
and also in the increased polarisation of their π manifold, two features directly resulting
from the presence of the central s-triazine unit. The latter favours π-π interactions between
peripheral arms and the central core, resulting in a smaller HOMO–LUMO gap for these
molecules. We also showed that all 3-X and 7-X derivatives featuring neutral to electron-
releasing peripheral groups were sufficiently emissive for performing two-photon imaging
purposes in solution (ΦF > 0.2). Actually, in line with extent data for other s-triazines
in the literature, they presented larger two-photon brightness than all 1-X, 2-X, and 6-X
fluorophores investigated so far. This statement, coupled to the fact that their first 2PA
peak is always bathochromically shifted relative to that of their 1,3,5-triarylbenzene or
N,N′,N′′-triaryl isocyanurate analogues, points to a larger potential for 3-X derivatives, with
3-NMe2 and 3-NPh2 being the most promising molecules in this respect. Provided that
such compounds can now be made water-soluble without changing the observed trends,
they should give rise to appealing new two-photon dyes for fluorescence bioimaging.
Research along these lines is in progress.
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Abstract: The potential of E–Z photoisomerization in molecular organic light-to-thermal conversion
and storage in an E–styryl merocyanine system was studied in a polar acidic medium. A photoswitch-
able styryl merocyanine dye (E)-2-(2-(2-hydroxynaphthalen-1-yl)vinyl)-3,5-dimethylbenzo[d]thiazol-
3-ium iodide was synthesized for the first time. The reversible E–Z photoisomerisation of the dye
was investigated using UV-Vis spectroscopy and DFT calculations. E–Z isomerization was induced
through the use of visible light irradiation (λ = 450 nm). The obtained experimental and theoretical
results confirm the applicability of the Z and E isomers for proton-triggered light harvesting.

Keywords: E–Z photoisomerization; spiropyran; organic light-to-thermal systems; merocyanine
dyes; DFT

1. Introduction

Photoswitchable molecules have been widely investigated due to their potential ap-
plications as light-responsive materials. Several classes of organic compounds that can
undergo reversible photoisomerization around double bonds (C=C, C=N, N=N) are re-
ported in the literature. The common denominator in these systems is that one of the
conformers is thermodynamically stable, and the other is metastable and is formed after
irradiation with UV or visible light [1,2]. Examples of photoswitchable molecules include di-
hydroazulene/vinylheptafulvene (DHA/VHF) [3,4], fulvalene dimetal complexes [5], nor-
bornadiene/quadricyclane (NBD/QC) [6], and azobenzene systems [1,2,7–11]. Qiu et al.,
provide an overview of recent developments and applications of various types of syn-
thetic photoswitches as molecular solar thermal (MOST) energy storage materials [11].
The application of azobenzenes performing E–Z photoisomerization upon irradiation is
driven by their possible inclusion as light-triggered switches in polymers, surface-modified
materials, proteins, and a variety of “molecular machines” [7,12]. Azobenzenes are highly
valued photoswitches with applications in biological systems due to the fact that the
photoisomerisation process is fast and they have a high photoisomerization quantum
yield [2]. Diarylethene molecules, for example, can be converted from a conjugated to
a cross-conjugated state upon illumination in the visible region, and this reversible iso-
merization is the basis of room-temperature conduction switching [13,14]. The class of
spiropyrans is among the most important photochromes, with broad applications as smart
materials in energy, data storage and photopharmacology [15–18].

The photochromism of spiropyrans is due to the interconversion between the ring-
closed spiropyran (SP) structure and ring-open merocyanine (MC) form, in which the
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C−O bond is split [17]. The photochemical properties of the two isomers are quite differ-
ent, making spiropyrans unique as a class of photoswitches. Their applicability to new
spiropyran-based dynamic materials is determined by the fact that the molecules undergo
a reversible and continuous interconversion in response to variety of stimuli. Spiropy-
ran functionalized materials have been developed due to their potential applications [18].
The fluorescent properties of spiropyran-bound polymers have been studied extensively
due to their potential applications in detection and imaging. PULSAR microscopy has
been developed with a special application for imaging biological systems and overcoming
the significant problem of false positive signals due to cell autofluorescence [19,20]. The
functionalization of biomolecules with spiropyran molecular photoswitches contributes to
solving various scientific challenges, such as the light-assisted control of natural biological
properties [21,22], the photoregulation of enzyme activity [23], and others.

The protonation of the o-hydroxyl group in merocyanines built by
3,3′-dimethylindolenine and phenol end groups has been broadly investigated [24–29].
Acidochromism has been reported to modify the thermally induced conversion to the
protonated merocyanine form (MCH+) [24–29]. However, the mechanism and nature of
the intermediates formed throughout these reports are not consistent. Fissi et al. [24] and
Wojtyk et al. [25], for example, observed that an equilibrium between the non-protonated
and the protonated spiropyran is established in the presence of trifluoroacetic acid, lying in
favor of the protonated E-merocyanine form. In another report, Rémon et al. [26] proposed
that, in an aqueous medium, the protonation only occurs at a pH below 0.5 and that the
only protonated species present is the open-ring merocyanine form, which is in thermal
equilibrium with the non-protonated closed form. Additionally, Schmidt et al. [27] also
noted the formation of the protonated E-merocyanine in ethanol upon the addition of
trifluoroacetic acid. Overall, these reports denote that ring opening to the stable protonated
E-merocyanine occurs in a strongly acidic environment. In other words, it was postulated
that a rapid equilibrium is established between species of the transient spiropyran forms
that have a broken Cspiro-O bond and a geometry intermediate to the perpendicular
spiro and the planar merocyanine form under sufficiently acidic conditions [24–27]. In
the same period, Roxburgh et al., reported the trifluoroacetic acid induced the thermal
ring-opening of spiropyrans to their protonated E isomer that was proposed to be via either
the unprotonated or protonated Z form [28]. The proposed intermediacy of the protonated
Z form was subsequently supported by Shiozaki, who proposed that the protonation of
spiropyran in ethanol with sulfuric acid, a stronger acid than trifluoroacetic acid, generated
the Z-merocyanine form, which could not only undergo subsequent thermal but also pho-
tochemical Z/E isomerization [29]. Shiozaki’s interpretation of the changes observed by
UV-vis absorption spectroscopy, analogous to the acid-induced ring opening (C-O bond
cleavage) observed for the related photochromic spirooxazines [29], which was supported
by theoretical results. Kortekaas et al. [30] demonstrated that the extent of acid-induced
ring opening is controlled by matching both the concentration and strength of the acid
used. The authors show that with strong acids, full ring opening to the Z-merocyanine
isomer occurs spontaneously, allowing its characterization via 1H NMR spectroscopy as
well as UV/vis spectroscopy. The reversible switching between Z-E isomerization through
irradiation with UV and visible light is considered. Under sufficiently acidic conditions,
both E- and Z-isomers are thermally stable. The judicious choice of the acid so that its pKa
lies between that of the E- and Z-merocyanine forms enables thermally stable switching
between spiropyran and E-merocyanine forms, and hence pH-gating between thermally
irreversible and reversible photochromic switching. Our group recently demonstrated [31]
for the first time the E–Z photoisomerization observed directly by excitation with light,
substantially red-shifted compared to the absorption spectrum of the E–Z active moieties
via the process of triplet–triplet annihilation upconversion. As photoactive molecular
systems, we used a series of rare-earth-free stabilized styryl dye-Ba2+ complexes prepared
via an improved, easy, reliable two-step synthetic procedure. The goal is to find molecu-
lar systems that do not contain metals and are environmentally friendly. Therefore, our
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efforts have been focused on finding metal-free photoswitchable molecules operating in
the visible region (450–600 nm) and testing their ability in terms of proton-triggered E–Z
photoisomerization. We are looking for a metastable structure that is the Z-form, which
should thermally relax to the E-isomer. Usually, the Z-form is higher in energy and more
unstable. The transition from Z- to E-form is expected to result in energy gain.

The aim of the present study is to investigate the E–Z photoisomerization of me-
rocyanine (E)-2-(2-(2-hydroxynaphthalen-1-yl)vinyl)-3,5-dimethylbenzo[d]thiazol-3-ium
platform as a molecular organic light-to-thermal conversion system in acidic conditions.
We synthesized and investigated the photophysical properties of a promising candidate,
which is easy to obtain and that can be subsequently modified via structural changes.

2. Results and Discussion
2.1. Synthesis

The Knövenagel type condensation of the CH-acid 2,3,5-trymethyl-benzothiazolium
iodide (1) and a slight molar excess of 2-hydroxy-1-napthaldehyde (2) in the presence of
catalytic amounts of N,N’-diisopropyl-ethylamine (DIPEA) afforded the reaction product 3
in very good yield (71%), Scheme 1. The reaction conditions were modified, thus leading
to the complete conversion of reactant 1 and the easy purification of the target product
3. Only one spot on the TLC was observed after the separation of the reaction product
from the ethanol/ethyl acetate solution. Single recrystallization from ethanol/ethyl acetate
afforded the target dye 3 in analytical purity.

Scheme 1. Synthesis of the photochromic dye 3 and its merocyanine tautomer 4.

The chemical structure of dye 3 was proved via NMR spectroscopy, ESI-MS spectrom-
etry, melting point and UV-VIS spectroscopy. In the proton NMR spectrum of protonated
merocyanine 3 in DMSO-d6 (Figures S1–S3), all of the characteristic signals of the pro-
posed chemical structure are observed. At 2.52 ppm, a singlet with integral intensity
corresponding to three protons is denoted. In our opinion, it corresponds to the methyl
group attached to the aromatic core of the benzothiazolium fragment. In a weaker field at
4.06 ppm, a singlet with integral intensity for three protons appears, which corresponds to
the methyl protons of the group directly bonded to the quaternary nitrogen atom of the
methyl-benzothiazolium fragment. The doublet at 7.01 ppm with a J-constant of 9.2 Hz
is characteristic of the methine proton of the styryl group connecting the two aromatic
moieties of the conjugated system of the dye. The other similar methine proton signal
appears at 7.84 ppm with the same J-constant as the previous one. In the aromatic part of
the proton signals, the most characteristic is the singlet appearing at 7.89 ppm, describing
the proton between the methyl group of the benzothiazlium fragment and the quaternary
nitrogen atom. The number and integral intensity of the remaining signals corresponds to
the protons in the aromatic part of dye structure 3. The presence of only positive signals in
the carbon DEPT spectrum of dye 3 (Figure S4) certifies the absence of methylene protons in
the structure and confirms the presence of methyl and methine protons, corresponding to
the proposed chemical structure. The signals at 21.65 ppm and 56.50 ppm can be assigned
to the carbon atoms from the methyl groups.

To the best of our knowledge, dye 3 has not been described in the literature.
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2.2. Photophysical Properties of Dye 3
Absorption Spectra

The electronic absorption spectra of dye 3 in solvents with different polarities are
demonstrated in Figure 1 and Table 1. The dye displays several different bands between
300 and 600 nm. As expected [18,28], two forms of the dye are present in the solution
(Figure 1). The longest wavelength absorption corresponds to the merocyanine form (MC)
(Scheme 2). The extensive conjugation in the structure of the merocyanine dye leads to
strong absorption in the visible region (574–590 nm in the studied solvents). The trans-styryl
(TS) hemicyanine form (Scheme 2) is characterized by absorption maxima from 451 nm to
481 nm, depending on the solvent polarity. It can be concluded from Figure 1 that dye 3
exhibits horizontal and vertical sovatochromism typical for merocyanine and styryl dyes.
It is well known that merocyanine dyes are characterized by positive solvatochromism,
while styryl hemicyanine dyes are characterized by negative ones.

Figure 1. UV-VIS absorption spectra of merocyanine dye 3 in solvents with different polarity.

Scheme 2. Isomers of dye 3 in acidic medium.
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Table 1. Dependency of the visible absorption of dye 3 from the solvent polarity.

Solvent Polarity Index Dielectric
Permittivity ε

λmax1 (nm)
Styryl

ε1
(L ×mol−1 × cm−1)

λmax2 (nm)
MC

ε2
(L ×mol−1 × cm−1)

Toluene 2.4 2.3741 481 9 490 589 13,160
CHCl3 4.1 4.71 ----- ----- 590 55,700
MeOH 5.1 32.613 459 10 510 574 72,860
EtOH 5.2 24.85 ----- ----- 581 76,980

Acetonitrile (AcCN) 5.8 35.688 451 15 220 582 43,540
DMF 6.4 37.219 ----- ----- 588 50,050

DMSO 7.2 46.826 ----- ----- 590 72,190
H2O 10.2 78.355 454 23 180 543 14,930

TE buffer pH = 7 ----- 407 6 460 535 38,960

As can be seen from Figure 1, the solvatochromism of the merocyanine form is mainly
vertical (molar absorptivity from 13,160 L × mol−1 × cm−1 in toluene till
76,980 L ×mol−1 × cm−1 in ethanol) with a weak red/bathochromic shift of the longest
wavelength maximum going from less polar to more polar solvents. This positive solva-
tochromism is an indication of an increased dipole moment of the excited state relative
to the ground state. Meanwhile, for the trans-styryl form, we observed a negative sol-
vatochromism typical for dyes of the styryl cyanine type [22]. The merocyanine form
predominates in some solvents (Table 1), while both forms of the dye exist simultaneously
in other solvents.

Solvents, such as DMF, DMSO, ethanol, and methanol, stabilizing the merocyanine
form, are more suitable for investigating the E-Z photoisomerization of dye 3. The aci-
dochromic properties of dye 3 in DMF were investigated. DMF–an aprotic, basic, polar
solvent, can coordinate acidic protons with its lone pair. Dye 3 was titrated with glacial
acetic acid in DMF. Figure 2 shows the change in the absorption of dye 3 as a function of
the amount of glacial acetic acid added to a solution of the dye in DMF. As the amount
of added acid increases, the intensity of the absorption band at 581 nm corresponding to
the merocyanine form 4 (MC Scheme 2, Figure 2) decreases, while at the same time the
intensity of the absorption band at 451 nm that corresponds to the trans-styryl (or so-called
“protonated merocyanine”) form 3 (TS Scheme 2, Figure 2) increases. The merocyanine
form converts into the protonated species, absorbing at λmax 480 nm upon the addition of
acid to the solution. The presence of a distinct isosbestic point is unequivocal proof of the
existence of the two discussed tautomeric forms (MC and TS) in DMF–acetic acid solution.
The merocyanine form of dye 3 is stable in basic medium. The addition of glacial acetic
acid (AcOH) leads to the formation of trans-styryl 3.

Figure 2. Acetic acid triggered merocyanine to styryl form (3 to 4) isomerization in DMF as a solvent.

176



Photochem 2023, 3

The solution was irradiated with a 450 nm laser for different periods of time to induce
cis-trans isomerization. The irradiation of the solution (dye 3 in DMF and acetic acid)
resulted in a substantial decrease in the intensity of the band responsible for the trans-styryl
form of the dye (Figure 3). As can be seen from Figure 3, the irradiation after the fortieth
minute leads to a complete disappearance of the signals for forms 3 and 4, which is visually
registered as a complete discoloration of the solution. This phenomenon is accompanied
by an increase in the absorption intensity at 363 nm, which can be associated with the
formation of the cis-styryl isomer and its eventual incorporation into a spiropyran cycle.
The formation of a second isosbestic point at 390 nm (Figure 3) confirms this hypothesis.
The color of the solution did not recover, and the system did not return to the original
absorbance values at 450 nm, even after six months of relaxation in the dark at room
temperature and/or upon heating to 50 ◦C. The irreversibility of the E–Z isomerization
process in DMF–acetic acid makes these conditions unsuitable for the intended application.

Figure 3. E-Z photoisomerization of dye 3 in the presence of acetic acid upon 450 nm laser irradiation.

Our goal was to achieve the transformation of the metastable cis form to the most
stable trans-form upon relaxation of the system. The observations described above forced
us to repeat the experiment in a different solvent and with a different acid. Since we are
interested in E–Z photoisomerization of merocyanine dye 3, the process was studied in
ethanol as a medium, and the titration was performed with concentrated hydrochloric acid.

In ethanol, the merocyanine form 4 is stable, as can be seen from Figure 4 (black
line). Then, 1 M aqueous hydrochloric acid was added to the solution, resulting in the
formation of trans-styryl form 3 (463 nm, the blue and red lines in Figure 4). In contrast
to the experiment in DMF, in ethanol, even small amounts of 1 M aq. HCl acid resulted
in a complete conversion of form 4 (MC) to form 3 (TS). In ethanol–water, the TS form of
the dye remains stable for at least 24 h, which is a prerequisite for performing the above
experiment in the given new medium (ethanol/water). In an acidic environment, the
merocyanine form is eliminated and is no longer the most stable form. Even if the spiro
form is formed, under these conditions, it will quickly open to the cis (metastable) form,
which is then stabilized in the trans form.
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Figure 4. Hydrochloric acid triggered merocyanine to trans-styryl form of dye 3 in ethanol.

Irradiation with 450 nm laser light results in a reduction in the trans band (463 nm,
brown line, Figure 5) and the formation of the cis isomer (321 nm, cyan line, Figure 5). In
general, the molar absorptivity of the cis and trans forms does not commensurate. The
cis form has very low molar absorptivity. After the irradiation, the solution is allowed
to relax. The absorbance of the solution was measured every 5 min. As seen from the
spectrum in Figure 5, after 24 h, the TS form is fully restored. The process of transition
from merocyanine to the trans-styryl form will result in the production of energy when
irradiated with light.

Figure 5. The reversible cis-to-trans (Z-E) photoisomerization of photoswitch 3 in ethanol–hydrochloric
acid system after 5 min 450 nm laser irradiation. Black line: dye 3 in ethanol; brown line: dye 3 with
20 µL hydrochloric acid added; cyan line: the change after 5 min of irradiation with 450 nm laser light.

The experimental studies were supplemented with PCM [32,33] DFT [34] calculations
using B3LYP hybrid functional in conjunction with 6-31G(d,p) [35] basis set, and only the
iodine SDD basis set and effective core potential were used [36,37]. The quantum chemical
computations were performed with the G16 A.03 software package [38]. The optimized
ground state structures and computed relative Gibbs free energies for the dye 3 isomers
are presented in Figure 6. The optimized structures with iodine counterion are given in
Figure S6. The calculated free energies of all the stationary points are reported in kcal/mol
relative to the trans-styryl form.
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Figure 6. B3LYP/6-31G(d,p) optimized ground state structures (in water medium) and computed
relative Gibbs free energies for the dye 3 isomers. Color scheme: gray—C, light gray—H, red—O,
blue—N, yellow—S.

The Trans-styryl (TS)-B isomer (Figure 6) is more unstable by 2 kcal/mol because the
planar structure is disrupted, which lowers the conjugation in the heterocyclic system. The
dihedral angle between the benzothiazole and naphthol fragments is 24.15 degrees. Upon
irradiation (450 nm), TS converts to the cis isomer (CS). The spiro form is energetically
less favorable than the cis form, but its formation cannot be excluded when the system
is energized by light irradiation (450 nm). The free energy profile for the transformation
between TS, CS, and spiro forms (in water) is presented in Figure 7.

The transition states structures are characterized via the eigenvector of the imaginary
frequency and are proven through intrinsic reaction coordinate (IRC) calculations. The
spiro form converts to the cis isomer (CS) through an energy barrier of 30.6 kcal/mol. The
trans to cis conversion has a free energy barrier of 33.6 kcal/mol (Figure 7). The theoretical
results show that the trans form is 6.5 kcal/mol more stable than the cis form. Therefore,
the transition from cis to trans results in energy gain.
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Figure 7. Free energy profile for the transformation between trans (TS), cis (CS), and spiro forms from
B3LYP/6-31G(d,p) calculations in water medium. Color scheme: gray—C, light gray—H, red—O,
blue—N, yellow—S.

3. Conclusions

The photoswitchable merocyanine dye (E)-2-(2-(2-hydroxynaphthalen-1-yl)vinyl)-3,5-
dimethylbenzo[d]thiazol-3-ium iodide (3) was prepared for the first time. The reversible
switching between E and Z isomers and the acidoxchromism of dye 3 in DMF and ethanol was
studied through the use of UV/Vis spectroscopy and DFT calculations. The E-Z-isomerization
is induced by irradiation with visible light. In an ethanol acidic medium the studied system is
suitable for harvesting visible light. The obtained experimental and theoretical results confirm
the applicability of the TS and CS isomers for proton-triggered light-to-thermal molecular
systems. We have a promising candidate, a simple molecule, which is easy to obtain and
that can be subsequently modified in order to increase the energy difference between Z- and
E-isomers.

4. Materials and Methods
4.1. General

All of the solvents used in the present work were commercially available (HPLC
grade). The synthesis of 2,3,5-trimethylbenzo[d]thiazol-3-ium iodide (1) was prepared via
a previously described procedure [39]. 2-Hydroxy-1-naphthaldehyde (2) is commercially
available and was used as supplied. The melting points were determined on a Kofler
apparatus and were uncorrected. The NMR spectra of the samples in DMSO-d6 were ob-
tained on a Bruker Avance III 500 DRX 600 MHz spectrometer at the Faculty of Chemistry
and Pharmacy, University of Sofia. Mass spectrum acquisitions were conducted at the
MPIP, Mainz, Germany on an Advion expression compact mass spectrometer (CMS) with
atmospheric pressure chemical ionization (APCI) at high temperature and low fragmen-
tation regime. The MS-spectrum was acquired in the positive ion reflection mode, m/z
range from 10 to 1000 m/z, and acquisition speed 10,000 m/z units s−1. The obtained
spectrum was analyzed by using Advion CheMS Express software version 5.1.0.2. at the
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MPIP, Mainz, Germany. The UV-VIS spectra were measured on a Unicam 530 UV–VIS
spectrophotometer in conventional quartz cells of 1 cm path length. The absorption spectra
were recorded for solutions with identical total dye concentrations (1 × 10−5 M). A thermal
stabilized single-mode diode laser passes through a spatial filter in order to reach nearly
TEM00 transversal intensity distribution, and the used laser intensity is 1 mW × 10−2 cm,
λ = 450 nm, cw.

4.2. Synthesis of (E)-2-(2-(2-Hydroxynaphthalen-1-yl)vinyl)-3,5-dimethylbenzo[d]thiazol-3-ium
Iodide (3)

In a 50 mL round bottom flask equipped with an electromagnetic stirrer and reflux
condenser, 0.25 g (0.82 mmol) 2,3,5-trimethylbenzo[d]thiazol-3-ium iodide (1) and 0.17 g
(0.98 mmol) 2-hydroxy-1-naphthaldehyde (2) were dissolved in 15 mL ethanol and one
drop of DIPEA was added. The reaction mixture was vigorously stirred and refluxed
under argon for 2 h. After cooling to room temperature, 30 mL of ethyl acetate was added,
and the mixture was stored in a refrigerator for 24 h. The formed precipitate was suction
filtered, washed with 20 mL cold ethanol and 30 mL ethyl acetate, and air dried. Yield:
0.27 g (71%). M.p. > 250 ◦C. 1H-NMR (500 MHz, DMSO-d6, δ (ppm)): 2.52 s (3H, CH3),
4.06 s (3H, CH3), 7.01 (d, 1H, 3JHH = 9.2 Hz), 7.33 (dd, 1H, 3JHH = 7.3 Hz), 7.46 (d, 1H, CH,
3JHH = 8.4 Hz), 7.55 (dd, 1H, 3JHH = 7.6 Hz), 7.75 (d, 1H, 3JHH = 7.8 Hz), 7.84 (d, 1H,
CH, 3JHH = 9.2 Hz), 7.89 (s, 1H, CH), 8.08 (d, 1H, CH, 3JHH = 8.2 Hz), 8.18 (d, 1H, CH,
3JHH = 8.4 Hz), 8.26 (d, 1H, CH, 3JHH = 14.6 Hz), 8.46 (d, 1H, CH, 3JHH = 14.7 Hz). 13C NMR
DEPT 125 MHz (DMSO-d6, δ(ppm)): 21.65 (CH3), 56.50 (CH3), 114.01 (CH), 115.77 (CH),
121.91 (CH), 123.56 (CH), 123.87 (CH), 128.55 (CH), 128.69 (CH), 129.55 (CH), 136.33 (CH),
139.59 (CH), 141.49 (CH). Calc. for: C21H18NOS+ m/z = 332.4, found: ESI-MS: m/z = 332.2.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
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12. Volarić, J.; Thallmair, S.; Feringa, B.L.; Szymanski, W. Photoswitchable, Water-Soluble Bisazobenzene Cross-Linkers with Enhanced
Properties for Biological Applications. ChemPhotoChem 2022, 6, e202200170. [CrossRef]

13. Matsuda, K.; Irie, M. Diarylethene as a photoswitching unit. J. Photochem. Photobiol. C 2004, 5, 169–182. [CrossRef]
14. Kudernac, T.; van der Molen, S.J.; van Wees, B.J.; Feringa, B.L. Uni- and bi-directional light-induced switching of diarylethenes on

gold nanoparticles. Chem. Commun. 2006, 34, 3597–3599. [CrossRef]
15. Broichhagen, J.; Frank, J.A.; Trauner, D. A Roadmap to Success in Photopharmacology. Acc. Chem. Res. 2015, 48, 1947–1960.

[CrossRef]
16. Lerch, M.M.; Hansen, M.J.; van Dam, G.M.; Szymanski, W.; Feringa, B.L. Emerging Targets in Photopharmacology. Angew. Chem.

Int. Ed. 2016, 55, 10978–10999. [CrossRef]
17. Fischer, E.; Hirshberg, Y. Formation of Coloured Forms of Spirans by Low-Temperature Irradiation. J. Chem. Soc. 1952, 4522–4524.

[CrossRef]
18. Klajn, R. Spiropyran-based dynamic materials. Chem. Soc. Rev. 2014, 43, 148–184. [CrossRef]
19. Hu, D.H.; Tian, Z.Y.; Wu, W.W.; Wan, W.; Li, A.D.Q. Single-Molecule Photoswitching Enables High-Resolution Optical Imaging.

Microsc. Microanal. 2009, 15, 840–841. [CrossRef]
20. Tian, Z.Y.; Li, A.D.Q.; Hu, D.H. Super-resolution fluorescence nanoscopy applied to imaging core–shell photoswitching nanopar-

ticles and their self-assemblies. Chem. Commun. 2011, 47, 1258–1260. [CrossRef]
21. Montagnoli, G.; Pieroni, O.; Suzuki, S. Control of peptide chain conformation by photoisomerising chromophores: Enzymes and

model compounds. Polym. Photochem. 1983, 3, 279–294. [CrossRef]
22. Ciardelli, F.; Fabbri, D.; Pieroni, O.; Fissi, A. Photomodulation of polypeptide conformation by sunlight in spiropyran-containing

poly(L-glutamic acid). J. Am. Chem. Soc. 1989, 111, 3470–3472. [CrossRef]
23. Sakata, T.; Yan, Y.L.; Marriott, G. Optical switching of dipolar interactions on proteins. Proc. Natl. Acad. Sci. USA 2005, 102,

4759–4764. [CrossRef] [PubMed]
24. Fissi, A.; Pieroni, O.; Angelini, N.; Lenci, F. Photoresponsive Polypeptides. Photochromic and Conformational Behavior of

Spiropyran-Containing Poly-l-Glutamate)s under Acid Conditions. Macromolecules 1999, 32, 7116–7121. [CrossRef]
25. Wojtyk, J.T.C.; Wasey, A.; Xiao, N.N.; Kazmaier, P.M.; Hoz, S.; Yu, C.; Lemieux, R.P.; Buncel, E. Elucidating the Mechanisms of

Acidochromic Spiropyran-Merocyanine Interconversion. J. Phys. Chem. A 2007, 111, 2511–2516. [CrossRef]
26. Remon, P.; Li, S.M.; Grotli, M.; Pischel, U.; Andreasson, J. An Acido- and Photochromic Molecular Device That Mimics Triode

Action. Chem. Commun. 2016, 52, 4659–4662. [CrossRef]
27. Schmidt, S.B.; Kempe, F.; Brügner, O.; Walter, M.; Sommer, M. Alkyl-Substituted Spiropyrans: Electronic Effects, Model

Compounds and Synthesis of Aliphatic Main-Chain Copolymers. Polym. Chem. 2017, 8, 5407–5414. [CrossRef]
28. Roxburgh, C.J.; Sammes, P.G. On the Acid Catalysed Isomerisation of Some Substituted Spirobenzopyrans. Dyes Pigments 1995,

27, 63–69. [CrossRef]
29. Shiozaki, H. Molecular Orbital Calculations for Acid Induced Ring Opening Reaction of Spiropyran. Dyes Pigments 1997, 33,

229–237. [CrossRef]
30. Kortekaas, L.; Chen, J.; Jacquemin, D.; Browne, W.R. Proton-Stabilized Photochemically Reversible E/Z Isomerization of

Spiropyrans. J. Phys. Chem. B 2018, 122, 6423–6430. [CrossRef]
31. Vasilev, A.; Dimitrova, R.; Kandinska, M.; Landfester, K. Baluschev. S. Accumulation of the photonic energy of the deep-red part

of the terrestrial sun irradiation by rare-earth metal-free E–Z photoisomerization. J. Mater. Chem. C 2021, 9, 7119–7126. [CrossRef]
32. Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J. Ab initio study of solvated molecules: A new implementation of the polarizable

continuum model. Chem. Phys. Lett. 1996, 255, 327–335. [CrossRef]
33. Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models. Chem. Rev. 2005, 105, 2999–3094.

[CrossRef]

182



Photochem 2023, 3

34. Labanowski, J.K.; Andzelm, J.W. (Eds.) Density Functional Methods in Chemistry; Springer: New York, NY, USA, 1991.
35. Petersson, G.A.; Bennett, A.; Tensfeldt, T.G.; Al-Laham, M.A.; Shirley, W.A.; Mantzaris, J. A complete basis set model chemistry. I.

The total energies of closed-shell atoms and hydrides of the first-row elements. J. Chem. Phys. 1988, 89, 2193–2218. [CrossRef]
36. Leininger, T.; Nicklass, A.; Stoll, H.; Dolg, M.; Schwerdtfeger, P. The accuracy of the pseudopotential approximation. II. A

comparison of various core sizes for indium pseudopotentials in calculations for spectroscopic constants of InH, InF, and InCl. J.
Chem. Phys. 1996, 105, 1052–1059. [CrossRef]

37. Haas, J.; Bissmire, S.; Wirth, T. Iodine Monochloride–Amine Complexes: An Experimental and Computational Approach to New
Chiral Electrophiles. Chem. Eur. J. 2005, 11, 5777–5785. [CrossRef]

38. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16 Revision 16.A.03; Gaussian, Inc.: Wallingford, CT, USA, 2016.
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Abstract: Carbazole-based molecular units are ubiquitous in organic optoelectronic materials; how-
ever, the excited-state relaxation of these compounds is still underexplored. Here, we provide a
detailed investigation of carbazole (Cz) and 3,6-di-tert-butylcarbazole (t-Bu-Cz) in organic solvents
using femtosecond and nanosecond UV–Vis–NIR transient absorption spectroscopy, as well as time-
resolved fluorescence experiments upon photoexcitation in the deep-UV range. The initially prepared
Sx singlet state has a (sub-)picosecond lifetime and decays to the S1 state by internal conversion (IC).
The S1 state exhibits absorption peaks at 350, 600 and 1100 nm and has a lifetime of 13–15 ns, which
is weakly dependent on the solvent. Energy transfer from vibrationally hot S1 molecules (S1*) to the
surrounding solvent molecules takes place with a time constant of 8–20 ps. The T1 triplet state is
populated by intersystem crossing (ISC) from S1 with a typical quantum yield of 51–56% and shows
a lifetime which is typically in the few microseconds regime. The S1 and T1 states of both carbazole
compounds in solution are strongly quenched by O2. Two-photon excitation leads to the formation
of a small amount of the respective radical cation. The influence of the tert-butyl substituents on the
photophysics is relatively weak and mainly reflects itself in a small increase in the Stokes shift. The
results provide important photophysical information for the interpretation of carbazole relaxation in
more complex environments.

Keywords: carbazole; excited-state dynamics; deep-UV ultrafast laser spectroscopy; triplet formation

1. Introduction

Carbazole-based compounds represent one of the core components in the field of
organic optoelectronic devices. They are used as molecular building blocks, oligomers,
dendrimers or polymers and exhibit several distinct advantages, such as low cost of the
starting materials, facile access to functionalization at the nitrogen atom and easy linkage
through the carbazole backbone [1–5]. In particular, they show beneficial electronic and pho-
tophysical properties with respect to organic light-emitting diode (OLED) applications [6],
as they feature high-energy S1 and T1 states, which are essential for their functions either
as host materials or as molecular electron donor moieties in efficient emitters based on
donor–acceptor concepts featuring thermally activated delayed fluorescence (TADF) [7–10].

A comprehensive understanding of the function of such optoelectronic materials re-
quires a good knowledge regarding the excited-state dynamics of the parent compound car-
bazole and its ring-substituted analogs under “isolated” conditions, because in more dense
environments, such as thin films, the intramolecular carbazole chromophore relaxation
is in competition with processes such as singlet–singlet, singlet–triplet and triplet–triplet
annihilation, as well as slow vibrational cooling of the thin film, which lead to a complex
spectral and kinetic behavior [11–15]. The majority of the previous studies on Cz have
focused on basic photophysical properties, such as absorption and fluorescence spectra,
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which have been characterized in considerable detail [6]. For instance, the steady-state
absorption, fluorescence and phosphorescence spectra of carbazole have been reported
in solution and the gas phase [16–21]. In addition, triplet–triplet absorption spectra have
been provided [22,23]. Moreover, the quenching of the Cz T1 triplet state, intramolecular
excimer formation, hydrogen-bonding interactions and hydrogen transfer reactions from
carbazole derivatives to bases, such as pyridine, have been studied in detail [24–31].

In contrast, time-resolved studies of the photoinduced dynamics of these compounds
have been less frequently reported and focused on the transient fluorescence of the S1
state. Lifetimes in the range of 7–15 ns have been reported for Cz in different organic
solvents [17,26,29,32,33]. Transient broadband absorption measurements mainly involved
N-alkylated carbazole derivatives [15,34–36]. Bayda-Smykaj et al. reported Vis–NIR tran-
sient absorption spectra for Cz in acetonitrile up to 2.6 ns, but no femtosecond transient
absorption (fs-TA) experiments for wavelengths below 450 nm, and also no detailed ki-
netic analysis of the TA spectra were provided [34]. Hiyoshi et al. employed picosecond
and nanosecond transient absorption (ns-TA) spectroscopy covering the spectral range of
380–810 nm mainly to explore the relevance of photodeprotonation and photoionization
processes of carbazole and N-ethylcarbazole in organic solvents induced by two-photon
excitation. However, they provided only transient spectra at selected time delays and did
not perform an in-depth kinetic analysis [37].

Therefore, the goal of the current work is to investigate in detail the excited-state dy-
namics of carbazole in the organic solvents n-heptane, tetrahydrofuran (THF) and acetoni-
trile upon photoexcitation in the wavelength range of 260–273 nm. In addition, the closely
related 3,6-di-tert-butylcarbazole is studied in the same solvents because of the importance
of such 3,6-dialkyl-subsituted chromophores as electron donor moieties in donor–acceptor
TADF compounds [38,39]. A comprehensive characterization of the photoinduced relax-
ation mechanism of these carbazole derivatives is achieved by a combination of fs-TA and
ns-TA spectroscopy, as well as time-correlated single photon counting (TCSPC).

2. Materials and Methods
2.1. Chemicals Used and Preparation of Solutions

Carbazole (TCI Deutschland, Eschborn, Germany, high purity), 3,6-di-tert-butylcarbazole
(TCI Deutschland, >98.0%), n-heptane (Merck, Darmstadt, Germany, Uvasol,≥99.9%), tetrahy-
drofuran (THF, Merck, Uvasol, ≥99.9%) and acetonitrile (ACN, Merck, Uvasol, ≥99.9%) were
used without further purification. For the preparation of the solutions, a defined amount of
Cz or t-Bu-Cz was freshly dissolved in the organic solvent of interest. The organic solvents
were placed in a septum-sealed vial which was pierced by two stainless steel hollow needles,
one used for bubbling nitrogen gas (Messer Industriegase GmbH, 4.6, Bad Soden, Germany)
through the solution (duration: 90 min) and the other one used as outlet. Cz or t-Bu-Cz were
dissolved in the nitrogen-saturated solvent of interest and the colorless solution was then
passed through a PTFE filter (pore size 0.45 µm). All sample-handling steps were carried out
in a glove box under a nitrogen atmosphere in order to minimize unwanted contact with air.

2.2. Steady-State Absorption and Fluorescence

The steady-state absorption measurements were performed by using a double-beam
spectrophotometer (Varian Inc., Palo Alto, CA, USA, Cary 5000). Prior to the experiments,
a baseline without a sample was recorded and subtracted afterwards. A quartz cuvette
(Hellma, Müllheim, Germany) containing the nitrogen-flushed pure solvent served as
a reference. The steady-state emission spectra were measured by using a fluorescence
spectrophotometer (Agilent, Santa Clara, CA, USA, Cary Eclipse). The slit width was
adjusted to 5 nm for excitation and emission, and the emission spectra were recorded with
a resolution of 1 nm. The emission spectra were corrected for the wavelength-dependent
sensitivity of the detection system. Steady-state experiments were performed in quartz
cuvettes with path lengths of 1 or 10 mm (Hellma).
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2.3. Time-Correlated Single Photon Counting

The experimental TCSPC arrangement, originally reported by Morgenroth et al. [40],
is described below. Briefly, a pulsed (500 ps full width at half maximum (FWHM)) UV-LED
with a center wavelength of 273 nm served as the excitation source. The excitation pulses
were vertically polarized (0◦) by a wire-grid linear polarizer prior to sample excitation. The
resulting sample emission was collected by a quartz lens positioned at an angle of 90◦ with
respect to the pulsed LED beam and then passed another wire-grid linear polarizer, which
was set at the magic angle of 54.7◦ to avoid any contributions of orientational relaxation of
the chromophores to the emission signal. A part of the emission spectrum was selected by a
bandpass filter (center wavelength 370 nm, FWHM 10 nm) and detected by a hybrid-alkali
photodetector. Fluorescence decays were recorded at a repetition frequency of 1 MHz.
The fluorescence decays were fitted by a single exponential function with a small constant
offset using an iterative reconvolution procedure applying an instrument response function,
which was obtained from the LED scattering signal of a diluted suspension of colloidal silica
nanoparticles in water. Concentrations of Cz and t-Bu-Cz in the TCSPC and steady-state
fluorescence experiments were in the range of 6–11 × 10−6 mol L−1. The nitrogen-bubbled
Cz and t-Bu-Cz solutions were placed under nitrogen in an airtight cuvette.

2.4. Femtosecond and Nanosecond Transient Absorption Spectroscopy

Broadband transient absorption experiments with a time resolution of ca. 80 fs cover-
ing delay times up to 1500 ps were carried out at a repetition frequency of 920 Hz on two
setups dedicated to measurements in the UV–Vis [41] and NIR ranges [42]. They are both
based on the pump-supercontinuum probe (PSCP) method [43]. Excitation was performed
at 260 nm by an OPA system with a repetition frequency of 460 Hz and a pulse energy
in the range of 300–390 nJ, corresponding to a fluence of 1.1–1.5 mJ cm−2. Measurements
up to a delay time of 10 µs were carried out by interfacing the UV–Vis setup with a Q-
switched Nd:YAG microlaser, as described previously [44], using its fourth harmonic at
266 nm (FWHM ca. 420 ps) for excitation, with similar fluences as for the femtosecond
experiments. Solutions of Cz or t-Bu-Cz (T = 296 K) were placed under nitrogen in an
airtight quartz cuvette with a path length of 1 mm, with typical concentrations in the range
of 1–5 × 10−4 mol L−1. During the measurements, the cuvette was constantly moved in
a plane perpendicular to the propagation axis of the probe beam to minimize any photo-
chemical decomposition and also local heating effects of the solutions that could occur by
repeated laser excitation of the same sample volume.

3. Results
3.1. Steady-State Absorption and Emission of Carbazole and 3,6-Di-Tert-Butyl-Carbazole

The steady-state absorption and fluorescence spectra of Cz and t-Bu-Cz were in-
vestigated in the organic solvents n-heptane, THF and acetonitrile at 296 K (Figure 1).
Characteristic parameters are summarized in Table 1. The spectra for Cz (panels a–c) show
three main bands: The structured absorption band in the wavelength range of 300–340 nm
corresponds to the short-axis polarized S0 → S1 transition. The S1 state has A1 symmetry
and is a La state according to Platt’s notation [19,21,28,45,46]. The S0 → S2 transition at
about 290 nm is long-axis polarized, and the S2 state is of B2 symmetry [28,45]. The absorp-
tion bands below 270 nm arise from a combination of several electronic bands with B2 and
A1 symmetry [45], which we will denote by the collective notation Sx later on. For Cz in
acetonitrile, we determined the absolute absorption coefficient for the longest-wavelength
peak in the absorption spectrum at 334 nm as 3900 L mol−1 cm−1. This value is expected to
be only weakly dependent on the solvent.
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Figure 1. (a–c) Normalized steady-state absorption spectra (black) and normalized fluorescence
spectra (red) of carbazole (Cz) in n-heptane, THF and acetonitrile, respectively. (d–f) Normalized
steady-state absorption spectra (brown) and normalized fluorescence spectra (blue) of 3,6-di-tert-
butylcarbazole (t-Bu-Cz) in the same solvents. The 0–0 transitions of the absorption and emission
spectra are indicated by black dotted lines and labeled by the respective wavelength values. Molecular
structures of Cz and t-Bu-Cz are provided in panels (a,d), respectively.

For all of the three solvents, the emission bands are observed in the wavelength range
of 330–420 nm. They resemble the mirror image of the respective S1 absorption band
and show substantial spectral overlap with the corresponding absorption spectra. The
solvatochromic behavior of Cz was analyzed by fitting the structured electronic bands
to a sum of Gaussian functions, which provided the positions of the 0–0 transition in
absorption and emission as well as the Stokes shift (Table 1). The spectral positions showed
only a weak solvent dependence, with a variation of less than 8 nm. The Stokes shifts of
Cz were estimated from the difference between the 0–0 transitions of the absorption and
emission bands. They are very small and appear to increase slightly with solvent polarity,
as identified by the solvent polarity parameter ∆f (which is based on the known values for
the refractive index n and the dielectric constant ε) [47,48]. They range from 193 cm−1 in
n-heptane to 614 cm−1 in acetonitrile, which corresponds to only 2–7 nm in this wavelength
range. This suggests that only minor structural changes between the S0 and S1 states
occur. The finding is supported by previous experiments of Pratt and co-workers using
rotationally resolved electronic spectroscopy of isolated Cz molecules in a molecular beam.
They found only a slight decrease in the rotational constants of Cz upon excitation from the
S0 to the S1 state. This was attributed to minor ring expansions, which are typical of π–π*
transitions [21]. Moreover, the planarity of the π-system is conserved in the S1 state [21]. We
note that correlations of the Stokes shift with other parameters, such as the Lorenz–Lorentz
function R(n) or the solvent viscosity η, did not provide any systematic trends.
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Table 1. Summary of steady-state spectroscopic properties of carbazole (Cz) and 3,6-di-tert-
butylcarbazole (t-Bu-Cz) in organic solvents at 296 K.

Molecule Solvent ∆f 1 λabs
0–0 λfl

0–0 ∆λStokes
0–0 ∆

~
νStokes

0–0

(nm) (nm) (nm) (cm−1)

Cz n-Heptane ≈0 331 333 2 193
THF 0.44 337 343 6 525

Acetonitrile 0.71 334 341 7 614

t-Bu-Cz n-Heptane ≈0 337 343 6 519
THF 0.44 343 352 9 745

Acetonitrile 0.71 341 351 10 835
1 The solvent polarity function was estimated as ∆f = R(ε) − R(n), where R(ε) = (ε − 1)/(ε + 2) and R(n) =
(n2 − 1)/(n2 + 2), with the dielectric constant ε and the refractive index n of the respective solvent and the value
for n-heptane being essentially identical to that of n-hexane [47,48].

The panels d–f of Figure 1 display the corresponding results for t-Bu-Cz in the same
solvents. The shape of the absorption and emission bands is similar to those of Cz. However,
all spectra are systematically shifted to larger wavelengths (by about 6 and 10 nm, for
absorption and emission, respectively), and this red shift can be attributed to the larger
polarizability of t-Bu-Cz. In addition, the resulting Stokes shifts are slightly larger (in the
range of 519–835 cm−1, corresponding to 6–10 nm) compared with Cz and also increase
with solvent polarity. It therefore appears as if the two tert-butyl substituents only have a
minor impact on the steady-state spectroscopic properties of the carbazole chromophore
in solution.

3.2. Transient Absorption Studies and TCSPC Experiments of Carbazole in Organic Solvents

Femtosecond and nanosecond transient absorption spectroscopy as well as time-
correlated single photon counting measurements were performed for Cz in three organic
solvents at 296 K. Figures 2–4 summarize the spectral data and the kinetic analysis of the
ultrafast excited-state dynamics of Cz in n-heptane, THF and acetonitrile, respectively.
Figure 5 provides a sketch of the proposed kinetic mechanism, and Table 2 summarizes
time constants from the kinetic fits.

The ultrafast excited-state dynamics of carbazole upon photoexcitation at 260 nm were
recorded using fs-TA from the sub-picosecond time range up to 1.45 ns over the probe
wavelength range of 260–1600 nm. We note that around a zero delay time, there was a
pronounced coherent signal from the solvent itself, especially in the deep-UV region. In
Figures 2–4, the spectral development is presented as a contour plot in panel a and also for
selected time windows in panels b and c. We start with the dynamics of Cz in n-heptane
(Figure 2). The initially prepared Sx state quickly relaxes to the S1 state via ultrafast internal
conversion with a time constant τx = kx

−1 of ca. 0.7 ps. In panels b and c, a ground state
bleach feature (GSB, S0 → S2) at 290 nm and characteristic S1 → Sn ESA bands with peaks
at 350, 600 and 1100 nm are clearly visible. In particular, the two S1 ESA bands at 600 and
1100 nm show a distinct spectral narrowing on the time scale up to 50 ps (panel b), which
we assign to collisional energy transfer (CET) from vibrationally hot carbazole molecules
(S1*) to the surrounding “cold” solvent molecules. The detailed kinetic analysis provides
a time constant τCET = kCET

−1 of 19 ps for this spectral evolution, see panel d for the
multiexponential fits to the time traces at various probe wavelengths. Such dynamics have
been frequently observed for other vibrationally excited molecules in organic solvents, such
as, for example, azulene, anthracene derivatives, trans-stilbene and carotenoids [49–53].

The kinetic traces of the fs-TA experiments in panel d do not noticeably decay. There-
fore, additional experiments using ns-TA spectroscopy and time-resolved emission were
performed to elucidate the fate of the S1 state on longer time scales (panels e–h). As shown
in panel h, the fluorescence decay curve of the S1 state of carbazole in n-heptane at 296 K
obtained from TCSPC using a bandpass filter with a center wavelength of 370 nm (FWHM
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of 10 nm) is well described by a monoexponential fit with a small constant offset, resulting
in a total S1 lifetime τ1 = k1

−1 of 14.7 ns, which was also used as the long component in
the fit of the fs-TA kinetics in panel d. The ns-TA spectroscopy experiments using exci-
tation at 266 nm provide further insight into the decay dynamics of the S1 state; see the
contour plot in panel e and the nanosecond transient absorption spectra for selected times
in panels f and g. At early times (1–12 ns, panel f), the ESA bands of the S1 state near
350 nm and 600 nm dominate. At ca. 330 nm, the structured UV ESA band shows clear
indications for an overlapping S0 → S1 GSB (0→ 0′ transition) and S1 → S0 stimulated
emission (SE) feature (0′ → 0 transition) of the S1 state, as can be seen by comparison with
the inverted steady-state absorption spectrum (magenta) and the steady-state stimulated
emission spectrum (cyan). Similar spectral features located at 316 nm (0→ 1′) and 347 nm
(0′ → 1) can be again assigned to vibronic structure in the GSB and SE bands. The small
amplitude of these features underscores that the absorption coefficient of the S0 → S1
band (about 3900 L mol−1 cm−1 at 334 nm, as mentioned above) is much smaller than
that of the overlapping, strongly allowed S1 → Sn ESA band, which has a value of about
20,000 L mol−1 cm−1 at 620 nm [54].
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Figure 2. Time-resolved optical spectroscopy of carbazole (Cz) in n-heptane at 296 K (λpump = 260
nm for fs-TA, λpump = 266 nm for ns-TA and λpump = 273 nm for TCSPC). (a) fs-TA spectra for the
time range up to 700 ps shown as a contour plot. (b,c) fs-TA spectra for selected time windows.
(d) Kinetic traces and fits at selected wavelengths obtained from the fs-TA data. (e) Contour plot
of ns-TA spectra. (f,g) ns-TA spectra at selected times, including the inverted and scaled steady-
state absorption spectrum (magenta) and the steady-state stimulated emission spectrum (cyan).
(h) TCSPC signal (red symbols) obtained using a bandpass filter centered at 370 nm, including a
monoexponential fit with a small constant offset (black) and fit residuals (lower panel). (i) Kinetic
traces and fits of the ns-TA data for the wavelength ranges 600–620 nm, 400–420 nm and 287–290 nm,
where S1, T1 and ground-state bleaching, respectively, have dominant contributions (cf. panels (f,g)).
The time constants τ1 and τ2 represent the total lifetimes of the S1 state and the T1 state, respectively.
The constant offset arises from the long-lived carbazole radical cation (D0

•+, cf. panel (g)).
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On even longer time scales (panel g), the S1 ESA bands have disappeared and a new
ESA band near 420 nm has built up, which is assigned to the T1 state [22,23,37,54]. It decays
on the time scale of several microseconds. Kinetic traces extracted from the nanosecond
transient absorption data are compared in panel i of Figure 2 for three wavelength ranges:
600–620 nm (red, predominantly decay of S1), 400–420 nm (blue, mainly formation and
decay of T1) and 286–290 nm (black, mainly GSB and thus recovery of S0). The kinetic
analysis in panel i demonstrates that the time traces in the nanosecond transient absorption
signals are well reproduced by biexponential fits, with a time constant of 14.7 ns for the
formation of T1 via intersystem crossing (ISC) from S1, and a time constant of 5.9 µs for
the lifetime of T1 (τ2 = k2

−1). Note that the time constant of 14.7 ns obtained from the fit
to the ns-TA experiments agrees with the S1 lifetime found in the TCSPC measurements
in panel h. In addition, a long-lived, weakly absorbing species with a broad spectrum
was observed (340–660 nm, cf. panel g at 85 µs). We propose that this spectral feature
arises from the Cz•+ radical cation (doublet ground state, D0

•+). First of all, it strongly
resembles the flat steady-state absorption spectrum of Cz•+ reported by Shida et al., which
was obtained by exposing Cz in an organic matrix at 77 K to γ radiation [55]. Secondly, the
vertical ionization energy of Cz was previously reported as 7.68 eV (161 nm) [56]. Therefore,
resonant two-photon ionization of Cz via the Sx state by our pump laser pulse at 266 nm
will be energetically feasible. The radical cation lives longer than the time window covered
in the ns-TA experiments, and thus only a lower limit can be given for its lifetime τRCat.

An accurate determination of the quantum yield for the formation of T1 from S1 is not
possible; however, an estimate may be provided based on the known absorption coefficients
of the S1 ESA band of carbazole at 620 nm (20,000 L mol−1 cm−1), the T1 ESA band at
420 nm (14,500 L mol−1 cm−1) [54] and our ns-TA spectra at 1 ns (predominantly S1 ESA)
and about 50 ns (predominantly T1 ESA), as shown in panel f of Figure 2, resulting in
a triplet quantum yield of about 55% (Table 2). This value is in very good agreement
with previous estimates in the range of 45–60% by the groups of Huber and Ware [17,26].
Therefore, the individual contributions to τ1 in the mechanism of Figure 5 are τ1,ISC =
τ1/ΦISC ≈ 26.7 ns and τ1,IC+Fl = τ1/ΦIC+Fl ≈ 32.7 ns where τ1 = (τ1,ISC

−1 + τ1,IC+Fl
−1)−1

(i.e., k1 = k1,ISC + k1,IC+Fl). Regarding the quantum yields for the parallel fluorescence and
IC channels from S1, Ware, Huber and co-workers estimate values of ΦFl ≈ 40% and ΦIC ≤
15%, respectively [17,26].

Comparable dynamic behavior is observed for the electronic relaxation of carbazole
in mid-polar THF and polar acetonitrile, as demonstrated in Figures 3 and 4, respectively.
The fs-TA experiments provide ESA band shapes (panels a–c) and decay kinetics (panel d)
which are similar to Cz in n-heptane: The lifetime τx of the initially prepared Sx state in the
two solvents is ultrashort (about 0.2 ps), and the time constant τCET for collisional energy
transfer to the solvent is 19 and 21 ps in THF and acetonitrile, respectively (Table 2). The
S1 lifetimes obtained from TCSPC (panel h) are 13.6 ns in THF and 14.3 ns in acetonitrile
(Table 2). The S1 lifetime of carbazole is therefore only weakly dependent on the solvent.
This is understandable because Cz exhibits only a small change in dipole moment upon
photoexcitation, from 1.9 D in the ground state to 3.1 D in the S1 state [57].

The ns-TA spectra (panels e–g) show the decay of the two S1 ESA bands with peaks at
350 and 600 nm and the subsequent formation of the T1 state with a band centered at about
420 nm. The decay of the T1 state occurs with a time constant of 3.4 µs in THF and 10.3 µs
in acetonitrile. As for Cz in n-heptane, a small-amplitude, long-lived absorption signal
arises from the Cz•+ radical cation. Therefore, also in these two solvents, the excited-state
relaxation processes of Cz are well described by the kinetic scheme provided in Figure 5.
The time constants and triplet quantum yields are summarized in Table 2.
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Figure 5. Kinetic scheme describing the different pathways for the relaxation of Cz and t-Bu-Cz upon
photoexcitation by a laser. The Sx state is prepared by one-photon excitation, whereas the D0

•+ radical
cation is likely generated by a small fraction of two-photon excitation with subsequent ionization.

Table 2. Summary of time constants of carbazole (Cz) in organic solvents at 296 K obtained from
femtosecond and nanosecond transient absorption as well as TCSPC experiments.

Cz
fs-TA TCSPC ns-TA

τx τCET τ1 (S1) τ2 (T1) Φ (T1) τRCat

n-Heptane 0.7 ps 19 ps 14.7 ns 5.9 µs 55% >50 µs
THF 0.2 ps 19 ps 13.6 ns 3.4 µs 51% >50 µs

Acetonitrile 0.2 ps 21 ps 14.3 ns 10.3 µs 56% >50 µs

3.3. Transient Absorption and TCSPC Experiments for 3,6-Di-Tert-Butyl Carbazole in
Organic Solvents

The influence of additional alkyl substituents at the aromatic ring system on the excited-
state dynamics was explored by investigating the Cz derivative 3,6-di-tert-butylcarbazole
in n-heptane, THF and acetonitrile using fs-TA, ns-TA and TCSPC measurements. The
experimental results are summarized in Figures 6–8. Characteristic parameters from the
kinetic fitting procedure are compiled in Table 3.

The fs-TA experiments for t-Bu-Cz were performed for excitation at 260 nm, and an
overview of the dynamics is provided by the contour plots in panel a of each figure. The IC
process from the initially populated Sx state to the S1 state is ultrafast in all cases (τx = 1.3,
0.04 and 0.3 ps for n-hexane, THF and acetonitrile, respectively). The S1 state shows the
typical ESA bands also observed for Cz, with peaks at 350, 600 and 1100 nm (panels b and
c). In addition, a spectral narrowing of the S1 ESA bands at 600 and 1100 nm is observed,
which is assigned to the transfer of vibrational excess energy from vibrationally hot (S1*)
t-Bu-Cz to the solvents, with τCET = 8.9, 16 and 16 ps for n-hexane, THF and acetonitrile,
respectively (panel b). On longer time scales (panel c), the kinetics do not decay visibly.
This is consistent with the results of the TCSPC experiments (panel h, λpump = 273 nm),
which reveal a slow monoexponential decay of the S1 state with time constants of 15.0, 12.7
and 14.1 ns in n-heptane, THF and acetonitrile, respectively. This behavior is also consistent
with our findings for Cz and suggests quite a weak intramolecular charge transfer (ICT)
character of the S1 state.
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Figure 6. Time-resolved optical spectroscopy of 3,6-di-tert-butylcarbazole (t-Bu-Cz) in n-heptane
at 296 K (λpump = 260 nm for fs-TA, λpump = 266 nm for ns-TA and λpump = 273 nm for TCSPC).
Arrangement of the panels as in Figure 2.

Table 3. Summary of time constants of 3,6-di-tert-butylcarbazole (t-Bu-Cz) in organic solvents at 296 K
obtained from femtosecond and nanosecond transient absorption as well as TCSPC experiments.

t-Bu-Cz
fs-TA TCSPC ns-TA

τx τCET τ1 (S1) τ2 (T1) Φ (T1) τRCat

n-Heptane 1.3 ps 8.9 ps 15.0 ns 4.7 µs 53% >50 µs
THF 0.04 ps 16 ps 12.7 ns 4.2 µs 36% >50 µs

Acetonitrile 0.3 ps 16 ps 14.1 ns 7.5 µs 54% >50 µs

The excited-state dynamics of t-Bu-Cz on longer time scales were investigated using
ns-TA experiments over the time range of 1 ns–100 µs (panels e–g, λpump = 266 nm). The S1
spectrum with the two distinct peaks at 350 and 600 nm is replaced on longer time scales
by the spectrum of the T1 state, which has a peak at 420 nm and a pronounced shoulder
toward 600 nm (panel g). The lifetime of the T1 state is 4.7, 4.2 and 7.5 µs in n-heptane, THF
and acetonitrile, respectively (panel i and Table 3). An estimate of the quantum yield for T1
formation based on the known S1 and T1 absorption coefficients of Cz [54] and the transient
spectra in panel f of Figures 6–8 provides triplet quantum yields of 55%, 36% and 54%,
respectively. The shape of the T1 spectrum depends only weakly on the solvent. Similar to
Cz, we observe the formation of a small fraction of a long-lived broadly absorbing species
in all solvents (340–660 nm, see panel g of Figures 6–8 at 85 µs). This spectral feature is
assigned to the t-Bu-Cz•+ radical cation (D0

•+), which is generated via resonant two-photon
ionization by the 266 nm pump laser pulse, as explained for Cz above. Because of its long
lifetime, we can only provide a lower limit for the time constant τRCat of the t-Bu-Cz•+

species, as in the case of Cz•+.
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4. Discussion

The electronic relaxation of Cz and t-Bu-Cz in organic solvents upon one-photon
excitation in the deeper UV range below 300 nm is well described by a kinetic scheme
involving Sx, S1 and T1 species. The initially populated Sx state has a (sub-)picosecond IC
lifetime. The S1 state shows characteristic ESA bands with peaks at 350, 600 and 1100 nm.
The ESA band at 350 nm is reported here for the first time, and the same holds for a
pronounced S0 → S2 bleach band at 290 nm. The total lifetime of the S1 state in deaerated
solutions is in the range of 13–15 ns and only weakly dependent on the solvent. This
result may be compared with previous time-resolved fluorescence experiments for Cz: For
isolated jet-cooled carbazole molecules in the gas phase, a value of 29.4 ns for the S0 → S1
(0–0) transition [19] located at 324.59 nm (3.8197 eV) [21] was found. Transient fluorescence
studies in solution have reported total S1 lifetimes in the range of 7–15 ns [17,26,29,32,33].
The S1 lifetimes in the 13–15 ns range obtained for Cz and t-Bu-Cz are confirmed by the
nanosecond transient absorption experiments which also provide clean spectral fingerprints
of the T1 state, with a peak absorption at 420 nm and a long absorption tail toward 600 nm.
The T1 state is populated from S1 by ISC, and its lifetime for both carbazole derivatives is
in the range of several microseconds. Based on the relative amplitudes of the S1 and T1
absorption in the ns-TA spectra and known absorption coefficients for the two states from
the literature [54], we estimate a quantum yield for T1 triplet formation of typically 51–56%
for Cz and t-Bu-Cz in most of the solvents.

The lifetimes of the S1 and T1 states of Cz and t-Bu-Cz are very sensitive to the presence
of O2(3∑g

−) in the three organic solvents. We note that in another set of TCSPC and ns-TA
experiments, we obtained S1 lifetimes in the range of 6–8 ns in not fully deoxygenated
solutions and also observed a drastic reduction of the T1 lifetime from about 10 µs down
to 25–80 ns. Martin and Ware measured S1 lifetimes of 14.8 and 8.0 ns for Cz in O2-free
and aerated cyclohexane, respectively [26]. Similarly, Bonesi and Erra-Balsells obtained
S1 lifetimes of 14.2/8.70 ns in cyclohexane and 15.1/7.80 ns in acetonitrile under O2-
free/aerated conditions [32].

Different S1 quenching mechanisms of O2(3∑g
−) need to be considered to understand

this effect [58]: Quenching via the pathway S1 + O2(3∑g
−)→ T1 + O2(1∆g) requires an S1–T1

energy gap of at least 0.98 eV [58] to generate O2(1∆g) and, therefore, cannot take place in
Cz and t-Bu-Cz, because the S1–T1 energy gap of Cz is 0.6 eV [17]. Viable pathways are the
O2(3∑g

−)-enhanced ISC process via S1 + O2(3∑g
−)→ T1 + O2(3∑g

−) and also enhancement
of the IC channel via S1 + O2(3∑g

−)→ S0 + O2(3∑g
−). In addition, the deactivation channel

S1 + O2(3∑g
−)→ T2 + O2(3∑g

−) (with subsequent fast T2→ T1 IC) [58] should be available
in Cz and t-Bu-Cz [59].

Next, we consider quenching of the T1 state by O2(3∑g
−). Because the T1–S0 energy

gap of the two carbazoles is about 3.1 eV [17] and thus clearly larger than the 1.6 eV required
for generating O2(1∑g

+), quenching of the T1 triplet state by O2(3∑g
−) can occur via the

three channels T1 + O2(3∑g
−)→ S0 + O2(1∑g

+), T1 + O2(3∑g
−)→ S0 + O2(1∆g) and T1 +

O2(3∑g
−)→ S0 + O2(3∑g

−) [58]. For the T1 state of Cz, Garner and Wilkinson reported a
high O2(3∑g

−) quenching rate constant of 5.7 × 109 L mol−1 s–1 in aerated benzene (for
an O2 concentration of 1.7 × 10−3 mol L−1), which could arise from the influence of Cz
charge transfer states [27]. In any case, the impact of O2(3∑g

−) on the S1 and T1 lifetimes is
substantial and needs to be carefully addressed in the TCSPC and ns-TA experiments. It also
explains the spread of 7–15 ns in the S1 lifetimes reported in the literature [17,26,29,32,33].

Furthermore, we note that we did not detect any steady-state phosphorescence from
the T1 state. In the literature, phosphorescence lifetimes in the range of 7.8–8.0 s have been
measured for Cz in solid organic matrices only at a temperature of 77 K [17,22,32], with
a phosphorescence quantum yield of 44% [17,32]. However, phosphorescence has so far
not been observed at 300 K in organic solvents [60]. Assuming a temperature-independent
radiative T1 lifetime of 18 s [17,32] and taking our total T1 lifetime of ca. 10 µs from the
ns-TA experiments, we estimate a phosphorescence quantum yield of 6 × 10−7 at 296 K, so
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the phosphorescence will be very hard to detect, and the primary decay channel from T1
is ISC.

Based on our femtosecond transient absorption data, we did not find clear indications
for substantial ICT character of the S1 state in Cz and t-Bu-Cz. The mirror-image-type struc-
tured absorption and emission spectra with small Stokes shifts support this interpretation,
suggesting only minor structural and electronic changes in the S1 state. We also did not
find spectral evidence for the formation of carbazyl radicals (Cz•), which were observed
earlier by Hiyoshi et al. in their nanosecond transient absorption study [37]. However, in
all of the solvents, we found spectral signatures for the formation of a small fraction of
Cz•+ and t-Bu-Cz•+ radical cations, which show a broad absorption band spanning the
wavelength range of 340–660 nm. They are generated by two-photon excitation induced by
the pump laser.

The current results for “isolated” Cz and t-Bu-Cz molecules in organic solvents pro-
vide relevant photophysical and kinetic data for the interpretation of their electronic
contributions in more complex environments, such as carbazole-based thin film materi-
als or blue-emitting TADF compounds employing Cz-type derivatives as electron donor
group [6,9,61,62], where competing channels, such as, for example, ICT processes, singlet–
singlet, singlet–triplet and triplet–triplet annihilation take place simultaneously. For in-
stance, the energetic position of the S1 state of the Cz-type donor relative to the electronic
states in the acceptor part of modern TADF dyes is relevant to the efficient transfer of the ini-
tial excitation to the acceptor. Moreover, the high-lying S1 and T1 states of carbazole-based
host materials are of general importance for OLED operation, as the light-emitting states of
the guest molecule are not subject to quenching by triplet energy transfer to the host.
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Abstract: Thin films of carbazole (Cz) derivatives are frequently used in organic electronics, such
as organic light-emitting diodes (OLEDs). Because of the proximity of the Cz units, the excited-
state relaxation in such films is complicated, as intermolecular pathways, such as singlet–singlet
annihilation (SSA), kinetically compete with the emission. Here, we provide an investigation of two
benchmark systems employing neat carbazole and 3,6-di-tert-butylcarbazole (t-Bu-Cz) films and
also their thin film blends with poly(methyl methacrylate) (PMMA). These are investigated by a
combination of atomic force microscopy (AFM), femtosecond and nanosecond transient absorption
spectroscopy (fs-TA and ns-TA) and time-resolved fluorescence. Excitonic J-aggregate-type features
are observed in the steady-state absorption and emission spectra of the neat films. The S1 state shows
a broad excited-state absorption (ESA) spanning the entire UV–Vis–NIR range. At high S1 exciton
number densities of about 4 × 1018 cm−3, bimolecular diffusive S1–S1 annihilation is found to be the
dominant SSA process in the neat films with a rate constant in the range of 1–2 × 10−8 cm3 s−1. SSA
produces highly vibrationally excited molecules in the electronic ground state (S0*), which cool down
slowly by heat transfer to the quartz substrate. The results provide relevant photophysical insight for
a better microscopic understanding of carbazole relaxation in thin-film environments.

Keywords: carbazole; thin films; ultrafast laser spectroscopy; singlet–singlet annihilation; picosecond
ultrasonics

1. Introduction

Thin films composed of carbazole-based compounds are ubiquitous materials in
organic and hybrid organic–inorganic electronics, where they serve as light harvesters for
organic solar cells [1], host materials [2], hole transport layers [3] and efficient emitters
of visible light [4]. In these applications, thin films of carbazole-containing materials are
used, which are either produced by physical vapor deposition (PVD) or wet-chemical
methods such as spin-coating [5]. Under typical operating conditions involving high
exciton number densities, e.g., in OLEDs, the emission process of carbazole-containing
compounds is in kinetic competition with intermolecular channels, such as singlet–singlet
annihilation, singlet–triplet annihilation (STA), singlet–heat annihilation (SHA) or triplet–
triplet annihilation (TTA) [6,7]. Therefore, it is important to understand the dynamics of
these processes and extract relevant kinetic parameters for the annihilation steps, which
can be used in the modeling of OLED operation.

In the current contribution, we focus on thin films of the parent compound Cz and
its substituted analog t-Bu-Cz. Basic optical properties of monocrystalline Cz thin films
have been explored previously [8–12], but time-resolved optical studies of Cz and related
film compounds combining ultrafast transient absorption and emission techniques have
been performed rarely [13]. Yet, such techniques can provide profound insight into the
singlet exciton dynamics in these films. For other systems, time-resolved studies of SSA
processes have been performed largely by fluorescence-based techniques [7,14–23]. Such
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measurements detect the decay of the S1 exciton emission and are sensitive even at low
exciton number densities [24]. However, they might have some drawbacks in terms of
interference by fluorescing impurities and limited time resolution (especially for studies
at high exciton number densities). Transient absorption studies tracking the decay of the
S1 → Sn excited-state absorption bands have been performed more rarely [25–29]. While
not being as sensitive as fluorescence detection, such TA methods with femtosecond time
resolution can detect SSA processes even at very high exciton number densities and are
at the same time much less prone to the interference of impurities, in contrast to emission
studies, where a trace impurity or an impurity-induced crystal defect with high radiative
quantum yield can overwhelm the signal of interest [24,30,31].

Here, we provide a detailed investigation of spin-coated Cz and t-Bu-Cz thin films
and their blends with PMMA using a combination of atomic force microscopy, steady-
state absorption and emission, transient fluorescence and ultrafast broadband transient
absorption spectroscopy to extract key kinetic parameters, such as the S1 lifetime at low
exciton number densities, the rate constant for the SSA processes at high exciton number
densities and the time scale for the cooling of the highly vibrationally excited ground state
species produced by the SSA process.

2. Materials and Methods
2.1. Preparation of Thin Films

Solutions of carbazole (TCI Deutschland, Eschborn, Germany, high purity), 3,6-di-tert-
butyl-carbazole (TCI Deutschland, >98.0%) and PMMA (Alfa Aesar, Ward Hill, MA, USA)
were prepared in N2-saturated tetrahydrofuran (Merck, Darmstadt, Germany, Uvasol,≥99.9%)
to obtain solutions corresponding to a mass concentration of 5 mg mL−1. These solutions
were passed through a PTFE filter (pore size 0.45 µm) to remove any residual particles and
subsequently employed to produce solutions of PMMA:Cz and PMMA:t-Bu-Cz with nominal
weight percent (wt%) ratios of 0:100, 70:30, 90:10 and 98:2. Quartz substrates (Tempotec Optics
Co., Ltd., Fuzhou, China, JGS1) were pre-cleaned with acetonitrile (Merck, Uvasol, ≥99.9%)
and irradiated by UV light (Dinies, Villingendorf, Germany, 2 UVC lamps with 253.7 nm
emission, 11 W each) for 60 min to remove organic contaminants. Spin-coating was performed
under a nitrogen atmosphere (Messer, Bad Soden im Taunus, Germany, 5.0) in a glovebox by
depositing ca. 200 µL of a solution on the quartz substrate, followed by a loading time of 30 s
and a spinning period of 1 min at 500 rpm.

2.2. Atomic Force Microscopy and X-ray Diffraction Experiments

Topography images of the Cz and t-Bu-Cz thin films were obtained using an atomic
force microscope (PSIA XE-100, Park Systems Corp., Suwon, Republic of Korea) with a
silicon tip cantilever in non-contact mode. Images were taken with a resolution of 128 times
128 pixels for an area of 30 × 30 µm2 and a scan rate of 0.1 Hz to provide an overview of
the surfaces. Furthermore, to estimate the thickness of the corresponding thin film, the
surface was intentionally scratched. Alongside this scratch, AFM images were recorded
with a resolution of 4096 times 64 pixels for an area of 60 × 2 µm2 and a scan rate of 0.1 Hz.
All images were evaluated using XEI software (version 4.3.4, Park Systems Corp.), and
visualization was performed by using OriginPro 2023b (OriginLab Corp., Northampton,
MA, USA). The forward and backward scans were averaged, and a background correction
was carried out for all AFM images.

Thin-film X-ray diffraction experiments were carried out using a PANalytical X’Pert
MPD PRO diffractometer employing Cu radiation (Kα1 = 1.54060 Å, Kα2 = 1.54443 Å). The
diffractograms were simulated using Rietveld refinement, as implemented in the program
MAUD, including the fitting of the baseline and also considering texture effects [32].

2.3. Steady-State Absorption and Photoluminescence

Steady-state absorption measurements of the thin films were carried out in transmis-
sion at normal incidence using a double-beam spectrophotometer (Varian Inc., Palo Alto,
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CA, USA, Cary 5000, spectral bandwidth: 0.5 nm). Steady-state emission and photolumi-
nescence excitation spectra were recorded on a fluorescence spectrophotometer (Agilent,
Santa Clara, CA, USA, Cary Eclipse, spectral bandwidth for excitation and emission: 5 nm).
The photoluminescence spectra were corrected by a calibration function that included the
wavelength-dependent sensitivity of the emission spectrograph and the detector.

2.4. Time-Correlated Single-Photon Counting (TCSPC)

Pulses of a UV-LED (Becker & Hickl, Berlin, Germany, UVL-FB-270, wavelength:
273 nm, pulse width: 500 ps) at a repetition frequency of 1 MHz were sent through a wire-
grid linear polarizer (Thorlabs, Newton, NJ, USA, WP25M-UB) set at vertical polarization
(0◦) to excite the respective thin-film sample at an angle of 45◦ relative to the surface normal,
with the thin-film layer facing the beam. The photoluminescence emitted at an angle of
90◦ was collimated by a quartz lens and then passed through another wire-grid linear
polarizer, with its plane of polarization oriented at 54.7◦ (magic angle). A well-defined
spectral window of the PL emission was selected by appropriate bandpass filters (Thorlabs)
and imaged onto a hybrid-alkali photodetector (Becker & Hickl, HPM-100-07). Its signal
was fed into a TCSPC module operated in reverse start–stop configuration (Becker &
Hickl, SPC-130IN). The kinetic traces were analyzed by the FAST program (Edinburgh
Instruments, Livingston, UK, version 3.5.2) using a sum of exponential functions and an
iterative reconvolution procedure that involved an instrument response function (IRF),
which was obtained either from the LED scattering signal of a diluted suspension of
colloidal SiO2 nanoparticles (Merck, Ludox AS-40) in water or a quartz diffuser (Thorlabs
DGUV10-120 or DGUV10-1500).

2.5. Broadband Transient Absorption Spectroscopy

Ultrafast broadband transient absorption experiments were carried out using the
pump–supercontinuum probe (PSCP) method [33] on two setups dedicated to measure-
ments in the UV–Vis [34] and NIR regions [35]. They are both based on a regeneratively
amplified titanium:sapphire laser system (Coherent, Santa Clara, CA, USA, Libra USP-HE)
operating at a repetition frequency of 920 Hz. The thin films were excited at a repetition fre-
quency of 460 Hz by an OPA system running at a wavelength of 260 nm (Coherent, OPerA
Solo). The overall time resolution was about 80 fs, and time delays up to 1500 ps were
accessible. In order to perform measurements covering longer delay times up to 10 µs, the
fourth harmonic (266 nm) of a Q-switched Nd:YAG microlaser (Standa, Vilnius, Lithuania,
Standa-Q1TH, pulse length 420 ps) was employed [36]. The laser was electronically trig-
gered at 460 Hz and synchronized with the probe beam of the ultrafast broadband transient
absorption system by means of a delay generator (Stanford Research Systems, Sunnyvale,
CA, USA, DG535). The thin films were mounted inside a home-built N2-flushed aluminum
cell and constantly translated by two piezo stages in the x–y plane within a sample area of
2 × 2 mm2 during the experiments to minimize photochemical decomposition and local
heating of the thin films, which could occur because of the exposure of the same sample
area to repeated laser excitation.

3. Results
3.1. AFM Images and Picosecond Ultrasonics of Cz and t-Bu-Cz Thin Films on Quartz

Neat Cz and t-Bu-Cz thin films on quartz substrates were investigated by atomic
force microscopy to determine their surface morphology. Figure 1a shows AFM images
of a 30 × 30 µm2 area of two neat Cz thin films of different average thicknesses. They
consist of microcrystallites with dimensions on the order of 10 µm. The film thickness was
obtained by generating a histogram (height h vs. its frequency of occurrence in the AFM
image), as shown in Figure 1b. The sharp spike near h = 0 arises from uncoated areas on
the quartz substrate (yellow ranges in panel a). The broad distribution at larger values
of h was fitted by a Gaussian function, leading to an average thickness d of 109 nm and
153 nm for the two films. Additional AFM images were recorded for two t-Bu-Cz thin
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films of different thicknesses, as shown in Figure 1c. Here, the size of the crystallites was
much smaller, around 1 µm and below. Analysis of the histograms in panel d provided the
average thickness of these two thin films as 138 nm and 358 nm, respectively.
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Figure 1. (a) AFM images of two neat Cz thin films with an average thickness d of 109 and 153 nm,
respectively. (b) The distribution of the thickness of the two thin films shown in panel a is plotted
as counts (i.e., the frequency of occurrence) versus height h. In each case, the red solid line is a fit
to a Gaussian function, where the peak of the distribution corresponds to the average thickness.
(c,d) Same as in panels a and b, but for two t-Bu-Cz thin films of different thicknesses (138 nm and
358 nm). (e) Transient absorption signal at 430 nm for the 138 nm thick t-Bu-Cz film showing coherent
acoustic phonon oscillations (blue circles). A fit using a sum of two exponentials and a damped
cosine function (red solid line) provides an oscillation period of 251 ps, from which the longitudinal
sound velocity cL of t-Bu-Cz was determined as 2200 m s−1.

In addition, we applied laser-based picosecond ultrasonics [37] to the thin films. These
are transient absorption experiments in which an ultrafast pump laser pulse (here, 260 nm)
generates a coherent acoustic phonon in the film. This longitudinal sound wave propagates
back and forth between the two film interfaces (thin film/quartz and thin film/nitrogen
gas) and induces a periodic modulation of the transient optical signal [38–42]. Damping
of the longitudinal sound wave occurs only at the thin film/quartz interface [42]. A
representative kinetics for the neat t-Bu-Cz thin film with a thickness of 138 nm is depicted
in Figure 1e and shows a damped oscillatory decay. Such measurements provide “contact-
free noninvasive” access to the longitudinal sound velocity of the thin film material via the
expression cL = 4d/τa [38], where d is the film thickness and τa is the oscillation period of
the coherent acoustic phonon. Fitting the kinetics in Figure 1e to the sum of two exponential
decay functions and a damped cosine function provides a value of (251 ± 6) ps for τa,
corresponding to a frequency of (3.99 ± 0.09) GHz. Using the known value of 138 nm for
the average film thickness d, one obtains a value of (2200 ± 60) m s−1 for the longitudinal
sound velocity cL. This value is in very good agreement with results from a previous
study on the closely related compound N-isopropyl-carbazole, which provided values of
2150 m s−1 and 2250 m s−1 from a piezoelectric resonance–antiresonance measurement
and an ultrasonic pulse-echo experiment [43]. It also compares well with previous studies
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of other organic layers, such as polyfluorene-based copolymers [42], where values of about
2500 m s−1 were obtained. Knowing this longitudinal sound velocity makes it possible to
optically determine the thickness of other t-Bu-Cz thin films via the relation d = 0.25·cL·τa
in an all-optical fashion.

The value of cL for Cz thin films should be very similar; however, we note that
we were not able to obtain clean oscillatory kinetics exceeding the noise level of the
transient absorption experiments for Cz thin films. It could be that the interface of the large
crystallites (cf. Figure 1a) is very rough, so the reflection of the sound wave at the thin
film/nitrogen gas interface occurs in several directions. This could result in a very weak
oscillatory response. In contrast, the situation is much less critical for smooth copolymer
films with homogeneous thickness, as demonstrated in previous measurements using
picosecond ultrasonics [42].

3.2. Steady-State Absorption, Photoluminescence and Transient Emission of the Thin Films

The panels a and b in Figure 2 contain the absolute and normalized steady-state absorp-
tion spectra (recorded in transmission at normal incidence) of neat Cz and t-Bu-Cz thin films
as well as PMMA:Cz and PMMA:t-Bu-Cz thin film blends with weight percent ratios of 98:2,
90:10 and 70:30. The structured absorption band rising below 350 nm corresponds to the
S0(A1)→ S1(A1) transition, which is short-axis polarized [10,44–46]. In contrast, the S0(A1)
→ S2(B2) transition located at about 290 nm is long-axis polarized [10,45,47]. The absorption
features at wavelengths below 270 nm represent a superposition of several electronic bands
of A1 and B2 symmetry [47]. For a low content of Cz/t-Bu-Cz in the film (98:2 (green), 90:10
(blue)), the 0–1 transition of the S0→ S1 band is higher than the 0–0 transition, and also the
amplitude of the S0→ S2 band is much higher than that of the S0→ S1 band. Both findings
are in line with the typical behavior of Cz in organic solvents [45,48,49].

Drastic changes are observed for the neat Cz film (black) and the 70:30 wt% PMMA:Cz
blend (red). For the neat Cz thin film, the S0(A1) → S2(B2) transition is not observable,
and the absorbance below 270 nm is considerably reduced. This suggests that absorption
contributions from long-axis polarized A1 → B2 transitions are “missing”. Based on
the known crystal structure of carbazole [50,51], one can conclude that there must be a
preferential growth of the microcrystallites (cf. Figure 1a), with the crystallographic a–c
plane of the unit cell oriented parallel to the substrate’s surface. We confirmed this in
separate X-ray diffraction measurements (see Figures S1 and S2, Supporting Information).
Therefore, the transition dipole moment of the A1 → B2 transitions lies parallel to the light
propagation direction, and, as a result, these states cannot be photoexcited. Thus, only
short-axis polarized A1 → A1 transitions can be observed in the spectrum of the neat thin
films. For the 70:30 blend, the A1→ B2 transitions are still visible, but already their spectral
amplitude is substantially reduced. Therefore, there already appear to be Cz domains that
also exhibit preferential growth.

Another interesting effect in the spectra of the neat Cz film and the 70:30 wt%
PMMA:Cz blend is the emergence of a pronounced absorption peak at 340 nm, which
is red-shifted by about 50 meV (5 nm) compared with the S0(A1)→ S1(A1) transition of
the thin films having low Cz content. Based on the comparison with findings for thin
films of aromatic molecules, such as tetracene [24], or polymer compounds [52], the spec-
tral signature is compatible with the formation of J aggregates. The crystal structure of
Cz [50,51] features a herringbone-type packing [53]. As shown by previous plane-wave
DFT calculations [53], nearest-neighbor Cz–Cz dimer-type interactions in this crystal are
predominantly of the J-aggregate-type, with a Cz–Cz spacing of 4.8–5.7 Å, whereas H-
type dimer-type arrangements in the same structure show a much larger Cz–Cz spacing
(9.9–11.5 Å). Therefore, it is understandable that contributions from J-type aggregation
should have a more substantial impact on the absorption spectrum of these films. The fairly
small aggregation-induced red-shift of the J-aggregate absorption band observed in our
absorption spectrum of the Cz film is also compatible with the results of calculations for
J-type dimers in the Cz crystal [53]. As a result, the experimental absorption spectrum can
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be loosely described as a superposition of monomer-like absorption (from the only weakly
coupling H-aggregate-type arrangements) plus contributions of more pronounced J-type
aggregate absorption. This spectral appearance of the lowest-energy absorption band is
still present even in the 70:30 PMMA-Cz blend, which suggests that there still must be Cz
domains giving rise to aggregation. We note that a neat PMMA thin film only shows weak
absorption starting below 250 nm (see Figure S3, Supporting Information), so contributions
of PMMA to the absorption spectra reported in Figure 2 can be neglected.

Figure 2c contains the photoluminescence excitation spectra (recorded at the emission
wavelength 370 nm), and panels d and e show the absolute and normalized PL spectra.
The photoluminescence spectra of the PMMA:Cz blends with low Cz content (98:2 and
90:10) represent almost a mirror image of the respective absorption spectra and are similar
to those reported previously in organic solvents [45,48,49]. For the 90:10 blend, the long-
wavelength tail of the emission band is already slightly enhanced (panel e, e.g., above
450 nm), which may be attributed to a contribution of excimer emission, similar to what was
previously observed for related carbazole-based systems, such as mCP [13]. In addition,
photoexcitation at shorter wavelengths leads to a relative increase in the amplitude of
the excimer band compared with the main peak (panel f), similar to the effect previously
observed for mCP [13]. This could be due to the fact that at higher energy, the initial
excitation might migrate over a larger distance, leading to an enhanced probability of
finding an excimer site for emission [13].

More pronounced changes are observed for the thin films of neat Cz and the PMMA:Cz
blend with a weight percent ratio of 70:30, where the intensity of the most intense emission
peak (the 1′–0 vibrational transition of the S1 → S0 band) is strongly enhanced (panel d).
Similar to the observation for the absorption spectra, we trace this observation back to
excitonic effects (as a result of the overlapping emission of mainly J-aggregate-type dimer
species) and also reabsorption effects (especially for the films with the highest Cz and
t-Bu-Cz content) because of the small Stokes shift (Table 1). The enhanced peak in the center
of the emission spectrum could then be an indication of superradiance, i.e., an enhanced
radiative decay rate of the lowest-lying exciton state [24,54,55]. Characteristic parameters
of the steady-state spectra are summarized in Table 1.

Table 1. Characteristic photophysical parameters of the steady-state absorption and photolumines-
cence spectra of the thin films of Cz and t-Bu-Cz and their blends with PMMA.

Thin Film
Composition

Mixing
Ratio

(wt%:wt%)

λabs
0–0

(nm)
λPL

0–0

(nm)
λmax

PL

(nm)
∆λStokes
(nm) 1

∆
~
νStokes

(meV) 1
∆

~
νStokes

(cm−1) 1

PMMA:Cz

0:100 341 2 344 356 3 32 260
70:30 340 2 344 356 4 42 340
90:10 336 342 358 6 64 520
98:2 336 341 357 5 55 440

PMMA:t-Bu-Cz

0:100 344 2 342 349 5 52 420
70:30 342 341 351 9 93 750
90:10 342 341 348 6 62 500
98:2 342 341 349 7 73 590

1 The Stokes shift was determined as the difference in 0–0 vibrational bands of the lowest electronic states, which
were determined by fitting a sum of Gaussian functions to the absorption and PL bands of the thin films. 2 For the
neat Cz and t-Bu-Cz thin films and the PMMA:Cz thin film blend with a weight percent ratio of 70:30, this is the
position of the excitonic absorption peak.
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Figure 2. Summary of steady-state absorption and photoluminescence (PL) spectra of PMMA:Cz and
PMMA:t-Bu-Cz blends with weight percent ratios of 100:0 (i.e., neat Cz and t-Bu-Cz thin films, black),
70:30 (red), 90:10 (blue) and 98:2 (green). (a) OD of thin films. (b) Normalized OD. (c) PL excitation
spectra recorded at 370 nm. (d) PL intensity of the thin films excited at 260 nm. (e) Same PL spectra
but normalized to their peak. (f) Normalized PL spectra of thin films of the PMMA:Cz 90:10 blends,
excited at 260, 290 or 320 nm. (g,h) Transient PL decays of the thin films using two different bandpass
filters of 365–375 nm (“monomer” or “exciton” region) and 455–750 nm (“excimer” region), respectively.
(i) Average lifetimes of the thin film blends for the PL ranges of 365–375 nm (squares) and 455–750 nm
(circles), respectively. (j–r) Same as panels (a–i), but for the PMMA:t-Bu-Cz thin films.
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Time-resolved fluorescence decays obtained from TCSPC measurements for the neat
Cz thin film and the different PMMA:Cz blends are displayed in panel g (“monomer” or
“exciton” emission, averaged over the emission wavelength range of 365–375 nm) and panel
h (“excimer” emission, averaged over the emission wavelength range of 455–750 nm) of
Figure 2. The initial exciton number density in these experiments was about 6 × 1012 cm−3.
The decays were fitted to a sum of up to four exponentials. The resulting time constants τi
and associated amplitudes Ai are summarized in Table 2, including the average lifetime 〈τ〉
(= τave), calculated as 〈τ〉 = (A1τ1

2 + A2τ2
2 + A3τ3

2)/(A1τ1 + A2τ2 + A3τ3) for the example
of a triexponential decay [13]. As shown in panel i, the average lifetime decreases with
increasing Cz content in the films. For the “monomer” band of the 98:2 PMMA:Cz blend,
the longest lifetime of 7.4 ns is observed, which decreases to about 3 ns for the 70:30 blend
and the neat Cz film. For comparison, the S1 lifetime of “isolated” Cz in O2-free organic
solvents has been reported to be in the range of 14–15 ns [48,49,56,57].

Table 2. Summary of TCSPC data of the thin films of Cz and t-Bu-Cz and their blends with PMMA at
296 K (λpump = 273 nm).

Thin Film
Composition

Mixing Ratio
(wt%:wt%)

λprobe
(nm)

τ1
(ns) 1

τ2
(ns) 1

τ3
(ns) 1

τ4
(ns) 1

〈τ〉
(ns) 1

PMMA:Cz

0:100
365–375 3.0 (97%) 1 5.7 (3%) – – 3.1
455–750 1.1 (46%) 2.9 (23%) 4.9 (30%) 16.66 (1%) 4.5

70:30
365–375 0.6 (64%) 2.2 (26%) 5.2 (10%) – 2.9
455–750 2.1 (67%) 6.5 (30%) 18.8 (3%) – 6.7

90:10
365–375 3.7 (62%) 6.6 (38%) – – 5.2
455–750 1.0 (33%) 7.2 (65%) 20.5 (2%) – 8.1

98:2
365–375 3.9 (37%) 8.3 (63%) – – 7.4

455–750 2 – – – – –

PMMA:t-Bu-Cz

0:100
365–375 1.0 (47%) 3.1 (40%) 6.5 (13%) – 3.9
455–750 0.3 (40%) 5.4 (51%) 14.2 (9%) – 8.0

70:30
365–375 1.1 (58%) 2.5 (39%) 5.3 (3%) – 2.2
455–750 0.8 (38%) 6.3 (59%) 17.2 (3%) – 7.4

90:10
365–375 1.3 (24%) 3.6 (46%) 6.0 (30%) – 4.5
455–750 1.2 (26%) 7.9 (71%) 22.3 (3%) – 8.9

98:2
365–375 1.2 (14%) 3.8 (22%) 9.8 (64%) – 8.9

455–750 2 – – – – –
1 The value in parentheses is the relative amplitude for the respective time constant. 2 For the 98:2 blends, the
TCSPC signals recorded in the wavelength range of 455–750 nm (exciton band) were too weak, so the concentration
of excimers in these thin films with low Cz and t-Bu-Cz content was below our detection limit.

This shortening of the S1 lifetime may be explained as follows: The S0→ S1 absorption
spectrum and the S1 → S0 emission spectrum of Cz show considerable overlap, see, e.g.,
panels a and d of Figure 2, and this is also underlined by the small Stokes shifts summarized
in Table 1. Therefore, already starting for blends with low Cz content (PMMA:Cz 90:10) and
much more strongly for even higher Cz content, Cz(S1)–Cz(S0) Förster resonance energy
transfer (FRET) based on a dipole–dipole coupling mechanism becomes possible [58–60].
Because of this homo-FRET process (Cz(S1)→ Cz(S0) accompanied by Cz(S0)→ Cz(S1)),
the excitation can efficiently hop through the thin film and eventually reach an excimer
site, which acts as a trap because the emission of the excimer species does not overlap with
the Cz absorption band. Therefore, further migration of the excitation through the film is
not possible. The average lifetimes of the excimers (as measured using a bandpass filter
covering the wavelength range of 455–750 nm) are in general longer (Figure 2i), varying
between 8.1 ns (PMMA:Cz 90:10) and 4.5 ns (neat Cz). The weak emission intensity of the
excimer suggests that its radiative rate constant is small.
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Coming to the measurements for the different PMMA:t-Bu-Cz thin films (Figure 2j–r,
Tables 1 and 2), we observe trends that are similar to the corresponding Cz-based films.
Notable differences are the slightly larger Stokes shift than for the Cz-based systems
(Table 1) and the less pronounced exciton peak in the absorption and emission spectra of
the neat t-Bu-Cz film (panels j, k, m and n). The bulky tert-butyl substituents give rise to a
slightly larger spacing between the t-Bu-Cz chromophores [61] and thus, the J-aggregate
interactions compared with those in Cz-based films are weaker. Also, breaking up the t-Bu-
Cz–t-Bu-Cz interactions by PMMA appears to be easier than for Cz–Cz. This is underlined
by the fact that the absorption and emission of the PMMA:t-Bu-Cz blend with the weight
percent ratio of 70:30 already behaves similarly to the films with low t-Bu-Cz content (90:10
and 98:2), whereas the corresponding spectra for the PMMA:Cz blend with the weight
percent ratio of 70:30 are much more similar to those of the neat Cz thin film.

3.3. Femtosecond and Nanosecond UV-Vis-NIR Transient Absorption Spectra

Figure 3 summarizes the transient broadband absorption spectra and kinetics obtained
from the fs-TA experiments (λpump = 260 nm) and ns-TA experiments (λpump = 266 nm) for
a neat Cz thin film and two different PMMA:Cz blends with weight percent ratios of 70:30
and 90:10. Relevant parameters from the kinetic analysis are summarized in Table 3. We
start with the results for the neat Cz thin film in panels a–c. The contour plots in panel a
provide an overview of the dynamics for the subpicosecond to several hundred nanosecond
range. The transient spectra around zero delay time show the formation of a ground state
bleach (GSB) band below 350 nm and broad excited-state absorption above. The ESA is
assigned to the S1 state, which is populated by ultrafast (sub-100 fs) internal conversion
(IC) from the initially photoexcited higher singlet state Sx. The ESA band of the S1 band has
almost completely disappeared by 100 ps. This is at first sight quite unusual because the S1
lifetime of carbazole in O2-free organic solvents is about 14–15 ns [48,49,56,57]. However,
efficient S1–S1 annihilation takes place in the neat Cz film at the initial exciton number
densities of about 4 × 1018 cm−3 in this experiment (cf. Section 3.4). The SSA process
produces an excited Sn state (which quickly relaxes back to S1 by IC) and vibrationally hot
S0 molecules, denoted as S0*. In fact, the sharp “hot band” absorption at 345 nm (close
to the red edge of the inverted steady-state absorption spectrum, magenta) and the sharp
negative signals at 340 nm and 325 nm are characteristic spectral features of vibrationally
hot S0* molecules formed during this process [13]. The cooling of the S0* molecules is slow
and extends into the several hundred nanosecond range. The kinetic analysis in panels
b and c provides a time constant of 12 ps (fs-TA), which is related to the singlet–singlet
annihilation process. The time constants of 640 ps (fs-TA), 3 ns, 41 ns and 790 ns (ns-TA)
describe the slow cooling process, which involves heat transfer to the quartz substrate and
encompasses the picosecond to the several hundred nanosecond range.

Next, we analyze the corresponding dynamics in panels d–f for the PMMA:Cz thin-
film blend with a weight percent ratio of 70:30. The spectral evolution looks quite similar
to that of the neat Cz film, with a broad S1 ESA band and the formation of vibrationally
hot S0* molecules. However, the S1 ESA band decays on a considerably slower time scale,
because the SSA process is less efficient, as the average spacing between the S1 molecules
becomes larger because of the presence of PMMA. SSA will be shown to be a diffusive
second-order process in Section 3.4. Thus, it takes longer for two S1 excitons to come into
a critical contact distance for annihilation. The kinetic analysis reflects this change in the
dynamics: Besides a weak ultrafast component (0.1 ps, likely IC from the Sx state), the fs-TA
data reveal time constants of 7 and 107 ps, which effectively describe the slowed-down
diffusive SSA. The time constants of 580 ps (fs-TA) and 13 ns, 113 ns and 51 µs (ns-TA) are
again assigned to heat transfer from hot S0* Cz molecules to the quartz substrate.
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Figure 3. Results from TA experiments for carbazole-based thin films. (a–c) For a neat Cz thin film
from top to bottom: fs-TA and ns-TA spectra as contour plots, TA spectra at selected delay times
(indicated by different colors) including the inverted steady-state absorption spectrum (magenta) and
the stimulated emission spectrum (cyan), selected fs-TA and ns-TA kinetics including fits by a sum of
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Table 3. Summary of time constants and relative amplitudes in the GSB range for thin films of neat Cz and
different PMMA:Cz blends obtained from the kinetic analysis by using a sum of exponential functions.

Expt. λpump (nm) PMMA:Cz
(wt%:wt%)

λprobe
(nm)

τ1
(ns)

τ2
(ns)

τ3
(ns)

τ4
(ns)

fs-TA 1 260

0:100 global 0.012 (40%) 640 (59%) 3 2 (1%) –

70:30 global 0.0001 (9%) 0.007 (18%) 0.107 (24%) 0.580 (49%)

90:10 global 0.001 (15%) 0.020 (25%) 0.209 (35%) 3.7 2 (25%)

ns-TA 1 260

0:100 global 3 (47%) 41 (37%) 790 (16%) –

70:30 global 0.580 (24%) 13 (20%) 113 (49%) 5100 (7%)

90:10 global 3.7 (20%) 223 (50%) 7700 (30%) –
1 The kinetic traces at the different probe wavelengths were fitted simultaneously with a sum of three or four
exponentials. As an example, the relative amplitudes in the GSB range are provided in parentheses. These are in
the case of the compositions 0:100, 70:30 and 90:10, respectively: 339 nm, 337 nm and 290 nm (for fs-TA); 322 nm,
291 nm and 290 nm (for ns-TA). 2 Fixed value based on the fit results obtained from the ns-TA experiments. Note
that the maximum pump–probe delay time in the fs-TA experiments was 1.5 ns.

Finally, in panels g–i, we deal with the dynamics for the PMMA:Cz thin-film blend
with a weight percent ratio of 90:10. Here, the Cz–Cz spacing is even larger, which leads to
a further slowing-down of the S1–S1 annihilation process. Still, this decay is much faster
than the aforementioned time constant of 14–15 ns for the S1 lifetime of Cz in organic
solvents. Because of the much higher “dilution” of Cz in PMMA, the spectral features
of the hot S0* molecules are also much weaker and less pronounced: While in a neat
Cz film, the excess energy would be only distributed among the Cz molecules, here, the
excess energy is predominantly transferred from “hot” Cz to the “cold” PMMA matrix. As
PMMA has no absorption bands in the spectral range investigated here, the heating-up
of PMMA by this process is not visible in the TA spectra [13]. Consequently, the spectral
features in the GSB range of 280–320 nm in panel g (1–3 ns) and also panel d (1–10 ns) look
considerably different, as they are not so strongly influenced by the spectral signature of
the S0* molecules in panel a (1–10 ns). The kinetic analysis provides time constants of 1 ps,
20 ps and 209 ps for the SSA process (fs-TA) as well as 3.7 ns, 223 ns and 7.7 µs (ns-TA),
which we assign to the cooling of the S0* molecules. The 3.7 ns component will also contain
some contributions of the radiative decay of Cz molecules in S1 (cf. 〈τ〉 = 3.1 ns from
TCSPC, Table 2) because intramolecular radiative relaxation becomes more competitive for
the wider Cz–Cz distances in the 90:10 thin film blend.

3.4. Kinetic Analysis of Singlet–Singlet Annihilation Processes in Cz and t-Bu-Cz Films

The fs-TA kinetics for the neat Cz (and also t-Bu-Cz) thin films show that at the S1
exciton number densities of ca. 4× 1018 cm−3 employed in these experiments, the lifetime of
S1 is drastically reduced compared with the S1 lifetime determined from the time-resolved
emission experiments, which were recorded at much lower exciton number densities N1
of ca. 6 × 1012 cm−3 (Figure 2 and Table 2). Whereas the total lifetimes of S1 at the
excitation conditions of the TCSPC experiments are 3.14 ns and 3.85 ns for Cz and t-Bu-Cz,
respectively, most of the S1 decay of the thin films in the transient absorption experiments
already occurred by 100 ps. This is demonstrated in Figure 4a by the measured transient
absorption kinetics in the NIR range averaged over the wavelength range of 1100–1300 nm,
which monitor the decay of an ESA band exclusively assigned to S1 excitons. To understand
this drastic shortening of the S1 lifetime with increasing number density N1, the NIR
transients were subjected to a kinetic modeling procedure, which is described below.
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Figure 4. (a) Kinetic traces of the S1 number densities for a Cz thin film (black circles) and a t-
Bu-Cz thin film (red circles) averaged over the wavelength range of 1100−1300 nm. The solid
lines are corresponding fits based on the kinetic modeling procedure using diffusive singlet–singlet
annihilation only. The dotted lines are modeling results using singlet–singlet annihilation based only
on S1–S1 FRET. The dashed lines are the simulation results without considering any SSA processes.
(b) Kinetic scheme of the relaxation pathways of Cz and t-Bu-Cz in thin films. (c) Perrin–Jablonski
diagram highlighting the energetics of the different states and the photophysical processes involved
including the associated rate constants (solid arrows: nonradiative processes of a single electronic
state, dotted downward arrows: radiative processes, red curved dash-dotted double arrow: singlet–
singlet annihilation). S0* denotes the vibrationally hot ground electronic state, where the vibrational
excited levels are schematically indicated by thin green lines. Vibrational levels of the S1, Sx, Sn

and T1 states are omitted for the sake of clarity. Blue dashed upward arrow: laser excitation by a
femtosecond pump pulse at 260 nm.

The kinetic scheme for modeling the relaxation of the neat Cz and t-Bu-Cz thin films
is shown in Figure 4b, and a schematic Perrin–Jablonski diagram based on the data from
Table 1 and available information regarding the energy of the triplet state [56] is depicted
in Figure 4c. Relevant kinetic parameters are summarized in Table 4. The mechanism can
be divided into contributions from intramolecular relaxation, singlet–singlet annihilation
and collisional relaxation. We begin with steps 1–4, which summarize the intramolecular
relaxation pathways of Cz and t-Bu-Cz molecules (left side of the scheme in Figure 4b):

Sx
kx−−−−−→ S1 (1)

S1

kIC+Fl,1
−−−−−→ S∗0 (2)

S1

kISC,1
−−−−−→ T1 (3)
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T1

kISC+Ph,2
−−−−−→ S∗0 (4)

Table 4. Summary of the kinetic rate constants and time constants, thin film and laser parameters
used in the kinetic modeling procedure for the neat Cz and t-Bu-Cz thin films at 296 K.

Physical Quantity Cz t-Bu-Cz Physical Quantity Cz t-Bu-Cz

Nx (cm−3) 4.0 × 1018 3.8 × 1018 F (mJ cm−2) 1 1.03 0.92

kx (s−1) 5.0 × 1012 5.0 × 1012 τx (fs) 200 200

k1,IC+Fl (s−1) 1.6 × 108 1.3 × 108 τ1,IC+Fl (ns) 6.3 7.7

k1,ISC (s−1) 1.6 × 108 1.3 × 108 τ1,ISC (ns) 6.3 7.7

k2,ISC+Ph (s−1) 1.25 × 106 1.25 × 106 τ2,ISC+Ph (µs) 0.8 0.8

kCET (s−1) 1.57 × 108 1.57 × 108 τCET (ns) 0.64 0.64

kdiff (cm3 s−1) 2.00 × 10−8 1.25 × 10−8 kF,1 (cm6 s−1) 2 2.40 × 10−27 1.80 × 10−27

kn (s−1) 5.0 × 1013 5.0 × 1013 τn (fs) 20 20

d (nm) 3 153 138 A 4 0.397 0.371
1 Fluence F of the pump laser beam at 260 nm. 2 These are the best values to fit the initial S1 population decays of
Cz and t-Bu-Cz by using S1–S1 FRET as the only SSA process. However, they do not describe the kinetics at long
times correctly (see Figure 4a) because of the apparent third-order behavior (see text). 3 Average thickness d of the
thin films determined by AFM. 4 Absorbance A of the thin films at 260 nm.

The Sx exciton state, which is prepared by photoexcitation at 260 nm, decays via IC
to S1 (step 1). Because its lifetime is very short (τx = kx

−1 ≈ 200 fs), it does not show
clear spectral fingerprints in the transient absorption spectra at early times (Figure 3).
S1 can decay either by internal conversion (IC) or fluorescence to a vibrationally excited
ground state (S0*) with the rate constant kIC+Fl,1 = τIC+Fl,1

−1 (step 2) or by intersystem
crossing (ISC) to the T1 triplet state with the rate constant kISC,1 = τISC,1

−1 (step 3). The
sum of these two rate constants represents the total rate constant for depopulation of
the S1 exciton state (ktotal,1 = kIC+Fl,1 + kISC,1 = τtotal,1

−1). The total lifetime τtotal,1 of S1
was determined in our TCSPC experiments as 3.14 ns and 3.85 ns for Cz and t-Bu-Cz,
respectively (Figure 1). For our modeling here, we assumed a quantum yield of 50% for ISC
from S1, which is compatible with findings from previous experiments for the relaxation of
Cz in organic solvents [49,56,57]. This provides time constants τIC+Fl,1 = τISC,1 of 6.3 ns and
7.7 ns for Cz and t-Bu-Cz, respectively (Table 4). The spin-forbidden relaxation of T1 by
ISC and phosphorescence (step 4) is much slower, and based on the results from our ns-TA
experiments (Figure 3c), we use a value of τISC+Ph,2 = kISC+Ph,2

−1 of 0.8 µs (Table 4).
The vibrationally hot Cz and t-Bu-Cz molecules in the electronic ground state (S0*)

formed by steps 2 and 4 decay by collisional energy transfer (CET), where the excess
vibrational energy is transferred first to the surrounding room-temperature carbazole
molecules and finally to the underlying quartz substrate (step 5):

S∗0
kCET−−−−−→ S0 (5)

For modeling the decay of the fs-TA kinetics, we use the time constant τCET = kCET
−1

of 3.0 ns extracted from Figure 3b. Modeling the decay of the S1 exciton population for Cz
and t-Bu-Cz in Figure 4a with this set of kinetic parameters results in the black dashed and
red dashed fit lines, respectively. Both of them decay too slowly, in agreement with the
aforementioned total S1 lifetimes of 3.14 ns (Cz) and 3.85 ns (t-Bu-Cz).

Therefore, additional S1 relaxation steps need to be considered to understand the fast
decay of the fs-TA kinetics in Figure 4a. With increasing initial number densities of S1
excitons in the thin film, singlet–singlet annihilation becomes increasingly important. One
possible mechanism is the diffusive singlet–singlet annihilation of two S1 states:
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S1 + S1
kdiff−−−−−→ S∗0 + Sn (6)

This bimolecular encounter results in the formation of an S0* ground state species
and a higher excited Sn singlet state (located at an energy of (maximum) two times the
energy of the S1 state) with the second-order rate constant kdiff. The rate-determining
step of this diffusion process is repeated hopping of the S1 excitation based on Förster
resonance energy transfer [58–60], which is possible because of the strong overlap between
the S0 → S1 absorption and the S1 → S0 emission bands of Cz and t-Bu-Cz arising from the
very small Stokes shift (see e.g., Figures 2 and 3a). The net equation for this homo-FRET
process between identical carbazole molecules is:

S1 + S0

kFörster,0(R)
−−−−−→ S0 + S1 (7)

The excitation transfer is based on nonradiative dipole–dipole coupling, i.e., the two
coupled first-order steps 8a and 8b comprising de-excitation of an S1 species (energy donor)
accompanied by excitation of an S0 species (energy acceptor):

S1

kFörster,0(R)
−−−−−→ S0 (8a)

S0

kFörster,0(R)
−−−−−→ S1 (8b)

The first-order rate constant kFörster,0 is given by [58,59]:

kFörster,0 = τ1
−1(R0/R)6 (9)

where τ1 is the total S1 lifetime of the donor in the absence of energy transfer, R is the
donor–acceptor distance, and the Förster radius R0 corresponds to the distance, where
the rate constants for FRET and intramolecular decay of S1 are equal. Significant FRET
contributions are expected up to donor–acceptor distances of about 10 nm, with typical
Förster radii for singlet exciton systems in the range of 1.4–7 nm [18,60,62–65]. As there
are always several carbazole molecules in S0 available close to an S1 molecule (i.e., R is
small), the FRET process leads to efficient migration of the S1 excitation through the thin
film. Such a random walk of the excitation eventually brings two S1 molecules close to each
other, so that efficient homo-FRET-based singlet–singlet annihilation between the two S1
carbazole molecules takes place with the net equation:

S1 + S1

kFörster,1(R)
−−−−−→ S∗0 + Sn (10)

where one S1 exciton is destroyed (forming carbazole ground state molecules with some
excess energy, S0*), and at the same time, one S1 molecule is promoted to a higher Sn state:

S1

kFörster,1(R)
−−−−−→ S∗0 (11a)

S1

kFörster,1(R)
−−−−−→ Sn (11b)

Such an S1–S1 FRET process is feasible because the emission spectrum of the S1 state
strongly overlaps with broad S1 excited-state absorption (see Figure 3a). Summarizing the
diffusive SSA mechanism, step 6 used in our kinetic modeling procedure is of second-order
because the random walk of the two S1 molecules is rate-determining.

Alternatively, we also consider the direct homo-FRET SSA process of steps 11a and
11b to occur without prior diffusion. A technical difficulty to implement these two steps in
a kinetic mechanism is that the rate constant kFörster,1 is R-dependent and thus depends on
the spatial distribution of S1 molecules, which changes with time. However, others [26]
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and we [66] demonstrated that in the case of randomly distributed S1 molecules in thin
films, the alternative kinetic formulation based on steps 12a and 12b can be used:

3 S1

kF,1
−−−−−→ S∗0 + 2 Sn (12a)

3 S1

kF,1
−−−−−→ 2 S∗0+Sn (12b)

Note that these two steps also lead to the same net equation as in step 10. Importantly,
the S1 population decay due to S1–S1 FRET results in an apparent third-order behavior,
with the rate constant kFRET,1 = 6 kF,1 [66].

The SSA processes in steps 6 and 10 both lead to the formation of a high-energy Sn
singlet exciton species. Such states typically show ultrafast IC on a time scale of sub-50
femtoseconds, repopulating S1 directly or via an ultrafast cascade of IC steps:

Sn
kn−−−−−→ S1 (13)

Here, we assume a value τn = kn
−1 of 20 fs for its lifetime. The Sn exciton state is

located at a high excitation energy (roughly twice the S1 energy, which corresponds to
about 7.3 eV or 170 nm for the two carbazoles, see Figure 2). At this high energy, Sn states
may also form an electron–hole pair, where the electron and hole are located on individual
carbazole molecules as an S0

•− radical anion and an S0
•+ radical cation, respectively [65–67].

However, as we do not see any long-lived absorption bands assignable to such species, we
conclude that this channel is below the detection limit of the fs-TA and ns-TA experiments.
Singlet fission (S0 + S1 → T1 + T1) [68] is not possible either, because the 0–0 energy of the
T1 state of Cz (E(T1) ≈ 3.061 eV) is located at more than half of the energy of the S1 state
(E(S1) ≈ 3.658 eV) [56]. Finally, triplet–triplet annihilation does not need to be considered
either because the population of the T1 state accumulated on the sub-200 ps time scale
considered in Figure 4a is negligible.

The kinetic scheme of Figure 4b containing steps 1–6, 12a, 12b and 13 was implemented
using the program Tenua [69]. The initial Sx number density was determined by using the
known fluence of the pump laser beam at 260 nm, the thickness of the thin films (measured
by AFM) and the absorbance of the thin film samples at 260 nm (Table 4). Because the
lifetime of the Sx state is ultrashort, the peak value of the kinetics in Figure 4a essentially
corresponds to the initial number density of S1 molecules. The NIR transient absorption
kinetics therefore describe the time-dependent decay of the S1 population.

To learn about the dominant singlet–singlet annihilation mechanism, we consider
the following two limiting cases: Using steps 1–6 and 13 (only diffusive SSA, but no
S1–S1 homo-FRET, i.e., leaving out steps 12a and 12b), the best fits for the decays of
Cz (black solid line) and t-Bu-Cz (red solid line) are obtained using the rate constants
kdiff = 2.00 × 10−8 cm3 s−1 and 1.25 × 10−8 cm3 s−1, respectively. Using steps 1–5, 12a, 12b
and 13 (only S1–S1 homo-FRET, but no diffusive SSA, i.e., leaving out step 6) one obtains
the dotted lines when using the rate constants kF,1 = 2.40 × 10−27 cm6 s−1 (black) and
1.80 × 10−27 cm6 s−1 (red), respectively.

The diffusive SSA model provides a very good fit to the Cz and t-Bu-Cz data. In
contrast, the simulation based on S1–S1 homo-FRET SSA can only describe the earliest
decay satisfactorily, but it decays too slowly afterward. This is a direct consequence of
its apparent third-order behavior, whereas the diffusive SSA is second-order. In addition,
the Förster radii, which can be calculated from kF,1 as described previously [66], would
be 18.3 nm and 17.5 nm for Cz and t-Bu-Cz, respectively, which is much larger than the
typically observed 1.4–7 nm [18,60,62–65]. Our modeling results therefore suggest that the
SSA mechanism operative in these carbazole thin films is of the diffusive type. A summary
of the kinetic fit parameters is provided in Table 4.
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4. Discussion

Our combined approach using steady-state absorption, time-resolved photolumines-
cence and broadband transient absorption experiments has provided a comprehensive
overview of the complicated excited-state dynamics in Cz and t-Bu-Cz thin films and their
blends with PMMA. In the neat films, excitonic effects in the steady-state absorption and
emission spectra are clearly visible in terms of a pronounced excitonic peak, which likely
arises from J-type aggregate structures. Yet, these excitonic contributions appear to be less
pronounced than in films of “classical” excitonic materials, such as tetracene or different
types of polymer thin films [24].

Time-resolved emission experiments using TCSPC at low S1 number densities of about
6 × 1012 cm−3 reveal efficient Cz(S1)–Cz(S0) homo-FRET with the ultimate population of
excimer sites. The excimer contributions appear to be less important than in other carbazole-
type materials, such as 1,3-bis(N-carbazolyl)benzene (mCP). Also, no additional structured
red-shifted aggregate emission is observed, in contrast to thin films of mCP [13]. At a higher
S1 exciton number density of about 4 × 1018 cm−3, the S1 lifetime is considerably reduced
because of diffusive S1–S1 annihilation with the rate constants kdiff of 2.00 × 10−8 cm3 s−1

(Cz) and 1.25 × 10−8 cm3 s−1 (t-Bu-Cz) obtained from ns-TA experiments. These values may
be compared with previous results for other carbazole derivatives: For thin films of 4′-bis(9-
carbazolyl)-2,2′-biphenyl (CBP), Ruseckas et al. [17] obtained values for the annihilation rate
constant γ of 6× 10−9 cm3 s−1, respectively, using luminescence-based techniques. This rate
constant is slightly smaller but still in reasonable agreement with our values from the fs-TA
experiments. Later on, Morgenroth et al. obtained a value of 1.40 × 10−8 cm3 s−1 for kdiff
of mCP [13], in very good agreement with our present results. The current measurements
on Cz and t-Bu-Cz thin films provide valuable information regarding this important kinetic
parameter, which is of particular relevance for the efficiency roll-off behavior of OLEDs at
high current densities. The fs-TA experiments also show that “direct” S1–S1 FRET without
prior S1–S0 homo-FRET diffusion does not play any role in the singlet–singlet annihilation
process. The SSA process generates highly vibrationally excited molecules in the ground state
(S0*), which can be clearly identified in our fs-TA and ns-TA experiments in terms of a sharp
hot-band absorption on the red edge of the S0→ S1 absorption band and sharp bleach features
in the GSB region. The dissipation of this excess energy to the quartz substrate spans a wide
time scale from several hundred picoseconds to microseconds. As valuable side information,
picosecond ultrasonics experiments employing the fs-TA setup provide a value of 2200 m
s−1 for the longitudinal sound velocity of Cz. This value can be conveniently used in future
studies to measure the thickness of Cz and other Cz-based films with a thickness in the range
of about 50–500 nm in an all-optical fashion.

There remain several open questions for further research on these films. For instance,
we focused on spin-coated films, and their microcrystalline structure is not ideal for appli-
cations. It would therefore be of interest to carry out similar studies with Cz and t-Bu-Cz
films produced by physical vapor deposition and study the impact of the film prepara-
tion method on the steady-state and time-resolved optical properties. From the dynamics
side, the current approach using optical excitation initially populates only singlet states.
In situations where the initial exciton number density is high, triplet formation cannot
compete with the singlet exciton channels, such as bimolecular diffusive SSA. It would
be therefore valuable to study such films under pulsed electrical excitation, as this will
initially populate the excited states in a statistical T1:S1 ratio of 3:1. This way, the kinetics of
channels involving the T1 triplet state, such as triplet–triplet annihilation and singlet–triplet
annihilation, can be accessed. These topics will be addressed in future work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photochem4020011/s1, Figures S1 and S2: X-ray diffraction
patterns of neat Cz and t-Bu-Cz thin films, respectively, on quartz including simulations based on
a Rietveld refinement procedure considering texture effects and an amorphous background signal;
Figure S3: Absorption spectrum of a neat PMMA thin film produced by spin-coating on quartz.
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Abstract: Ultrafast pump–probe spectroscopic studies allow for deep insights into the mechanisms
and timescales of photophysical and photochemical processes. Extracting valuable information from
these studies, such as reactive intermediates’ lifetimes and coherent oscillation frequencies, is an
example of the inverse problems of chemical kinetics. This article describes a consistent approach for
solving this inverse problem that avoids the common obstacles of simple least-squares fitting that
can lead to unreliable results. The presented approach is based on the regularized Markov Chain
Monte-Carlo sampling for the strongly nonlinear parameters, allowing for a straightforward solution
of the ill-posed nonlinear inverse problem. The software to implement the described fitting routine is
introduced and the numerical examples of its application are given. We will also touch on critical
experimental parameters, such as the temporal overlap of pulses and cross-correlation time and their
connection to the minimal reachable time resolution.

Keywords: pump–probe spectroscopy; inverse problems; Monte-Carlo sampling

1. Introduction

Pump–probe spectroscopy is a powerful tool in the investigation of ultrafast kinet-
ics [1]. The basic scheme of pump–probe studies is the following [1]. First, we initiate the
system’s dynamics with a pump laser pulse, then wait some time for the excited molecular
system to evolve, and then with a second probe laser pulse, we turn otherwise unobservable
(due to their short lifetimes) metastable species into something new and observable by the
detectors. By varying the delay time between pump and probe pulses (so-called pump–
probe delay), we can measure the real-time photochemical dynamics of the molecules.
Under the umbrella term “pump–probe spectroscopy”, multiple experimental methods
hide that differ by what kind of observable is being monitored in the experiment [1–4].
The measured experimental parameters can be the absorption of the probe photons [5],
mass spectra [6–8], photoelectron spectra [6,9], ion velocity map imaging [6,7,10], fluores-
cence [11], and so on [2,3]. We can extract viable information about the rates of various
molecular processes from these pump–probe experimental results. To do that, we need to
perform the experimental data analysis, which is at the center of this article.

The current manuscript presents a novel approach and its software implementation for
performing such data analysis. It is based on mixed linear and nonlinear optimization [12],
Monte-Carlo sampling [13,14], and regularization of fitting parameters [15–17], solving
many issues of the ill-posed inverse problem of pump–probe experimental data analysis.
First, we will formally examine the basic experimental data analysis and the least-squares
fitting. Then, we will discuss the model of the pump–probe spectroscopy. This will be
followed by a detailed description of the proposed data analysis algorithm and a short
description of the implementation of such a method. In the end, a few numerical examples
will be given. In the electronic supporting information (ESI), we also provide a user manual,
an up-to-date software version, and the numerical examples described in the last section of
this article.
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2. Inverse Problem of Experimental Data Analysis
2.1. Formulation of the Problem

We can consider the following set of concepts to formalize the experimental data
analysis treatment [14,16]. The experimental results are always interpreted through the
prism of a model (M) that presents a concise and simplistic way to explain whatever
happens in the experiment. In our case of pump–probe spectroscopy, it is the interaction of
the observed molecular system with the pump and probe pulses, the internal dynamics of
the molecule, and the production of the experimental observables that comprise the model.
This model naturally has some set (vector) of numerical parameters (P) that are the intrinsic
characteristics of the investigated molecule and of the experimental observation. In our
case, these are the rates of the different molecular conversion processes, the laser pulses’
characteristics, and the experimental setup’s detection capabilities [6,18]. By applying
the parameters P to the modelM, we can produce a set of model observables (Omodel),
which are the full analog of the real experimental observables (Oexp). Such a procedure of
computing the Omodel from P andM, can be represented as follows:

P→M→ Omodel (1)

which we will call a direct problem.
The goal of the experimental data analysis is to provide the best representation of

the experimental data (Oexp) by a combination of the model (M) and the set of parame-
ters Pexp. The “best representation” means that, upon substitution to the direct problem
(Equation (1)), experimental parameters Pexp produce the experimentally observed results
(Oexp). Here, we can assume that the model is fixed since the investigated process is either
known in advance, the model can be adjusted by trial and error, or the model can be guessed
using some heuristic knowledge from how the observed pump–probe dependencies look.
This assumption of the fixed model boils experimental analysis down to the search for the
optimal set of parameters Pexp. With a fixed model, we can compress the direct problem
(Equation (1)) to treat the modeled observables as a function of the set of parameters given,
that is:

Omodel = Omodel(P). (2)

Upon such formulation, the search of the Pexp can be written as the following equation:

Omodel(Pexp) = Oexp, (3)

This problem of experimental analysis is the inverse problem or fitting. The term
“inverse problem” relates to the fact that we want to get parameters Pexp from observables
Oexp asOexp → Pexp, in some sense inverting the direct problem given in Equation (1). The
term “fitting” implies that we want to fit the model to the experimental observations by
varying the parameters. In this paper, we will use these two terms (“inverse problem” and
“fitting”) interchangeably. In the case of pump–probe spectroscopy, we try to find a set of
rates and frequencies of molecular processes, cross-sections of various channels, and other
parameters for reproducing the observed pump–probe experimental measurements. In
some sense, this can be thought of as finding the best and simplest numerical representation
of the experimental data.

2.2. Least-Squares Formulation of the Inverse Problem

The inverse problem given in Equation (3) in pump–probe spectroscopy, like in many
other experimental methods, is an ill-posed problem [12,14,16]. The term “well-posed
problem” was introduced by Jacques Hadamard [19], who postulated such a problem to
have the following three properties: (1) the solution to the problem should exist, (2) the
solution should be unique, (3) the behavior of the solution should change continuously
with the change of the initial conditions. The problem that does not meet at least one
of these three criteria is ill-posed [16]. Unfortunately, for the real datasets, the simplest
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formulation of the inverse problem (Equation (3)) does not fulfill even the first criterion of
the well-posed problem since (a) in the real-life pump–probe data, there are unavoidable
experimental errors and (b) the models usually do not account for all possible variables in
the experiment; thus, they have some systematic flaws.

To allow for the existence of the inverse problem solution, we can replace the formu-
lation from Equation (3) with the least-squares (LSQ) fitting [12]. Let us assume that our

experimental observations Oexp are given as a set of N values O(exp)
i (i = 1, 2, . . . , N) with

corresponding uncertainties σi. For each of these values, we have a corresponding model
function O(model)

i (P), which produces the model analog from a given set of parameters
P. The transition to LSQ can be done from the perspective of the maximum likelihood
estimation [12,14]. For a given i-th data point, we can assume that the deviation of the

theoretical value O(model)
i from the actual experimental value O(exp)

i can be distributed
according to a normal distribution with a variance σi, that is:

pi = p(O(model)
i (P)) = Ni · exp


−

(
O(model)

i (P)−O(exp)
i

)2

2σ2
i


, (4)

where Ni is the normalization factor. By assuming all the data points to be independent of
each other, the total distribution for all N points is just:

p(Omodel(P)) =
N

∏
i=1

pi = N · exp(−Φ(P)), (5)

where N = ∏N
i=1Ni is the total normalization factor, and Φ is the LSQ function of parame-

ters P:

Φ(P) =
N

∑
i=1

1
2σ2

i

(
O(model)

i (P)−O(exp)
i

)2
. (6)

The probability given in Equation (5) characterizes how likely it is that the set of
parameters P and experimental set of observationsOexp correspond to each other. Therefore,
we can assume that the desired set of parameters Pexp that presents the optimal solution of the
inverse problem is the set of parameters with the highest probability (p(Omodel(P))→ max),
which we can formally write as:

Pexp = arg max
P

p(Omodel(P)), (7)

where arg maxx y(x) denotes the argument x that maximizes the value of y(x). However,
since we know the form of the probability (Equation (5)), we can replace this problem
with an equivalent one, namely ln(p(Omodel(P))) = −Φ(P) + ln(N ) → max. Since N is
constant and Φ(P) ≥ 0 (see Equation (6)), we can replace the condition of maximizing
p(Omodel(P)) with a new LSQ definition of the inverse problem:

Φ(P) =
N

∑
i=1

1
2σ2

i

(
O(model)

i (P)−O(exp)
i

)2
→ min . (8)

In the best-case scenario of a perfect match between experiment and theory, this LSQ
problem reduces to Equation (3). In all other cases, the Pexp is defined as:

Pexp = arg min
P

Φ(P). (9)

The LSQ procedure also allows for the statistical interpretation of the minimization
results through connection to the maximal likelihood principle (Equation (7)) [12,20]. If
we represent the LSQ function in the vicinity of the solution (Equation (9)) as a second-
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order Taylor expansion, then we get Φ(P) ≈ Φmin + 1
2 ∆PTΦ(2)∆P, where Φmin = Φ(Pexp),

∆P = P− Pexp, and Φ(2) is the matrix of second derivatives of the Φ over parameters P at
a set of parameters Pexp. The linear term in this expansion is zero because we expand for
deviations from the minimum. Upon substitution of this expansion into Equation (5), we
get [12,20]:

p(P) ∝ exp
(
−1

2
∆PTΦ(2)∆P

)
. (10)

This equation is a normal distribution for parameters P with Pexp being the mean values
and Φ(2) being the inverse variance matrix. The diagonal elements of (Φ(2))−1 are the
squared standard deviations of the parameters P, and the off-diagonal elements correspond
to correlations between the parameters.

Using this methodology, we can solve virtually any inverse problem using the follow-
ing general iterative procedure [12]:

1. Initialize minimization procedure with a set of initial guess parameters Pini. Then, we
find the corresponding set of observablesOini by solving a direct problem (Equation (2))
and compute the LSQ function (Equation (6)) value Φ(Pini).

2. Using one of the minimization algorithms, such as the Conjugate Gradient Method [21]

or Powell’s algorithm [22], we first get iteration trial parameter values P(1)
trial. Depend-

ing on the chosen minimization algorithm, we may require either calculation of
the LSQ function’s gradient (∇Φ(Pini)), Hessian (∇2Φ(Pini)), or evaluate the LSQ
function’s values in a few neighboring points around Pini.

3. Then, we again compute the Φ(P(1)
trial) and find second (P(2)

trial), third (P(3)
trial), fourth

(P(4)
trial), and so on, values of the parameters, trying to minimize the value of the LSQ

function (Equation (6)).
4. We halt this iterative procedure when we reach a pre-defined convergence criterion.

For instance, if the change of the parameter value from iteration to iteration is smaller

than some small value (δ), e.g., as

√(
P(n+1)

trial − P(n)
trial

)2
≤ δ, then the convergence

criterion can be said to satisfy. In this case, we take the last value obtained in the
procedure to be our solution, and then we estimate the uncertainties of the parameters
and correlations between them using an approximate normal distribution computed
from the second derivatives of the LSQ function (see Equation (10)).

However, this procedure can still be an ill-posed problem. Because of the strong
nonlinearity of the inverse problem in pump–probe spectroscopy, there might be several
local minima in the LSQ function, which means nonuniqueness of the inverse problem
solution [13,14,16]. A schematic illustration of such a generic case is given in Figure 1. In
this figure, we can see multiple solutions of the inverse problem, each of those will be
obtained dependent on the choice of the initial guess Pini. Then, upon obtaining one of the
solutions with the previously described iterative algorithm, we will get an estimation of
the parameter uncertainty based on Equation (10), which in the multivariate case will be
much smaller than the actual width of the whole multivariate distribution (Equation (5)).
Therefore, each of the possible solutions Pk ± σk (k = 1, 2, 3) will be a poor estimate of the
actual distribution for the system [13,14].
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Figure 1. A schematic illustration of the ill-posed LSQ problem. The bottom plot illustrates a LSQ
function Φ(P) (solid curve) with multiple local minima (#1, #2, and #3). The circles illustrate different
initial sets of parameters (Pini) that converge to different solutions (P1, P2, P3), shown with stars.
The dashed parabolas in each of the minima represent a local approximation of the nonlinear LSQ
function (Equation (6)) with a Taylor expansion up to the second order (see Equation (10)). The top
plot shows the corresponding probability distributions p(P) ∝ exp(−Φ(P)). The three Gaussian
functions represent the approximations of the localized solutions (Equation (10)) with standard
deviations σ1, σ2, and σ3. The solid curve in the back represents an actual multivariate probability
distribution according to Equation (5).

2.3. Regularization of the Least-Squares Inverse Problem

The main method of how to deal with ill-posed inverse problems is the so-called
regularization [14–16]. The idea of this method is simple: since our experimental data do
not provide a single solution to the problem, and we cannot decide which of the solutions
is the correct one, we need to get some a priori information to decide on this. In other
words, we take some external information on the system and modify the inverse problem
to account for this constraining information. We can have pre-known estimate values for
some subset of the parameters p ∈ P, or even for all of the parameters (p = P). Let us
denote our known parameters as preg. To impose soft constraints from these parameters
to the LSQ minimization problem (Equation (8)), we can add a penalty function Φreg(P)
modifying the inverse problem to:

Φ(P) + Φreg(P)→ min . (11)

The two most common ways to define the regularization term are based on the
L1 or L2 norms in parameter space. The first one is the so-called L1-regularization (or
lasso regression) with the penalty function defined as the scaled absolute deviation of the
minimized subset of parameters p from the pre-known regularization parameters preg (i.e.,
Φreg(P) = λ · |p− preg|) [23,24]. The second term is the so-called L2-regularization (or
ridge regression) [15,17]. In this case, the penalty function is defined as a squared deviation
of the minimized parameters from the regularization values:

Φreg(P) = λ ·
(
p− preg

)2, (12)
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where λ ≥ 0 here (and also in the L1 case) is a regularization parameter. This free param-
eter determines how strongly the inverse problem in Equation (11) is penalized, i.e., it
measures the “softness” of constraints. The effect of the regularization parameter choice
is visualized in Figure 2. Let us assume that the LSQ inverse problem has two equivalent
solutions. Adding the penalty term skews the results towards one of the two solutions
in the regularized inverse problem (Equation (11)). If the regularization parameter is too
small, we still may end up with two solutions, and this case is the so-called underregu-
larized inverse problem. If the parameter λ is too large, the penalty term becomes larger
than the initial experimental LSQ function (Φ(P)), which results in the final solution of
the inverse problem to be close to the regularization parameters (i.e., pexp ≈ preg). This
case is called overregularized inverse problem. The sweet spot between underregularized
and overregularized cases results in the best possible solution. However, this requires a
proper choice of the regularization parameter λ. The recipes for the choice of λ are called
regularization criteria, and they are widely discussed in the scientific literature [16,25].

P

Φ(P)

Unregularized case Regularized cases
properly regularized overregularizedunderregularized

Φreg(P) vs. P

Φ(P)+Φreg(P) vs. P

Figure 2. A schematic illustration of the effect of regularization on the ill-posed LSQ problem. The
unregularized case on the left shows a pure unregularized LSQ function (Φ(P)) with two equivalent
solutions. The three regularized cases on the right show plots of the regularization function Φreg(P)
(bottom plots) and total function, as a sum of the Φ(P) + Φreg(P) (top), as functions of parameter
values (P).

An alternative to regularization in the ill-posed nonlinear inverse problems is fixing
some of the parameters in P to the pre-computed or pre-known values, e.g., by forcefully
setting p = preg. This reduction of parameter space, in some cases, can make the ill-posed
problem to be well-posed. Depending on the field, this approach may have different
names [26], but we will call it rigid constraints. This can also be considered an extreme
case of regularization, where the regularization parameter is infinite (λ → ∞). The less
widely discussed problem of the regularization and rigid constraints is if the constraints’
values (preg) do not come from the experiment but from theoretical calculations or even as
arbitrary assumptions. In this case, the nonexperimental assumptions will strongly influ-
ence both the resulting parameters’ values and their uncertainty estimations, as given by
Equation (10), making the inverse problem solution only partially experiment-based [20,27].
In the worst case scenarios, the approach of fixing parameters can even lead to nonphysical
solutions [28].

2.4. Monte-Carlo Importance Sampling of the Parameter Space

A more direct approach to obtaining a reliable estimation of the parameters than the
LSQ fitting is the Monte-Carlo (MC) sampling of the associated probability distribution, de-
scribing the discrepancy between the experimental observations and the model prediction
(Equation (5)) [13,14]. In this case, we try to obtain a valid representation of the probability
distribution rather than using a local normal distribution (Equation (10)) to approximate
the uncertainties of and correlations between the model parameters (see Figure 1).

An effective approach of MC, compared to the naive direct sampling of the whole
parameters’ space, is the Metropolis algorithm [29], which is a kind of Markov chain MC [30]
method developed for usage in computational physics [31]. In general, the algorithm works
as follows [12].
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1. We start from the initial set of parameters Pini, which we assign to be the current state
of the simulation Pcurrent (i.e., we set Pcurrent = Pini). Generally, we can use any set of
parameters for the initial guess, but a faster simulation convergence is reached if we
provide initial values in the desired solution region, e.g., as the solution of the LSQ
fitting problem (Equation (9)).

2. From the current state, we generate a new trial set of parameters Ptrial, and then we
compute the transition probability p(current→ trial). This value describes a chance of
changing our current state Pcurrent to a new state Ptrial (i.e., reassigning Pcurrent = Ptrial).
The probability p(current→ trial) should be related to the probabilities given in
Equation (5), and we will discuss it in detail further in the text (see Equation (21)).

3. Then, we draw a random value p̃ ∈ [0; 1) from a uniform distribution between 0 and
1, and compare the p̃ with p(current→ trial).

• If p̃ ≤ p(current→ trial), then Ptrial becomes the new state of the system, i.e., we
reassign Pcurrent = Ptrial. This state we will call an accepted step.

• If p̃ > p(current→ trial), this means that the transition does not happen (we
disregard the Ptrial). The new state of the system becomes the same old value
Pcurrent. We will call this state a declined step.

4. By repeating steps #2 and #3 for a sufficient amount of iterations (N), we generate a
trajectory of states P(n), where index n = 1, 2 . . . , N denotes the state Pcurrent at the
n-th iteration of the algorithm. Naturally, some sets of parameters will be repeated
multiple times throughout the trajectory. Furthermore, this trajectory {P(n)}N

n=1 will
encode inside the desired distribution given in Equation (5). In practice, the initial
part of the trajectory (e.g., first 10% of steps) is disregarded as an equilibration phase.
The acceptance ratio refers to the accepted steps in algorithm step #3 (Nacc) to the total
number of steps (Ntot = Nacc + Nrej, where Nrej is the number of rejected steps). A
general requirement for the simulation to be reasonably good is that this ratio should
not be too big or too small. A simple rule of thumb can be that the acceptance rate
Racc = 100% · Nacc/Ntot should be in the range 10% ≤ Racc ≤ 50%.

5. From the obtained trajectory {P(n)}N
n=1, we can compute all the required parameters.

For instance, the mean value of parameter Pk (from the set of parameters P) can be
computed as:

〈Pk〉 =
1
N

N

∑
n=1

P(n)
k , (13)

where P(n)
k is the value of Pk in the parameter set P(n). Similarly, we can compute the

standard deviation σk of parameter Pk from the mean value as:

σ2
k = 〈P2

k 〉 − 〈Pk〉2 =
1
N

N

∑
n=1

(
P(n)

k

)2
−
(

1
N

N

∑
n=1

P(n)
k

)2

. (14)

The covariance between the parameters Pk and Pl will be given similarly, as:

cov(Pk, Pl) = 〈PkPl〉 − 〈Pk〉 · 〈Pl〉 =

=
1
N

N

∑
n=1

(
P(n)

k · P(n)
l

)
−
(

1
N

N

∑
n=1

P(n)
k

)
·
(

1
N

N

∑
n=1

P(n)
l

)
. (15)

From standard deviations (Equation (14)) and covariances (Equation (15)), we can
also calculate the Pearson’s correlation coefficients between parameters Pk and Pl as:

ρ(Pk, Pl) =
cov(Pk, Pl)√

σk · σl
. (16)
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Using this algorithm, we can effectively sample the possible solutions and provide a
more general estimation of parameter values and their uncertainties.

The only aspect missing in the algorithm is the actual expression for the transition
probability p(current→ trial). For that, we need to consider a condition of the detailed
balance. In order for Equations (13)–(15) to work, the probability from Equation (5) should
be inherently contained within the trajectory {P(n)}N

n=1 of N steps. It means that for a given
state P, it should be contained within the trajectory N(P) times, which should be given
through the probability of this state:

p(P) = N · exp(−Φ(P)) ≈ N(P)
N

, (17)

according to Equation (5). Note that, in general, we do not know the normalization factor
N . Since we have a random procedure, if we take two possible parameter sets, say P
and P′, and consider that we have a possibility to go from one to another, and vice versa,
these jumps between P and P′ should not spoil the inherent probability in the trajectory
(Equation (17)). This can be fulfilled if we balance the number of jumps from P to P′, and
back, to be equal. The number of transitions from P to P′ (N(P→ P′)) is simply the total
number of points with state P times the transition probability p(P→ P′), that is:

N(P→ P′) = N(P) · p(P→ P′) = N · N · exp(−Φ(P)) · p(P→ P′). (18)

A similar expression can be derived for the number of transitions from P′ to P:

N(P′ → P) = N(P′) · p(P′ → P) = N · N · exp(−Φ(P′)) · p(P′ → P). (19)

By setting N(P → P′) = N(P′ → P), we can assure that the MC procedure will not
change the proper probability distribution. This condition is called the detailed balance.
If the MC procedure follows this principle, it produces the desired trajectory with the
probability encoded inside the distribution of points within the trajectory. Substitution of
Equations (18) and (19) to the detailed balance results in:

exp(−Φ(P)) · p(P→ P′) = exp(−Φ(P′)) · p(P′ → P). (20)

Any transition probability p(P→ P′) fulfilling the detailed balance given in Equation (20)
is suitable for the MC simulations [12]. The simplest choice for the transition probability is
the following [29]:

p(P→ P′) = S ·min
{

exp
(
Φ(P)−Φ(P′)

)
, 1
}
=

= S ·
{

1, if (Φ(P)−Φ(P′)) ≥ 0,
exp(Φ(P)−Φ(P′)), if (Φ(P)−Φ(P′)) < 0

. (21)

Let us comment on Equation (21). The parameter S > 0 is just an arbitrary scaling
factor that could be used to change the acceptance rate Racc in the MC simulation. We will
consider it for now to be S = 1. If Φ(P) > Φ(P′), i.e., the LSQ function (Equation (6)) for the
new set of parameters P′ is smaller than for the old set P, we get exp(Φ(P)−Φ(P′)) > 1,
which will give us the probability p(P→ P′) = 1. In other words, if a trial set of parameters
is better than the previous one, we definitely accept the new parameters. If the new set
of parameters is worse than the old one (Φ(P) < Φ(P′)), the probability of accepting the
new configuration will be exp(Φ(P)−Φ(P′)) < 1, and the worse the new parameters are
compared to the old ones, the less probable their acceptance will be.

As was discussed above, the optimal acceptance rate of the MC sampling (Racc) should
be in the range of 10% ≤ Racc ≤ 50%. This rate is being controlled by two factors: (1) gener-
ation procedure of the trial parameters Ptrial and (2) transition probability (Equation (21)).
Therefore, we have two ways of controlling the Racc in the MC sampling procedure. First,

226



Photochem 2024, 4

we can adjust the trial parameters generation, e.g., reducing/increasing the size of the steps
from the current configuration to increase/decrease Racc, respectively. Secondly, we can
decrease/increase the scaling factor S value in Equation (21) to decrease/increase Racc,
respectively. However, the second approach is less delicate than the first one.

3. Fitting Model of Pump–Probe Spectroscopy
3.1. General Considerations

As explained in the previous Section 2, we require a model of the experiment to
solve both the direct (Equation (1)) and inverse problems (Equation (3)). The pump–probe
experiment can be imagined as shown in Figure 3. It consists of multiple experiments that
only differ in the delay time between pump and probe pulses (pump–probe delay, tpp). With
the pump pulse, we initiate the reactions, and with the probe pulse, we change the stable
and metastable intermediate products of interaction into the observable results [1,2,4,18].
In all the further discussion here, we will use a convention shown in Figure 3, that is:

• If both the pump and the probe pulses act on the molecule simultaneously, then
tpp = 0 (this temporal overlap of the pump and probe pulses is also called t0);

• If the probe pulse interacts with the molecule before the pump pulse, then tpp < 0;
• If the probe pulse interacts with the molecule after the pump pulse, then tpp > 0.

experiment time
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by the

pumpprobe

tpp<0

pump
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Pump-probe

detectionevolution of the molecule

Figure 3. A schematic illustration of the idea of the pump–probe spectroscopic experiment. The
(top) part of the image illustrates what happens in time in the experiment if only the pump pulse
is given. First, we introduce the molecular system in the apparatus, then we excite our molecular
system with the pump pulse, and then the photochemically induced changes happen in the system on
various timescales. In the end, we collect the signal produced by the molecular system at an infinitely
distant time. In the pump–probe case (bottom), we perform multiple experiments of such sort, but
introducing the second pulse, the probe, with some delay with respect to the pump pulse (pump–
probe delay, tpp). The changes in the observed signal as a function of tpp form the pump–probe signal,
potentially carrying information of the intermediate species.

We can model all the photochemical processes happening in the pump–probe ex-
periment with chemical kinetic equations, where we define the cross-sections of various
processes, such as the interaction with light, branching ratios, and rate constants for var-
ious relaxation processes, and then integrate the resulting set of first-order differential
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equations in time to get our observables [32,33]. In the cases with quantum beating be-
tween different states, we also can switch from simple chemical kinetics equations to
the Maxwell–Bloch equations formulated in terms of the density matrix of the molecular
system [4,34]. The general shape of the equations is very similar, but in Maxwell–Bloch
equations, the evolution of the off-diagonal density matrix elements is added. Both explicit
dynamics approaches successfully disentangled complex dynamics in various pump–probe
experiments [5,10,35,36].

However, modeling the rate dynamics explicitly is rather complicated and time-
consuming. First, the cost of solving the differential equations is higher than many other
numerical problems. This can be a significant drawback, especially for inverse problems
where we are trying to evaluate multiple parameters. In the case of standard LSQ mini-
mization (see Section 2.2), where we need a lot of calculations with various parameters
at each minimization iteration, a slow direct model can drastically limit the number of
varying parameters. It is even worse in the case of MC sampling (see Section 2.4), where
we need as many steps as possible to get the best possible sampling of the parameter space.
Second, solving the differential equations can be nontrivial. For instance, the rates of the
intramolecular relaxation processes can be on the order of a few tens of femtoseconds,
while the isomerization and formation of the fragments that are observed with the mass
spectrometer can take multi-picosecond timescales [10]. Such a large variety of timescales
requires a careful choice of integration techniques, especially for large pump–probe delays.
Another complication for explicit kinetic modeling is the existence of parasitic processes, in
which the molecular system’s dynamics is initiated not by the pump but by the probe pulse
and then probed by the pump pulse [6,37]. Such processes require additional integration of
the kinetic equations in the “backward” time direction.

Therefore, in the cases of many observables and parameters, the model-based ap-
proaches that describe observables in terms of given functions are more advantageous for
solving the inverse problem [38]. Here, we will, thus, only consider such a model approach.
We will generally follow the classical work of Pedersen and Zewail [18], but try to show
these well-known results from a simpler perspective and also extend the classical equations
to the case of coherent oscillations in pump–probe observables [8,10].

3.2. Delta-Shaped Pump–Probe Model
3.2.1. Assumptions of the Model

First, we will consider an ideal case of the pump–probe experiment in which pump
and probe pulses have zero temporal width. Both pump and probe pulses instantly convert
the molecular system into something else upon interaction. We will also consider the
pump–probe delay tpp to be exactly known without any imperfections. In this case, we can
try to devise what the results of our pump–probe experiment will be that we will observe.
We will use photochemical reaction schemes and chemical kinetics equations to obtain
numerical expressions for the pump–probe delay-dependent signals [39,40]. In all cases, we
will assume that all the chemical reactions induced are monomolecular first-order reactions.
Such an assumption is certainly true for all gas-phase experiments and usually also holds
for ultrafast pump–probe processes in the medium [33,38].

3.2.2. Step Function Dynamics

First, let us consider this simple pump–probe reaction scheme:
{

M + pump→ A
A + probe→ B

, (22)

where we have our initial molecule (M), which interacts with photons of the pump pulse
to produce the initially unexistent stable chemical A. Then, this newly formed product
A can interact with the photons of the probe pulse to produce compound B. Such a
pump–probe reaction scheme is quite ubiquitous in real-life experiments. For instance, in
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the case of polycyclic aromatic hydrocarbons (PAHs), upon interaction with high-energy
extreme ultraviolet (XUV) photons, stable mono- or dications can be formed, which then
can fragment into smaller ions upon interaction with the probe pulse (see, e.g., [6,7]).

Let us now discuss what would be observed in the reaction scheme (22) for species A
and B, and the number of unabsorbed probe photons. At tpp < 0 (i.e., when the probe acts
before the pump), we would see a constant amount of the product A, no molecules B, and
a fully unabsorbed probe pulse. Then, for tpp > 0, we would also see a constant amount of
molecules A, but smaller than it was for tpp < 0, since now some of the A would be lost by
the second reaction in the reaction scheme (Equation (22)). A similar behavior would be
observed for the probe pulse: its intensity would be constant but depleted since some of
the probe photons would be lost in interaction with A. For B, we would see some constant
amount of signal. At tpp = 0, we would have an instant switch of behavior for all of the
observables. Therefore, we can formalize the signal observed for all species (A, B) and the
probe pulse intensity as follows:

f (tpp) = f0 +

{
0 , tpp < 0
f1 , tpp ≥ 0

= f0 + f1 · θ(tpp), (23)

where f0 and f1 are constants, f0 indicates the initial/final amount of the given species,
and f1 characterizes the cross-section for the interaction between A and probe photons.
Function θ(t) is the Heaviside step function, defined as:

θ(t) =

{
0 , t < 0
1 , t ≥ 0

. (24)

For the amount of A and intensity of the probe pulse, we will get f0 > 0, f1 < 0, and
for B, it will be f0 = 0 and f1 > 0. Although, theoretically, the magnitude of f1 for A and
B in the reaction scheme (22) should be equal, in practice, the signal magnitude can be
different due to the various factors, such as parasitic reactions, different detector efficiency,
or even differences in the integration windows for the signal (e.g., in the mass spectra).
Nevertheless, the general shape of the signals will be similar.

3.2.3. Instant Dynamics

Another simplistic pump–probe behavior is the instant dynamics, in which the observ-
able product A can be produced from the initial molecule M only if pump and probe pulses
simultaneously act on M. This type of photochemical reaction can be formally written as:

M + pump + probe→ A. (25)

Processes of this type can also be found in real-life experiments. For instance, the
dynamics of the formation of photoelectron side bands follows this kinetic scheme (see
Refs. [6,41]). Such instant dynamics processes are useful in ultrafast experiments with X-ray
free electron lasers (FELs) because they allow for precise determination of the temporal
overlap between pump and probe pulses (t0 or tpp = 0).

Since both the pump and probe pulses in our model have zero duration, the only
possible way to formally write the yield of A as a function of pump–probe delay tpp is
as follows:

f (tpp) = f0 · δ(tpp), (26)

where f0 is a constant, characterizing the cross-section of reaction (25), and δ(t) is the Dirac
delta function (i.e., δ(0)→ ∞ and δ(t) = 0 for t 6= 0).
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3.2.4. Transient Pump–Probe Signatures of Metastable Species

The pump–probe studies’ desirable products are the metastable species’ signatures.
The basic model of their dynamic behavior can be described with the following
reaction scheme: 




M + pump→ A∗

A∗ kr−→ C
A∗ + probe→ B

, (27)

where we again denote the initial molecule as M and the final observable species as C
and B, but now we have a metastable species A∗ that spontaneously converts into C with
a first-order reaction rate kr. We assume this decay rate to be too fast for A∗ itself to be
detectable with the experimental setup. However, while we still have A∗ present in the
system, we can convert it into the observable species B.

For the reaction scheme (27), we now need to consider the evolution of A∗ in real
experimental time, which we will denote as t ≥ 0. At t = 0, we obtain [A∗]0 as the initial
concentration of A∗, which is created by the pump pulse. Then, at t > 0, A∗ decays
into C with the rate constant kr. The rate equation for the concentration of A∗ molecules
([A∗] = [A∗](t)) from the scheme (27) is written as [39,40]:

d[A∗]
dt

= −kr[A∗] , (28)

which results in the following solution (see Appendix A.1):

[A∗](t) = [A∗]0 · exp(−krt) = [A∗]0 · 2
− t

τ1/2 = [A∗]0 · exp(−t/τr) , (29)

where we provide the three most common ways to write the result, using the rate constant
kr, half-life time τ1/2 = ln(2)/kr, which gives the time at which the concentration [A∗]
becomes half of which it was initially, and decay time:

τr =
1
kr

=
τ1/2

ln(2)
, (30)

which indicates the time at which the concentration [A∗] becomes e ≈ 2.72 times smaller
than initially. In further discussions, we will only use the decay time τr.

Knowing the decay of A∗, we can also find the evolution of C in the experimental
real time. The rate equation for the concentration of C ([C]) from the reaction scheme (27)
is [39,40]:

d[C]
dt

= +kr[A∗]. (31)

At the initial time, we do not have any C, and thus, [C](0) = 0. Integration of
Equation (31) with [A∗] given by Equation (29) (see Appendix A.1) is as follows:

[C](t) = [A∗]0 · (1− exp(−t/τr)). (32)

Knowing the dynamics of A∗ and C (Equations (29) and (32)), we can describe
how the change in yields of C and B would behave as a function of the pump–probe
delay tpp. At tpp < 0, A∗ is produced after the probe pulse has already passed the
system. Thus, the total amount of B is zero. As for C, we assume that the time of
detection by the experimental instrument tinstr is infinite compared to the internal dy-
namics time τr (tinstr � τr). This means that the amount of registered C molecules at
tinstr from Equation (32) is [C](tinstr) ≈ [A∗]0, i.e., all A∗ intermediate is fully converted
into C before the detection. At tpp ≥ 0, the probe pulse will instantly convert part
of A∗ into B according to the last equation in the reaction scheme (27). If we denote
the conversion efficiency of the probe pulse interaction as 0 ≤ p ≤ 1, then the result-
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ing concentration of B is [B] = p · [A∗](tpp) = p · [A∗]0 · exp(−tpp/τr). The amount
of C at tpp ≥ 0, that we will register at tinstr, will be the difference between the full
conversion result and the part of A∗ lost upon conversion into B by the probe, i.e.,
[C](tinstr, tpp) = [A∗]0 − [A∗](tpp) = [A∗]0 · (1− p · exp(−tpp/τr)).

We can combine the described yields of B and C as functions of pump–probe delay
tpp using the Heaviside function (Equation (24)) as:

{
[B](tpp) = [A∗]0 · p · θ(tpp) exp(−tpp/τr) ,
[C](tpp) = [A∗]0 ·

(
1− p · θ(tpp) exp(−tpp/τr)

) . (33)

The yield of C resembles the formation kinetics of C in real experimental time
(Equation (32)), while for B it resembles the real experimental time dynamics of the un-
stable intermediate A∗ (Equation (29)). Nevertheless, we can summarize both of these
dependencies with a general expression of the form:

f (tpp) = f0 + f1 · θ(tpp) exp(−tpp/τr), (34)

where f0 and f1 are again constants proportional to the cross-section of the pump/probe
photons interacting with the molecular species.

Equation (34) has an intriguing similarity with Equation (23), describing the pump–
probe dynamics according to reaction scheme (22). This similarity is not a coincidence,
since if A∗ is stable (i.e., kr = 0, or τr → ∞), the reaction scheme (27) collapses into the
reaction scheme (22). Equation (34) will be transferred into Equation (23), if |tpp| � τr,
since in this case exp(−tpp/τr) ≈ 1. Similarly, the reaction scheme transforms into reaction
scheme (25) if A∗ is too unstable (i.e., kr → ∞, or τr → 0). In this case, the decay exponent
becomes localized near tpp = 0, which can be approximated by Equation (26).

3.2.5. Coherent Oscillations without Decay

We worked with standard chemical kinetics equations in the previous model (Equation (27)).
However, if we want to discuss periodic oscillation features that are being observed in
some pump–probe experiments [8,10,42], such semiclassical description turns out to be
insufficient, and a quantum-mechanical model has to be used. Here, we will provide the
simplest model for such behavior based on a two-level quantum system. First, we will
discuss a basic model without the decay dynamics, and then we will modify our model to
include the decay effects [43,44].

Let us imagine that our molecular system is described with a Hamiltonian Ĥ, which
has eigenstates |0〉 and |1〉, that are solutions to the stationary Schrödinger equation
Ĥ|k〉 = Ek|k〉 (k = 0, 1). These states will be considered to be orthonormal, i.e., 〈k|l〉 = δkl
for k, l = 0, 1. We will take the energy E0 of the ground state |0〉 as a reference, i.e., as
zero (E0 = 0). The energy of the excited state |1〉 will be denoted as E1 = h̄ω, where h̄ is
the reduced Planck constant and ω is the angular frequency of the photon that provides
excitation from the ground to the excited state (|0〉 → |1〉). Note that ω is related to the
normal frequency ν as ω = 2πν. Now, we will consider the evolution of this system in
real-time t with explicit inclusion of the effects of the pump and probe pulses.

Suppose now that the system was initially in the ground state, i.e., before the pump
pulse acted on the system, the wavefunction of the system was as follows:

|ψini〉 = |0〉. (35)

After instant action, the pump pulse at real-time t = 0 has created a superposition
state, transferring some population to the excited state. The new state of the system right
after the pump pulse at t = 0 is described as:

|ψ(0)〉 = c0|0〉+ c1 exp(−iϕ)|1〉 , (36)
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where c0 and c1 are the coefficients, showing the amount of the system in the ground and
excited states as |c0|2 and |c1|2, respectively, with a condition of |c0|2 + |c1|2 = 1, and ϕ is
the phase of the excited state related to the ground state, which is imposed, e.g., by the
phase of the excitation pump pulse [45,46].

To propagate the dynamics of the state after interaction with the pump pulse (Equation (36)),
let us switch to the density matrix formalism. The density matrix ρ̂ for our two-level system
in the basis of states |0〉 and |1〉 is written as:

ρ̂ = ρ00|0〉〈0|+ ρ01|0〉〈1|+ ρ10|1〉〈0|+ ρ11|1〉〈1|, (37)

where the coefficients ρkl (k, l = 0, 1) describe the state of the system. This form can be
rewritten in the form of an actual matrix by placing the coefficients accordingly as:

$ =

(
ρ00 ρ01
ρ10 ρ11

)
. (38)

The elements of this matrix should fulfill two requirements. First, the trace of this
matrix should be equal to one (tr($) = ρ00 + ρ11 = 1). Second, the matrix $ should be
Hermitian, which means ρ01 = ρ∗10.

The density matrix ρ̂ for our system at time t = 0 can be obtained from the initial state
|ψ(0)〉 (Equation (36)) as:

ρ̂(0) = |ψ(0)〉〈ψ(0)| =
= |c0|2︸︷︷︸

ρ00(0)

|0〉〈0|+ c0c∗1 exp(+iϕ)︸ ︷︷ ︸
ρ01(0)

|0〉〈1|+ c∗0c1 exp(−iϕ)︸ ︷︷ ︸
ρ10(0)

|1〉〈0|+ |c1|2︸︷︷︸
ρ11(0)

|1〉〈1| . (39)

Let us consider c0 and c1 as real values, concealing all the complex behavior into the
phase ϕ. We can also denote c2

1 = p and c2
0 = (1− p), where 0 ≤ p ≤ 1 is the efficiency of

the pump pulse excitation |0〉 → |1〉. In this case, the initial parameters of the matrix from
Equation (38) will be:





ρ00(0) = 1− p ,
ρ01(0) =

√
p · (1− p) exp(+iϕ) ,

ρ10(0) =
√

p · (1− p) exp(−iϕ) ,
ρ11(0) = p.

(40)

As can be seen, the diagonal elements (ρ00 and ρ11) encode the population in a given
state, and the off-diagonal elements (ρ01 and ρ10) encode coherence between the levels.

The density matrix $ evolves according to the von Neumann equation [44]:

ih̄
d$

dt
= [H, $], (41)

where [a, b] = ab− ba is the commutator andH is the Hamiltonian matrix composed of the
elements 〈k|Ĥ|l〉, which in our basis of orthonormal eigenstates looks as follows:

H =

(〈0|Ĥ|0〉 〈0|Ĥ|1〉
〈1|Ĥ|0〉 〈1|Ĥ|1〉

)
=

(
0 0
0 h̄ω

)
. (42)

Substituting the density matrix (Equation (38)) and the Hamiltonian matrix (Equation (42))
into the von Neumann equation (Equation (41)), we find the following equations for the
evolution of each of the density matrix elements (details in Appendix A.2):
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dρ00
dt = 0 ,

dρ11
dt = 0 ,

dρ01
dt = +iωρ01 ,

dρ10
dt = −iωρ10 .

(43)

Solutions of these equations (see in Appendix A.2) with initial conditions given in
Equation (40) are: 




ρ00(t) = 1− p ,
ρ11(t) = p ,
ρ01(t) =

√
p · (1− p) · exp(+iϕ + iωt) ,

ρ10(t) =
√

p · (1− p) · exp(−iϕ− iωt) .

(44)

These results describe the state of the free-evolving molecular system at experiment
times t ≥ 0 after the pump excitation. Based on this solution, we want to numerically
quantify the observables that we will get upon interaction with the probe pulse.

Let us consider that observables O in quantum mechanics are given in the form of
operators Ô. Therefore, we can assume that the result of measurement by the probe will be
given by an observable operator Ô. In the case of our two-level system, we can represent
this operator in the matrix form similar to the Hamiltonian (Equation (42)):

O =

(O00 O01
O10 O11

)
, (45)

where the matrix elements are the following integrals:

Okl = 〈k|Ô|l〉 , k, l = 0, 1. (46)

We will assume that all these integrals are real, and thus, O01 = O10.
The mean result of the observable measurement 〈O〉 of the system described by the

density matrix $ (Equation (38)) is given as a trace of the product between matrices O
and $:

〈O〉 = tr(O$) = O00ρ00 +O01ρ10 +O10ρ01 +O11ρ11. (47)

By measuring the state described by the density matrix with elements from Equation (44)
in real time equal to the pump–probe delay (t = tpp), and taking into account that
O01 = O10 as well as Euler’s formula (exp(ix) = cos(x) + i sin(x)), we obtain the pump–
probe signal at tpp ≥ 0 to be:

〈O〉(tpp) = O00 ·
(1−p)︷ ︸︸ ︷

ρ00(tpp) +O01 ·

√
p·(1−p)·exp(−iϕ−iωtpp)︷ ︸︸ ︷

ρ10(tpp) +

+

O01︷︸︸︷
O10 ·

√
p·(1−p)·exp(+iϕ+iωtpp)︷ ︸︸ ︷

ρ01(tpp) +O11 ·
p︷ ︸︸ ︷

ρ11(tpp) =

= O00 · (1− p) +O11 · p︸ ︷︷ ︸
f1

+ 2O01

√
p · (1− p)

︸ ︷︷ ︸
f2

· cos(ωtpp + ϕ) =

= f1 + f2 · cos(ωtpp + ϕ) (48)

At pump–probe delay times tpp < 0 (i.e., when the probe acts before the pump),
the probe pulse will observe the initial state of the system (Equation (35)), which can be
represented (similarly to that in Equation (39)) by a density matrix:

$ini =

(
1 0
0 0

)
, (49)
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which upon substitution to Equation (47) will provide us with probe results at delays
tpp < 0:

〈O〉(tpp) = tr(O$ini) = O00 = f0 . (50)

Now, we can merge the results of the pump–probe experiment result
( f (tpp) = 〈O〉(tpp)) for our two-level molecular system for pump–probe delays tpp < 0
(Equation (50)) and tpp ≥ 0 (Equation (48)) to obtain:

f (tpp) = f0 + f1 · θ(tpp) + f2 · θ(tpp) · cos(ωt + ϕ) . (51)

In this equation, the coefficients fk (k = 0, 1, 2) are again proportional to the cross-
sections of pump/probe interaction with the molecules, the oscillation frequency ω encodes
the energy difference between two coherent states |0〉 and |1〉 through the Planck relation
E1 − E0 = h̄ω, and initial phase of the oscillation ϕ is an imprint of the pump pulse’s phase.
In the incoherent regime of the system’s excitation, the oscillating term disappears, and
Equation (51) converts into the classical Equation (23) (see Appendix A.3 for details). Such
correspondence between quantum and classical cases is not a coincidence: both cases refer
to the same reaction scheme (22), wherein the quantum case, M is |0〉, A is |1〉, and instead
of providing a concrete yield of observable, we use a more generic treatment of the probe
with the operator Ô.

3.2.6. Coherent Oscillations with Decay

Now, we will discuss the dynamics of the two-level system in which the excited state
can decay back into the ground state after the excitation. The derivation procedure will be
the same as in the previous Section 3.2.5. Therefore, we only highlight the changes that will
lead to a new result.

We start with the same system described generally by a 2× 2 density matrix (Equation (38)).
Before the pump, the molecular system is described by a wavefunction from Equation (35)
and right after the pumping, by a wavefunction from Equation (36). Equivalently, they are
given by a density matrix from Equations (40) and (49), respectively. Therefore, we again
need to propagate the pumped state.

To do the propagation, we will replace the von Neumann Equation (41) with its
modified version, the Lindblad equation, which considers the decay between states. In our
case, we can represent it as follows [44,47]:

ih̄
d$

dt
= [H, $] + ih̄γ

(
σ−$σ+ − 1

2
{σ+σ−, $}

)
, (52)

where the first part of the equation is the same as in Equation (41), and in the added decay
term, γ is the rate of the decay, {a, b} = ab + ba is the anticommutator, and the σ± matrices
are the excitation/deexcitation operators of the following form [44,47]:

σ+ =

(
0 0
1 0

)
and σ− =

(
0 1
0 0

)
. (53)

We can rewrite Equation (52) for our system (similarly to Equation (43)) as follows
(see Appendix A.4): 




dρ00
dt = +γρ11 ,

dρ01
dt = +iωρ01 − 1

2 γρ01 ,
dρ10

dt = −iωρ10 − 1
2 γρ10 .

dρ11
dt = −γρ11.

(54)
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Solving these equations with initial conditions given in Equation (40) results in the
following results:





ρ00(t) = 1− p · exp(−γt) ,
ρ11(t) = p · exp(−γt) ,

ρ01(t) =
√

p · (1− p) · exp(+iϕ + iωt) · exp
(
− γt

2

)
,

ρ10(t) =
√

p · (1− p) · exp(−iϕ− iωt) · exp
(
− γt

2

)
,

(55)

where we obtain decay dynamics with the rate kr = γ. Therefore, to be in line with the
previous notation, we will replace γ with the decay time τr according to Equation (30).

Now, substituting the density matrix elements from Equation (55) into Equation (47),
describing the observable at tpp ≥ 0, we obtain a following analog of Equation (48):

〈O〉(tpp) =

f1︷︸︸︷
O00 +

f2︷ ︸︸ ︷
p · (O00 +O11) · exp

(
− tpp

τr

)
+

+ 2O01

√
p · (1− p)

︸ ︷︷ ︸
f3

· cos(ωtpp + ϕ) · exp
(
− tpp

2τr

)
=

= f1 + f2 · exp
(
− tpp

τr

)
+ f3 · cos(ωtpp + ϕ) · exp

(
− tpp

2τr

)
. (56)

The behavior of this system at delays tpp < 0 stays the same as before (Equation (50)).
By combining Equations (50) and (56), we get the coherent decay dynamics observables in
the pump–probe domain in the following form:

f (tpp) = f0 + f1 · θ(tpp) + f2 · θ(tpp) · exp
(
− tpp

τr

)
+

+ f3 · θ(tpp) · cos(ωt + ϕ) · exp
(
− tpp

2τr

)
. (57)

This equation closely reminds us of Equation (51), which can be obtained again in
the limit of τr → ∞ (γ = 0). At the same time, coherent oscillation dynamics resem-
ble a pump–probe yield from Equation (34), which is restored in the classical limit (see
Appendix A.3). This is again no coincidence since the currently discussed pump–probe
system is a modification of the reaction scheme (27) with M being |0〉 and A∗ being |1〉.
The difference between our two-level quantum model and rate scheme (27) is again in a
generic view on the probing, but also in the decay of A∗ back to M (A∗ → M instead of
A∗ → C in scheme (27)). We could also include the third state emulating C. This would
require extending the two-level system to three levels. However, in the three-level system,
the pump–probe observables will still be described with Equation (57).

3.2.7. More Complicated Dynamics Models

Now, let us take a look at more complicated reaction models for the pump–probe
dynamics than we have looked at before (Equations (22), (25) and (27)). The three extensions
can be seen in Figure 4, where scheme (a) shows a possibility of branching reactions when a
single metastable intermediate A∗ can result in multiple products, scheme (b) demonstrates
the possibility of having multiple interconverting metastable intermediates, and scheme (c)
shows how multiple pathways can produce the same product. However, if we evaluate the
observables from these schemes in the pump–probe domain, we see that all of them can be
described with the following expression (see Appendixes A.5–A.7):

f (tpp) = f0 + f1 · θ(tpp) + f2 · θ(tpp) · exp
(
− t

τ̃2

)
+ f3 · θ(tpp) · exp

(
− t

τ̃3

)
, (58)
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where τ̃i (i = 2, 3) are effective rate constants computed from original elementary rate
constants τr,j and fi (0 ≤ i ≤ 3) are effective parameters, dependent on the pump/probe
interaction cross-sections and on the reaction scheme.

(a)

B C1

M A∗ . . .

CN

pump

τr,1

τr,N

probe

(b)
B

M A∗1 A∗2 . . .
pump τr,1 τr,2

probe

(c)

B1

A∗1

M C

A∗2

B2

probe

τr,1

pump

pump

probe

τr,2

Figure 4. Three examples of pump–probe dynamics reaction schemes, extending the basic ones given
in Equations (22), (25) and (27): (a) reaction scheme with multiple outcomes from the same inter-
mediate metastable state; (b) pump–probe scheme with sequential decay of the intermediate states;
(c) example of processes with multiple independent intermediate states that lead to the formation of
independent and same observables. Solutions for schemes (a)–(c) are given in Appendixes A.5–A.7.

The apparent simplicity of Equation (58) can be considered a lucky coincidence for
pre-designed schemes, but it is not. In fact, it can be explicitly shown (see Appendix A.8)
that if the reaction scheme for the pump-induced dynamics consists only of first-order
reactions (i.e., of the type A → C1 + C2 + . . .) and the probing dynamics is given only
as instant interconversion between species (i.e., of the type A + pump → B), then the
pump–probe yield for any of the products is given as:

f (tpp) = f0 · 1 + f1 · θ(tpp) + ∑
i≥2

fi · θ(tpp) · exp
(
− t

τr,i

)
, (59)

where τr,i (i = 2, . . .) are some effective rate constants composed of the rate constants for
individual reactions and the sum over i = 2, . . . covers all the effective decay pathways.

We can generalize Equation (59) in the following form:

f (tpp) =
N

∑
i=1

fi · bi(tpp), (60)

which is just a linear combination of N linearly independent basis functions bi(tpp) with
coefficients fi. Equation (59) has the following three types of basis functions:
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• The first type is simply the constant (“c”) defined as:

bc(tpp) = 1 . (61)

This function (with coefficient f0 in Equation (59)) has no parameters and describes
the background of the pump–probe experiment.

• The second type is the step or “switch” function (“s”):

bs(tpp) = θ(tpp). (62)

This basis function (with coefficient f1 in Equation (59)) describes the switching of the
background between tpp < 0 and tpp ≥ 0 regimes.

• The third type is the transient (“t”) function:

bt(tpp) = θ(tpp) · exp
(
− t

τr

)
. (63)

This type of basis function (with coefficients fi, i ≥ 2 in Equation (59)) describes
the pump-induced decay dynamics, and it depends on a parameter τr, which is an
effective decay time.

We can augment the three types of basis functions (Equations (61)–(63)) with three
additional functions.
• First, it is the instant (“i”) dynamics (Equation (25)) found in Equation (26):

bi(tpp) = δ(tpp). (64)

This type of dynamics describes unresolvably fast relaxation dynamics.
• The second additional function, describing nondecaying coherent oscillation (“o”),

can be taken from Equation (51):

bo(tpp) = θ(tpp) · cos(ωt + ϕ) . (65)

This basis function has two parameters: the oscillation frequency ω and the initial
phase ϕ.

• The last additional function, describing a transient coherent oscillation (“to”), can be
taken from Equation (57):

bto(tpp) = θ(tpp) · exp
(
− t

2τr

)
· cos(ωt + ϕ). (66)

This basis function has three parameters: the oscillation frequency ω, the initial phase
ϕ, and the decay time τr.

Using these six basis functions, bc, bs, bt, bi, bo, and bto given with Equations (61)–(66),
we can describe any pump–probe observable using expression (60). In the previous discus-
sion, we assumed that the pump pulse only initialized the dynamics and that the probe
pulse only changed the species produced with the pump. However, this is not always
the case: sometimes the probe pulse can initiate some processes, and the pump can probe
it, i.e., the probe acts similar to the pump, and vice versa [6,37]. These cases can be easily
described with the same dynamic equations by simply inverting the tpp, e.g., by using
bt(−tpp) instead of bt(tpp). Therefore, the proper basis set functions in Equation (60) are
given as b±x with:

bi(tpp) =

{
b+x (tpp) = bx(tpp) ,
b−x (tpp) = bx(−tpp) ,

x = c, s, t, i, o, to. (67)

In other words, each basis function requires two identifiers: index “x”, which selects
one of the basis function types from Equations (61)–(66), and index ±, which sorts between
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the cases of pump acting as a pump (and probe acting as a probe, denoted with “+”)
and probe acting as a pump (and pump acting as a probe, denoted with “−”). However,
we must note that the index “±” is essentially useless for the basis types of bc and bi
(Equations (61) and (64)), since these functions are symmetric with respect to the replace-
ment of tpp with −tpp.

3.3. Accounting for Finite Duration of the Pulses and Experiment Jitters

After sorting out the basic model for the pump–probe dynamics given by Equation (60)
with basis functions described in Equation (67), we are ready to account for deviations
of the dynamics from delta-shaped pump–probe measurements. There are two main
reasons why real experimental observations do not exactly follow the trends described in
Section 3.2 [41,48–50]:

• The real pulses are not delta-shaped but have a finite duration.
• Real experimental setups have fluctuations (jitters) of the pump–probe delay, arising

from different physical processes.

The first reason (pulse durations) is inherent to all pump–probe experiments and can
be further separated into the pump and probe pulses’ durations. The second reason (exper-
iment jitter) can have multiple sources and strongly depends on the experimental setup.
Such jitters are especially important for the experiments at the FELs, where optical lasers
are used for pumping/probing, because it is technically challenging to keep two separate
setups of tens to thousands of meters in size synchronized [49].

To account for these fluctuations, the following approach can be used. Suppose we
have a pump–probe observable in a perfect experiment with dynamics given by function
f (tpp). However, due to various fluctuations, the processes can be initiated imperfectly
at times tpp − ti with a probability pi, where ti is the offset from the ideal pump–probe
delay times. Let us assume that we have N fixed possible offsets, and the probability is
normalized as ∑N

i=1 pi = 1. Therefore, the actual observed measurement result (F(tpp)) of
an experimental system at a given pump–probe delay tpp will be given as:

F(tpp) =
N

∑
i=1

f (tpp − ti) · pi . (68)

We can replace the discrete distribution {pi}N
i=1 with N outcomes by a continuous

distribution p(t) (
∫ +∞
−∞ p(t)dt = 1). Then, by replacing the sum in Equation (68) over

offset times t, we get the corrected observable to be given as the convolution f ~ p of the
observable f with the pump–probe delay fluctuation distribution:

F(tpp) =
∫ +∞

−∞
f (tpp − t) · p(t)dt = f ~ p . (69)

When we have more than one (say, N) contributing factors for the offset described
with independent distributions pi(t) (i = 1, . . . , N), Equation (68) can be extended to
multiple convolutions:

F(tpp) = f ~ p1 ~ . . . ~ pN = f
N~

i=1
pi =

=
∫ +∞

−∞
. . .
∫ +∞

−∞
f (tpp −

N

∑
i=1

ti) ·
(

N

∏
i=1

pi(ti)

)
dt1 . . . dtN . (70)

In general, Equation (70) requires a specific evaluation for each given type of distri-
bution pi. Therefore, to produce a workable analytical expression, we assume that all our
pump–probe fluctuation distributions pi are simply normal distributions of the form:
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p(t) =
1√
2πσ

exp
(
− t2

2σ2

)
=

2
√

ln(2)√
π · FWHM

exp
(
−4 ln(2) · t2

FWHM2

)
=

=
1√
πτ

exp
(
− t2

τ2

)
. (71)

We choose the expectation value for each of the distributions pi to be zero. This
means that if there is a systematic shift of the pump–probe delay tpp, we account for
it before performing the convolution, shifting the position of the temporal overlap be-
tween pulses t0 into a new value. There are three equivalent alternative forms of nor-
mal distribution in Equation (71), which are defined through the standard deviation
σ = FWHM/(2

√
2 ln(2)) = τ/

√
2, full width at half-maximum (FWHM = 2

√
2 ln(2) ·

σ = 2
√

ln(2) · τ), and effective width τ =
√

2 · σ = FWHM/(2
√

ln(2)). Note that one
should always pay attention to which of these forms is used to define the pump/probe
pulse width and jitter parameters. Further in the text, we will use the latter form, defined
with τ, i.e., each distribution pi is characterized by its width τi.

By choosing all the distributions pi in Equation (70) to be normal distributions, defined
by Equation (71), evaluation of the multiple convolutions become simple and results in a
final expression of the form (see Appendix B.1 for proof):

F(tpp) = f
N~

i=1
pi = f ~ p =

1√
πτcc

∫ +∞

−∞
f (tpp − t) · exp

(
− t2

τ2
cc

)
dt , (72)

where p(t) is an effective normal distribution (Equation (71)) with width τcc defined as:

τ2
cc =

N

∑
i=1

τ2
i . (73)

This effective width of the pump–probe delay fluctuation is called cross-correlation
time or instrument response function [10,38], and it is an effective measure of the pump
and probe pulses’ duration and the instrumental jitter.

To calculate the cross-correlation time given in Equation (73), we require three
basic components:

• Pump pulse duration τpump.
• Probe pulse duration τprobe.
• Instrument jitter magnitude. τjitter.

The last component of cross-correlation time (τjitter) can itself be a composite value by
a similar expression to Equation (73).

To combine these three values (τpump, τprobe, and τjitter) into the cross-correlation time
τcc (Equation (73)), we need to consider a previously ignored issue, namely the number
of pump and probe photons used to form the observable. Let us assume that our pump
and probe stages (similar to reaction schemes (4), (22), (25), and (27)) are given by the
three equations: 




M + npump × h̄ωpump → A∗1
A∗1 → . . .→ A∗i → . . .
A∗i + nprobe × h̄ωprobe → B

, (74)

where ωpump and ωprobe denote the angular frequencies of the pump and probe pho-
tons, and npump and nprobe denote the numbers of pump and probe photons used in the
pump/probe photochemical reactions.

The probability of forming the product is proportional to the light intensity to the
power of the number of photons [51]. Therefore, in the case of pump and probe laser
pulses, we need to convolute the pump–probe response with p

npump
pump and p

nprobe
probe , respectively.
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These functions are also normal distributions (Equation (71)) but with the effective widths
τpump, eff = τpump/√npump and τprobe, eff = τprobe/√nprobe. Therefore, upon combination
of factors of fluctuating pump–probe delay tpp we will get the cross-correlation time
(Equation (73)) in the following form:

τ2
cc =

τ2
pump

npump
+

τ2
probe

nprobe
+ τ2

jitter. (75)

Now, we can apply the transformation from Equation (72) to the observables for
pump–probe experiments with ideal instant excitations (Equation (60)) to produce the
adequate model for the real-life experimental observables:

F(tpp) = f ~ p =
N

∑
i=1

fi ·
Bi(tpp)︷ ︸︸ ︷
(bi ~ p) =

N

∑
i=1

fi · Bi(tpp). (76)

The resulting equation is similar to the initial (Equation (60)), in which the basis
functions bi(tpp), given in Equation (67), are replaced with their counterparts Bi(tpp),
which are convolutions of bi(tpp) with the effective distribution p(t) (Equation (72)) with
effective width given as cross-correlation time (Equation (73)).

Since the effective Gaussian distribution is symmetric with respect to time inversion
(t→ −t), the resulting basis functions are given similar to Equation (67):

Bi(tpp) =

{
B+

x (tpp) = (bx ~ p)(tpp) = Bx(tpp) ,
B−x (tpp) = (bx ~ p)(−tpp) = Bx(−tpp) ,

x = c, s, t, i, o, to. (77)

Therefore, to apply Equation (76) for real experimental data fitting, we need to find
expressions for the six types of the basis functions: Bc, Bs, Bt, Bi, Bo, and Bto, which
are convoluted analogs of the six basis functions bc, bs, bt, bi, bo, and bto given with
Equations (61)–(66).

The actual evaluation of all six basis functions is provided in Appendix B.2. Here, we
will only give their final expressions and their visualization (Figure 5). The physical mean-
ings of these expressions are the same as for their idealized counterparts (see comments for
Equations (61)–(66)).

• The first function is the constant (“c”) function:

Bc(tpp) = 1 . (78)

• The second type is the step function (“s”):

Bs(tpp) =
1
2
·
(

1 + erf
(

tpp

τcc

))
, (79)

where erf(x) = (2/
√

π) ·
∫ x

0 exp(−q2)dq is the error function.
• The third type is the transient (“t”) function:

Bt(tpp) =
1
2

exp
(

τ2
cc

4τ2
r

)
· exp

(
− tpp

τr

)
·
(

1 + erf
(

tpp

τcc
− τcc

2τr

))
. (80)

• The fourth type is the instant (“i”) dynamics function:

Bi(tpp) = exp

(
−

t2
pp

τ2
cc

)
. (81)
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• The fifth type is the nondecaying coherent oscillation (“o”) function:

Bo(tpp) =
1
2

cos(ωtpp + ϕ) ·
(

1 + erf
(

tpp

τcc

))
. (82)

• Furthermore, the sixth type is the decaying (transient) coherent oscillation
(“to”) function:

Bto(tpp) =
1
2

exp
(

τ2
cc

16τ2
r

)
· exp

(
− tpp

2τr

)
· cos(ωtpp + ϕ) ·

(
1 + erf

(
tpp

τcc
− τcc

4τr

))
. (83)

With these basis set functions, we can fit virtually any pump–probe dependent observ-
ables according to Equations (76) and (77).
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Figure 5. Basis functions for fitting the instant and fluctuating tpp pump–probe kinetics with
Equations (60) and (76), respectively. The expressions for the basis functions are given in
Equations (61) and (78) for constant behavior, (62) and (79) for step function, (63) and (80) for
transient feature, (64) and (81) for instant feature, (65) and (82) for oscillation, and (66) and (83) for
transient oscillation. Parameters for plotting of the functions are τr = 100 fs, τcc = 20 fs, vibrational
period τv = 2π/ω = 200 fs.

4. Estimation Procedure for the Parameters and Their Uncertainties
4.1. Single Dataset Case

Now, we will combine the general ideas of solving inverse problems described in
Section 2 with the pump–probe observables model, derived in Section 3, to get a consistent
procedure for obtaining reliable estimations of molecular response parameters from the
experimental data. Let us assume that we have a dataset of pump–probe data {Ym +σm}M

m=1
consisting of M measured points, where Ym = O(tpp,m) is the value of the observable O
at the pump–probe delay tpp,m, and σm is the uncertainty (standard deviation or standard
error) of the corresponding value. For each of these points, we can provide a model value
Fm = F(tpp,m) computed with Equation (76), and consisting of N basis set functions.

Our pump–probe model actually has two types of parameters.

1. The first ones are the linear coefficients { fi}N
i=1 before basis functions. These parame-

ters depict effective cross-sections and quantum yields for a given dynamics. We will
represent these parameters as an N-dimensional vector f = ( f1, f2, . . . , fN).
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2. The second set of parameters defines each basis function Bi(tpp). There are several
types of actual parameters.

• The first type is t0, representing the temporal overlap of the pump and the probe
pulses on the molecular sample. This parameter is not always known in advance
from the experimental setup (e.g., in the cases of experiments at the FELs with
conventional lasers [6]); it might be needed to be fit. In this case, the parameter
is provided to a given basis function Bi(tpp) by replacing it with Bi(tpp − t0).
In most cases, t0 is a shared parameter for all the basis functions and datasets.
However, in some cases, some of the basis functions can have a different t0
parameter to account for Wigner time delay in photoionization [52].

• The second type of parameter is the cross-correlation time τcc. This parameter
might differ for various basis functions since some processes can require different
numbers of photons to be pumped/probed.

• The third type is the decay time τr. Various decay processes usually have
different parameters.

• The fourth type is the coherent oscillation frequency ω.
• Furthermore, the last, fifth, parameter type is the oscillation phase ϕ.

These values are required to fully describe the model of the observable. We will
denote all of these parameters with a vector p.

With that, we can denote points Fm of the model as Fm(f, p), i.e., as functions of two
sets of parameters, f and p.

To solve the inverse problem, we need to construct the LSQ function (Equation (6))
given as [12]:

Φ(f, p) =
M

∑
m=1

1
2σ2

m
(Fm(f, p)−Ym)

2 =
1
2
(Bpf− Y)TW(Bpf− Y), (84)

where in the vector compressed form on the right, the vector Y = (Y1, Y2, . . . , YM) is the
M-dimensional vector of the experimental points, the M×M diagonal matrix of weights
W = diag(σ−2

1 , σ−2
2 , . . . , σ−2

M ), and the nonlinear parameters dependent matrix Bp of size
M× N is composed of the elements Bmi = Bi(tpp,m).

Let us fix the nonlinear parameters p, and notice that the LSQ inverse problem
(Equation (8)) for linear parameters f has a single explicit solution [12,39]. For this, we need
to solve equation ∂fΦ(f, p) = BT

pWBpf−BT
pWY = 0. This is a system of linear equations

Af = y with an N × N matrix A = BT
pWBp made of elements

Aij = ∑M
m=1 Bi(tpp,m) · Bj(tpp,m)/σ2

m and N-dimensional right-side vector y = BT
pWY

made of elements yi = ∑M
m=1 Ym · Bi(tpp,m)/σ2

m. The solution of this system of equations is:

fmin(p) = arg min
f

Φ(f, p) =
(
BT

pWBp

)−1
BT

pWY . (85)

The requirement for this solution to exist is the invertibility of the matrixA = BT
pWBp.

Substituting this solution (Equation (85)) to the initial LSQ function (Equation (84)), we
obtain an effective LSQ function that depends only on the nonlinear parameters p:

Φmin(p) =
1
2
(Bpfmin(p)− Y)TW(Bpfmin(p)− Y) . (86)

Since this effective function depends only on nonlinear parameters p, which means we
greatly reduced the problem’s dimensionality. By performing the local or global nonlinear
minimization of this effective function, we can get an initial optimal solution for both
nonlinear and linear parameters as:
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{
popt = arg minp Φmin(p) ,

fopt = fmin(popt) .
(87)

By using this set of parameters as a starting point of a MC procedure, described in
Section 2.4, with probability p(p) ∝ exp(−Φmin(p)), we can get a proper estimation of
parameters p and f.

4.2. Multiple Dataset Case

We can extend this case of a single dataset to a case of multiple K ≥ 1 datasets, which
we will indicate with an upper index k = 1, 2, . . . , K. Let us assume that the k-th dataset has
M(k) data points {Y(k)

m ±σ
(k)
m }M(k)

m=1 and the k-th model has N(k) basis set functions with linear
parameters f(k) and nonlinear parameters p(k). We can define the function Φ(k)(f(k), p(k))
in the same way as in Equation (84). The linear parameters f(k) will be unique for each of
the datasets; therefore, in each k-th case, we can find an optimal solution f(k)min(p

(k)) using

Equation (85) and define function Φ(k)
min(p

(k)) through Equation (86). However, unlike for
linear parameters, the nonlinear parameters p(k) might be shared between different datasets,
e.g., t0 position, cross-correlation times, or decay times of the same processes with various
observables, etc. Thus, we can form a unique set of Nnl nonlinear variables, describing
a nonredundant set of variables needed to describe all datasets. We will represent these
parameters with an Nnl-dimensional vector P (p(k) ∈ P for all k). In this case, we can
formally write that f(k)min(p

(k)) = f(k)min(P) and Φ(k)
min(p

(k)) = Φ(k)
min(P). Therefore, we can

define a general experimental LSQ function:

Φ(exp)
min (P) =

K

∑
k=1

Φ(k)
min(P) . (88)

We can now, similarly to Equation (87), find the optimal parameters Popt = arg minP

Φ(exp)
min (P) and {f(k)opt = f(k)min(Popt)}K

k=1, which can be used as starting points for MC sampling

of parameters P and {f(k)}K
k=1 (see Section 2.4).

4.3. Inverse Problem Regularization

We can also include the regularization of the nonlinear parameters (see Section 2.3)
in this procedure by adding a penalty function Φreg(P) to the experimental LSQ function

Φ(exp)
min (P), such as we work with an effective function:

Φeff(P) = Φ(exp)
min (P) + Φreg(P) . (89)

In this case, we do exactly the same minimization/MC sampling as for the pure
experimental LSQ function (Equation (88)).

The first type of regularization that we will consider is when we have independent
estimates for some (1 ≤ Nreg ≤ Nnl) of the nonlinear parameters p ∈ P (dim(p) = Nreg),
e.g., an independent measurement of t0 or estimates for τcc. Suppose we have Nreg values
of preg,l parameters with their corresponding uncertainties ςl (l = 1, 2, . . . , Nreg). In this
case, we can define a penalty function Φreg(P), which provides enforcing of these a priori
assumptions for parameters p:

Φ(I)
reg(P) =

1
2
(p− preg)

TWreg(p− preg) , (90)

using the Nreg-dimensional vector preg = (preg,1, preg,2, . . . , preg,Nreg) and weight matrix
Wreg = diag(ς−2

1 , ς−2
2 , . . . , ς−2

Nreg
) of size Nreg × Nreg. This equation has a form of L2-

regularization (Equation (12)), with the regularization parameter for each of the vari-
ables pl being 1/(2ς−2

l ) (l = 1, 2, . . . , Nreg). A statistical meaning of the probability
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p(P) ∝ exp(−Φreg(P)) is that we enforce the normal distribution for parameters p with
variances ςl [14].

The second type of regularization does not have any conceptual justification but is
rather a numerical necessity. If one of the observables has more than one step, decay, or
instant increase basis function, they can become linearly dependent upon their parameters
approaching each other. In this case, we can account for problems in finding the solution for
linear parameters (Equation (85)). Even worse, this can affect the MC sampled parameters,
since the two distinct dynamical channels can become interchanged, leading to mixed
distributions for different variables. To prevent that, we can add an artificial repelling term
Φij(P) for two entangled variables pi and pj in P, such as Φij(P)→ 0 if these values are far
apart (|pi − pj| is large) and Φij(P)→ ∞ if they approach each other (|pi − pj| → 0). The
simplest choice is the Coulomb-like expression:

Φij(P) =
αij

|pi − pj|
, (91)

where αij ≥ 0 is an arbitrary regularization factor, determining the strength of the repulsion.
If αij = 0, no repelling regularization for parameters pi and pj is applied. Combining all
the possible pairs of parameters, we can define a general penalty function:

Φ(II)
reg (P) =

N

∑
i=1

j<i

∑
j=1

Φij(P) . (92)

This general expression, that includes summing over all nonlinear parameters, allows
simultaneous treatment of both the unregularized pairs of values (for which αij = 0) and
those pairs of parameters, that are artificially constrained from being too close to each other
(αij > 0).

4.4. Inverse Problem Solution Algorithm

Now, we can summarize the proposed algorithm for solving the inverse problems in
pump–probe spectroscopy.

1. Obtain K ≥ 1 datasets of pump–probe observables and construct a model for each of
them. This means defining a unique set of nonlinear parameters P, a basis set for each
dataset, which provides linear parameters f(k)min(P) for each of the 1 ≤ k ≤ K datasets
(Equation (85)), and the experimental LSQ function Φexp(P) (88).

2. Construct a regularization functional for parameters P. Two types are available.

(a) If there are some a priori expectations on some of the parameters, they can be

included through the penalty function Φ(I)
reg(P) (Equation (90)).

(b) If, for some observables, there are multiple basis functions of the same type,

they can be protected from linear dependency using Φ(II)
reg (P) (Equation (92)).

The total regularization function Φreg(P) can be either:

• Φreg(P) = Φ(I)
reg(P) + Φ(II)

reg (P), if both regularization cases are applicable;

• Φreg(P) = Φ(I)
reg(P) or Φreg(P) = Φ(II)

reg (P), if only one regularization case in
demand;

• Φreg(P) = 0, if no regularization is required.

3. Define an effective function Φeff(P) (Equation (89)) as a sum of experimental and
regularization functions.

4. Find a solution of the LSQ problem as Popt = arg minP Φeff(P) using local or
global fitting.

5. Start a MC sampling procedure (see Section 2.4) with probability p(P) ∝ exp(−Φeff(P))

to sample nonlinear (P) and linear (f(k)min(P)) parameters.
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6. The final values for parameters will be the mean values from MC (〈P〉 and 〈f(k)min(P)〉).
The uncertainties of the mean values can be given as their respective standard devia-

tions (
√
〈P2〉 − 〈P〉2 and

√
〈
(

f(k)min(P)
)2
〉 − 〈f(k)min(P)〉2), see Equations (13) and (14).

7. In addition to the values and uncertainties, Pearson correlation coefficients
(Equation (16)), histograms of parameter distributions, and higher distribution mo-
ments can also be calculated from the MC trajectory.

The first application of this algorithm was in Ref. [6] with generic Python scripts, but
the development of general software for such fitting followed soon after. In the next section,
we will discuss this software.

5. PP(MC)3Fitting Software

The PP(MC)3Fitting (pump–probe multichannel Markov chain Monte-Carlo fitting)
is software that implements the algorithm from Section 4.4 for solving inverse problems
of pump–probe spectroscopy. It is written in Python language and is composed of an
application programming interface library libMCMCMCFitting.py and an actual script
ppmc3fitting.py that provides communication with the user by a command line interface
and a set of required and optional input files. The software also features a set of unit tests
and basic examples of applications.

The general scheme of working with the PP(MC)3Fitting software is given in Figure 6.
There are three required input files for the software to work. The first one, the dataset
definition file, provides the names of the files with the data that need to be fitted and the
basis functions, which should represent the observables via Equation (76). The second
input file, the channels’ definition file, provides the definition of the basis functions, i.e.,
which types of functions are there and which nonlinear variables they depend on. The last
compulsory input file (variables’ definition file) initializes the nonlinear variables (t0, τcc,
and τr): their minimal and maximal values, and optionally the initial value and the maximal
step for the MC sampling routine. A fourth additional file is the regularization definition
file, where additional constraints of the fitting can be defined. The data files are simple text
files with three or four columns, where the first column provides the pump–probe delay, the
second gives the yield of the observable, and the last column provides the yield uncertainty.
The units of the first column of all data files define the time units of all corresponding
nonlinear parameters.

PP(MC)3Fitting

Variables'

definition

file

Dataset

definition

file

Channels'

definition

file

Regularization

definition

file

(optional)

Dataset

R
E
S
U
L
T
S

Figure 6. A schematic representation of PP(MC)3Fitting workflow.
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The fitting procedure follows the algorithm described in Section 4.4. First, the local or
global optimization is run on the data to find the minimum of the effective LSQ function
(Equation (89)). For this, the minimization routines from the SciPy library are used [53].
The second step is MC sampling to obtain statistical estimates for the parameters. In the
end, the program prints out both optimized and sampled values for nonlinear variables,
Pearson correlation coefficients matrix, histograms for the variables, and also the numerical
representation of the fitted function and the basis sets to plot alongside the fitted data. A
more detailed application manual, the code itself, and examples of the fitting are provided
in the electronic supporting information (ESI).

The software provides the following types of basis functions to fit pump–probe
dynamics: “constant” (Bc, Equation (78)), “switch” (Bs, Equation (79)), “transient” (Bt,
Equation (80)), and “Gaussian” (Bi, Equation (81)). The coherent oscillations functions
(Equations (82) and (83)) were not implemented because these dynamics are not always
present in the pump–probe data but require more parameters to be included, such as the
oscillation frequency and the phase. Instead, the software also prints out the residuals
of the fit, which will contain the oscillatory dynamics, if present. Therefore, the coherent
oscillations can be fitted a posteriori from the fit, using Equations (82) and (83), similar to
Ref. [8].

The PP(MC)3Fitting software was successfully applied to disentangle complex dy-
namics of PAHs and published in Refs. [7,54,55]. For instance, in Ref. [7], a total of 31 decay
times were extracted from the rich fragmentation dynamics of fluorene (C13H10), which
corresponded to the lifetimes of the excited mono- and dications of this PAH molecule.
Here, we will not show any complicated analysis, but rather provide a few numerical
demonstrations of the capabilities of the PP(MC)3Fitting software and of the approaches
and concepts that could be used to work with the real-life experimental data.

6. Numerical Examples
6.1. Multiple Datasets with Shared Parameters

As a first example of the application of the PP(MC)3Fitting software, we will consider
the case of multiple datasets with shared parameters. For this, photoelectron sidebands
will be used as an example [56]. We will base the discussion on the actual experimental
pump–probe photoelectron spectra collected at the CAMP end-station [57,58] of the soft
X-ray free-electron laser FLASH (DESY, Hamburg) [59,60] during the beamtime F-20191568.
In this experiment, helium (He) atoms were pumped with XUV photons with an energy
of hνXUV = 40.8 eV (wavelength λ = 30.3 nm), produced by FLASH, and then probed by
infrared (IR) photons with an energy of hνIR = 1.5 eV (λ = 810 nm). More details on the
experiment can be found in Ref. [6].

He atoms resonantly absorb XUV photons with the energy of 40.8 eV, which is the
He II line [61], producing an ionization event according to the reaction:

He + XUV→ He+ + e−(KE0) , (93)

where He+ is the He monocation, e−(KE0) is the photoelectron with kinetic energy of
KE0 = hνXUV − IP(He) = 16.2 eV, and IP(He) = 24.6 eV is the ionization potential of
He [62].

However, in the presence of the IR strong field, the absorption or induced emission of
photons by the ionized He can occur, leading to the gain or loss of the photoelectron energy,
respectively, [56]. We can describe this process through the following reaction:

He + XUV± n · IR→ He+ + e−(KEn) , (94)

where KEn = KE0 ± nhνIR is the new kinetic energy of the photoelectron, and
n = . . . ,−1, 0,+1, . . . is the number of the absorbed photons. If n = 0, Equation (94)
becomes Equation (93), producing photoelectrons with energy KE0, and this photoelectron
line is also called a main line. However, if any IR photons are absorbed/emitted (|n| > 1),
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then the photoelectron energy KEn 6= KE0, and the resulting signal is called the sideband
of the n-th order [56].

We can note that the sideband formation reaction (Equation (94)) is the same as the
instant probing scheme (Equation (25)). Therefore, the temporal behavior of these photo-
electron signals will be described with a basis function Bi(tpp) (Equation (81)). Near the
temporal overlap of both pulses (t0), the main line will be depleted, and the sidebands will
be formed. According to the cross-correlation time expression (Equation (75)), we expect
that the higher the sideband order |n| is, the smaller is the τcc of this line. Furthermore, the
sidebands should be symmetric, i.e., the width of the line at kinetic energy KEn should be
the same as for KE−n.

The experimental data (Figure 7) show exactly the behavior we described. We can
extract the pump–probe photoelectron yields at given values of the photoelectrons’ kinetic
energies KEn, corresponding to the intensities of the main line and the sidebands. From
the data, in addition to the main line, we see sidebands of orders n = ±1,±2,±3,+4. All
of these datasets can be fitted simultaneously with the PP(MC)3Fitting software with a
routine described in Section 4.4. The model function (Equation (76)) in all of the cases is
given by:

F(tpp − t0) = fc · Bc(tpp − t0) + fi · Bi(tpp − t0) , (95)

that is, it is a sum of the constant function Bc = 1 (Equation (78)) describing the baseline
and instant dynamic Bi (Equation (81)). All eight datasets for the main line and seven
sidebands share the parameter t0. The fit for all data should also have five cross-correlation
time parameters τ

(n)
cc , with n = 0, 1, 2, 3, 4 denoting the main line (n = 0) and sideband

order (n ≥ 1) according to Equation (94). Since the ±n sidebands are produced with the
same amount of IR photons, they should have the same cross-correlation time.
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Figure 7. Experimental XUV-IR pump–probe photoelectron spectrum of helium, obtained in beam-
time F-20191568. The horizontal dashed lines show the expected position of the photoelectron main
line (at 16.2 eV) and sidebands. The experimental photoelectron maxima for higher-order sidebands
are offset due to imperfection of the radius-to-energy conversion. Details are provided in the text.

We performed two types of fits: a global fit for all eight datasets and separate fits for
the main line (Fit #0) and sidebands of each order (Fits #1 to #4). The results are shown
in Figure 8 and Table 1. As one can see, generally, the parameters obtained from both
the global fit and the separate fits agree. However, the global fit allows us to reduce the
uncertainty for some parameters and avoid inconsistencies between the datasets (e.g.,
Fit #1 or Fit #4). This, in particular, leads to an unambiguous and precise definition of
t0 = −38.522± 0.001 ps that can be used in further analysis, similar to Ref. [6].
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Table 1. Final values of the nonlinear parameters for fitting the He photoelectron main line and
sidebands. Fitted curves are shown in Figure 8.

Parameter Value, fs
Global Fit #0 Fit #1 Fit #2 Fit #3 Fit #4

t0 + 38.5 ps −22± 1 −22± 3 −35± 4 −23± 2 −20± 2 −15± 2
τ
(0)
cc 97± 3 97± 3 — — — —

τ
(1)
cc 138± 5 — 143± 6 — — —

τ
(2)
cc 88± 2 — — 88± 3 — —

τ
(3)
cc 63± 3 — — — 62± 3 —

τ
(4)
cc 62± 7 — — — — 61± 7
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Figure 8. Photoelectron yields at the sidebands of various order and of the main line, corresponding
to helium ionization (Reaction (94)), and their fits with the model from Equation (95). The points
shown here were obtained as horizontal slices from Figure 7.

6.2. Forward-Backward Channel Dataset

Here, we will consider a case with two pump–probe channels, where the pump acts
as a pump and the probe as a probe, and an inverted case, where the probe pulse acts as
a pump, and the pump pulse acts as a probe. We will take the formation of the fluorene
dication from Ref. [6] as an example. In that work, the neutral three-ring PAH fluorene
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(C13H10) was investigated in an XUV-IR pump–probe experiment with the same parameters
as given in the previous Section 6.1. Upon a first look at the experimental ion yield of the
fluorene dication C13H10

2+ (Figure 9), one would think that there is a single transient peak
and a switch function. However, the temporal overlap t0 = 12.650± 0.005 ps determined
with the help of helium sidebands [6], similar to that in Section 6.1, does not allow to fit the
resulting behavior using a single transient. The simplest model to explain this anomaly is
that the peak is composed of two transients: one with the XUV pulse acting as a pump and
the second with the IR pulse acting as a pump.
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Figure 9. Experimental ion yield of the fluorene dication C13H10
2+ in the XUV-IR pump–probe

experiment. Three plots show three independent fits of the same experimental data by the same
model, given in Equation (96). Fits #1 and #2 are the results of standard fitting using Gnuplot [63],
while the PP(MC)3Fitting result was obtained using the software procedure from Section 4.4 using
PP(MC)3Fitting software. The solid vertical line indicates the t0 from He sidebands, while the dotted
vertical lines are the results of the corresponding fit result.

The model (Equation (76)) proposed for the fitting of such a signal is the following:

F(tpp − t0) = fc · Bc(tpp − t0)+

+ f−s · B−s (tpp − t0) + f+t · B+
t (tpp − t0) + f−t · B−t (tpp − t0) , (96)

where “switch” and transient functions use a single cross-correlation time τcc, and two
transients B±t are described with rate constants τ±r , where τ+

r describes lifetime of an
excited fluorene monocation

(
C13H10

+)∗ and τ−r describes the lifetime of an excited neutral
fluorene (C13H10)

∗ [6].
Simple fitting of Equation (96) to the experimental data given in Figure 9 is a good

example of the ill-posed problem. To illustrate that, we performed two fits with two sets of
initial values of nonlinear parameters t0, τcc, τ+

r , and τ−r using the Marquardt–Levenberg
algorithm [64,65] with the Gnuplot software [63]. The initial t0 in both cases was taken as a
value from the He sidebands, and the initial τcc was taken from the MC result in Ref. [6].
The only difference is that the initial decay times were taken as 50 fs in the first fit, whereas
in the second, they were 150 fs.

Figure 9 and Table 2 show results for both fits. The overall description of the data looks
equivalent in both cases, but the actual values of the nonlinear parameters are quite different.
While some of the parameters are equivalent to each other due to huge uncertainties, the
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τ+
r have significantly different values, judging from the standard deviations computed

according to Equation (10). The LSQ function values are equivalent in both cases, making
these solutions indistinguishable, using, e.g., χ2-statistics [12] or various criteria, such as
the Akaike information criterion [66]. However, even by looking at the components of the
fit (Figure 9), we can be sure that these are two alternative solutions.

Table 2. Nonlinear parameters of the model for the fluorene dication ion yield (Equation (96))
obtained with different fit models. “Ini.” and “Fin.” denote the initial and final values according to
the Marquardt–Levenberg algorithm [64,65]. All values are given in fs.

Parameter Fit #1 Fit #2 PP(MC)3Fitting
Ini. Fin. Ini. Fin.

t0 − 12.650 ps 0 −41± 3441 0 −2± 33 −11± 20
τcc 97 80± 1018 97 104± 21 101± 10
τ+

r 50 88± 7 150 130± 30 133± 37
τ−r 50 36± 58 150 21± 40 22± 20

Applying the algorithm from Section 4.4 is especially advantageous in such cases,
since we can automatically sample through all various equivalent solutions, providing
an adequate statistical representation of the result. The results of the application of the
PP(MC)3Fitting software are also given in Figure 9 and Table 2. Although the total fit
looks exactly the same as Fit #1 and Fit #2, the uncertainties of the individual transient
components ( f+t · B+

t (tpp − t0) and f−t · B−t (tpp − t0)) are significant. By examining the dis-
tributions for individual nonlinear variables (Figure 10), we realize that the MC procedure
sampled through many equivalent solutions, including Fit #1 and Fit #2. A more accurate
and realistic solution can be obtained by applying regularization of t0 with the value from
He sidebands, similar to Ref. [6].
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Figure 10. Distributions of the nonlinear parameters of the model for the fluorene dication ion yield
(Equation (96)) from the MC sampling procedure. The dashed vertical lines illustrate the values from
Fit #1 and Fit #2 (violet and red, respectively, see Table 2). The vertical solid line for t0 shows the
result from the He sidebands measurements.
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6.3. Treatment of the Data with Coherent Oscillations

As was said in Section 5, the PP(MC)3Fitting software does not implement the basis
functions for the coherent oscillations (Equations (82) and (83)). Nevertheless, this software
can still be used to fit such datasets as well. As an example, we will use the ion yield of
the indole-water (C8H7N ·H2O) monocation from Ref. [10], where oscillatory dynamics
were observed. In the original publication, a five-state model given by the Maxwell–
Bloch equations was used, which produced three rate constants τr,1 = 0.45 ± 0.07 ps,
τr,2 = 13± 2 ps, and τr,3 = 96± 10 ps, and also an oscillation frequency ω = 3.77 THz with
phase ϕ = 1.77.

To fit the same dataset for the indole-water monocation, we formulated an effective
model with three effective decay times:

F(tpp − t0) = fc · Bc(tpp − t0) + f−s · B−s (tpp − t0) +
3

∑
i=1

f+t · B+
t,i(tpp − t0) , (97)

where the t0 was regularized with a value of t0,reg = 0± 1 fs, while all the rest of the nonlin-
ear parameters τcc and τr,i (i = 1, 2, 3), each from function Bt,i, were left unregularized. The
values of τr,i were expected to be sufficiently different. Therefore, no repulsion regulariza-
tion (Equation (92)) was applied in this case. Instead, the nonoverlapping regions for decay
times were set: 0.01 ≤ τr,1 ≤ 2 ps, 5 ≤ τr,2 ≤ 40 ps, and 40 ≤ τr,3 ≤ 300 ps. The resulting
parameters obtained with PP(MC)3Fitting were τcc = 0.34± 0.02 ps, τr,1 = 0.9± 0.1 ps,
τr,2 = 26± 5 ps, and τr,3 = 234± 34 ps. The obtained decay times are reasonably close
to the ones obtained in Ref. [10] (see above), as well as to the experimentally estimated
τcc = 0.381 ps. An exact match was not expected since, in the original paper, a microscopic
model was used, which produces the elementary rate constants, while our approach utilizes
the effective rate constants.

The obtained fit (Figure 11) by design (Equation (97)) does not contain any of the
oscillations, and this means that we have fitted only the noncoherent part of the signal (see
Equations (51) and (57)). We can consider the fit’s residual to find the signal’s coherent part.
The fit residual is defined as y = Y−Bpoptfopt (see Equations (86) and (87)) with the same
uncertainties as of the original values. Since the desired oscillation signal is proportional to
cos(ωt + ϕ) (Equations (51) and (57)), we can perform the Fourier transform (FT) of the
residual part of the spectrum, to find the initial guess for the oscillation frequency ω and
phase ϕ [12]. Since we know the residuals’ uncertainties and the dataset does not contain
uniformly spaced data, instead of the fast FT algorithm [12], we can use a least-squares
spectral analysis (LSSA) [67,67]. In particular, here, we used the regularized weighted
LSSA (rwLSSA) introduced in Ref. [68] (see details in Appendix C). The rwLSSA spectrum
of delay range of −0.7 ≤ tpp < 30 ps for a frequency range of 0 < ω ≤ 7 THz is shown
in Figure 12. The maximal intensity is observed for a point of ω = 3.82 THz with phase
ϕ = 1.4 at this point, which is already reasonably close to the parameters obtained in
Ref. [10] (ω = 3.77 THz and ϕ = 1.77).

We then performed a fit of the signal in the range −0.7 ≤ tpp < 10 ps with the highest
density of points. We represented a signal as an oscillation function (Equation (82)):

f (tpp) = fo · Bo(tpp) =
fo

2
cos(ωtpp + ϕ) ·

(
1 + erf

(
tpp

τcc

))
(98)

with τcc = 0.34 ps taken from the PP(MC)3Fitting and rwLSSA peak parameters as initial
conditions. By simple LSQ fitting, we get ω = 3.72± 0.05 THz and ϕ = −1.2± 0.3. This
result is shown in Figure 13. With that, we produced a full description of the pump–probe
dataset for both the incoherent decay part of the signal and the coherent oscillations.
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Figure 11. Experimentaland fitted ion yield of the indole-water monocation. Experimental data were
taken from Ref. [10]. Colored areas indicate the MC uncertainty of a corresponding component of the
fit. The model is given in Equation (97).
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Now, we can summarize a universal analysis procedure that can be applied to the
pump–probe datasets with the possible presence of coherent oscillations.

1. First, with the algorithm from Section 4.4 implemented in PP(MC)3Fitting, we fit the
nonoscillating part of the dynamics.

2. Then, we perform an rwLSSA analysis [68] (see Appendix C) for the residuals of the
fit that are also printed by the PP(MC)3Fitting. This analysis will allow us to check
whether the signal contains any systematic oscillations. Note that the oscillations
should be present only in tpp ≥ t0 or in tpp ≤ 0 parts of the pump–probe data (see
Equations (82) and (83)).

3. If the rwLSSA spectrum shows a presence of statistically meaningful oscillations
in a reasonable range of frequencies, then the frequencies and the phases of the
maximal amplitude signals from rwLSSA spectra can be used as initial guesses to fit
the residuals of the PP(MC)3Fitting result with expression Equation (76) and basis
functions Bo (Equation (82)) and Bto (Equation (83)). Since the coherent oscillations
should correspond to the incoherent processes, the cross-correlations and decay times
from the PP(MC)3Fitting results can be used.

The same procedure can also treat other unaccounted features in the experimental
pump–probe data. One example is the presence of so-called coherent artifacts, which
appear near the temporal overlap of the pump and probe pulses [69–72].

6.4. Cross-Correlation Time and Time Resolution

The last example we will show here is a demonstration of a concept rather than a
PP(MC)3Fitting demonstration. Sometimes, statements are shared that the “time resolution
of pump–probe experiments is limited by the cross-correlation time” [11]. This leads to
frequent questions about whether the rate constants extracted from the fits are smaller than
the cross-correlation times of the experiments. However, such a direct application of the
idea that the cross-correlation time is the limit for the shortest obtainable decay lifetimes is
questionable since there are a few common ways to express both the cross-correlation time
(Equation (71)) and the decay time (Equation (30)). Therefore, in this section, we decided to
use the MC sampling of the possible solutions with PP(MC)3Fitting to demonstrate the
actual relation between the rate constants and the cross-correlation time.

To do that, we generated two sets of ten generic pump–probe data with a fixed decay
time τr = 50 fs, but with varied cross-correlation time 5 ≤ τcc ≤ 500 fs. The upper limit was
determined by the capabilities of the standard methods to represent the transient function
Bt(tpp) (Equation (80)). The standard methods, using SciPy [73] packages, allow for stable
and smooth data produced for the ratios τcc/τr up to τcc/τr < 50 (see Appendix D). Such
implementation of the Bt(tpp) function is used in PP(MC)3Fitting, but we limited ourselves
to τcc/τr ≤ 10.

All generated pump–probe data span the delays in the range −1 ≤ tpp ≤ +2 ps with
a step of 20 fs. Each set of data had a given signal-to-noise ratio (SN): one set had SN = 10
(high noise data), and the other SN = 100 (low noise data). Figure 14 shows an example
of such data. Each of the datasets with a given τcc and SN parameters was fitted with
PP(MC)3Fitting with the same function that it was generated with (Equation (80)), that is:

F(tpp) = ft · Bt(tpp) . (99)

Two fits were performed for each pump–probe dataset with a given τcc and SN:
without regularization and with regularization for t0 with t0,reg = 0± 1 fs (see Figure 14).
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Figure 14. Examples of generated pump–probe datasets and their fits with PP(MC)3Fitting. The
“initial function” is the original function, and the “dataset” is the generated dataset with the
given SN level. The shown datasets were generated using Equation (80) with τcc = 335 fs and
τr = 50 fs parameters.

The resulting trends for the three nonlinear parameters of the fit (t0, τcc, and τr) are
shown in Figure 15. As we can see, for the fully unregularized fit with SN = 10, the
procedure gives reasonable results (see also Figure 15) up to τcc ∼ 300 fs (τcc/τr = 6). At a
lower noise level (SN = 100), reasonable results extend to around τcc ∼ 450 fs (τcc/τr = 9).
Upon applying the regularization, both the low noise level (SN = 100) and high noise level
(SN = 10) fits were able to reproduce the preset parameters up to τcc = 500 fs. Therefore,
we can conclude that the decay times (Equation (30)) can be reliably fitted below the value
of the cross-correlation time (Equations (5) and (75)) with a single dataset. The lower noise
level and preliminary knowledge of the parameters, such as the position of the temporal
overlap (t0), allow shorter decay times to be reliably fitted. Combining the datasets in a
global fit, as shown in Section 6.1, can also be used to increase the accuracy of the results.
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ratio for the fitted dataset.

7. Conclusions

In this manuscript, we extensively discussed the inverse problem solution (fitting)
for the pump–probe spectroscopic datasets. We examined the theoretical aspects of the
inverse problem solution and the standard model used to fit the pump–probe data. Here,
we provided rigorous proof that the classical set of model functions used to fit the pump–
probe experimental data is sufficient to describe any pump–probe observables, given that
only first-order reactions are possible (Appendix A.8). In addition, we have extended
the standard set of the basis functions used to fit the pump–probe dynamics with two
additional ones, describing coherent oscillations in the dataset (Equations (82) and (83)).

We proposed a general-purpose algorithm for treating the inverse problem of the
pump–probe spectroscopy (outlined in Section 4.4). In short, it is based on separating the
linear and nonlinear parameters. First, a global fit of the data is performed, and then the
uncertainties of the fitted parameters are determined by the Markov chain Monte-Carlo
routine. This approach was implemented in the Python software PP(MC)3Fitting, which
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can be used in a standardized fashion for various datasets. With the numerical examples,
we highlighted the common ideas for application, such as global fits with shared parameters
between different datasets, the presence of parasitic channels, and stepwise treatment of
the coherent oscillations in the data. We also commented on a commonly misdiscussed
issue of the time resolution in the pump–probe spectroscopy.

The presented PP(MC)3Fitting software is a complementary addition to the existing
methods used to analyze experimental pump–probe data. Examples of such approaches
include global and target analysis [32,38,74], KiMoPack [33], lifetime density maps anal-
ysis [75–77], and Maxwell–Bloch equation modeling [4,34]. Adding the PP(MC)3Fitting
to the listed set of methods can be useful for the ultrafast community to robustly and
effectively tackle complicated experimental pump–probe results with various dynamical
observables (Supplementary Materials).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/photochem4010005/s1, The presented software is a complementary
addition to the existing methods used to analyze experimental pump-probe data.
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Appendix A. Detailed Derivations of Delta-Shaped Pump–Probe Dynamics

Appendix A.1. Solution of the First-Order Kinetics Equations

We are solving Equation (28) of the following form ([A∗] = y, kr = k):

ẏ =
dy
dt

= −ky (A1)

for function y = y(t) with initial condition y(0) = y0. Let us rewrite this equation as:
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dy
y

= −kdt

and integrate the left part from y0 to y(t) and the right part of the same equation from 0 to
t as: ∫ y(t)

y0

dy
y

= ln
(

y(t)
y0

)
= −k

∫ t

0
dt = −kt .

Rearranging this result, we obtain the final solution of the form:

y(t) = y0 · exp(−kt) , (A2)

as given in Equation (29).
Now, we integrate Equation (31) for the product of the decay ([C] = z) with substituted

Equation (A2), which gives:

ż = ky = ky0 · exp(−kt) . (A3)

Such an equation can simply be integrated in time from 0 to t with the initial condition
z(0) = 0 as:

∫ t

0
żdt = z(t) = ky0

∫ t

0
exp(−kt)dt = y0(1− exp(−kt)) . (A4)

Appendix A.2. Coherent Quantum Dynamics without Decay

We start from the von Neumann Equation (Equation (41)):

ih̄$̇ = [H, $] = H$− $H , (A5)

where the density matrix $ (Equation (38)) and Hamiltonian matrixH (Equation (42)) are:

$ =

(
ρ00 ρ01
ρ10 ρ11

)
, H = h̄ω

(
0 0
0 1

)
.

where $̇ is a matrix, composed of elements ρ̇kl (k, l = 0, 1). By computing two products of
these matrices, we obtain:

H$ = h̄ω

(
0 0

ρ10 ρ11

)
and $H = h̄ω

(
0 ρ01
0 ρ11

)
.

Substitution of these results in the initial equation results in a matrix equation:

ih̄
(

ρ̇00 ρ̇01
ρ̇10 ρ̇11

)
= h̄ω

(
0 −ρ01

+ρ10 0

)
. (A6)

We can rewrite this equation as a system of equations for corresponding individual
matrix elements from the left and right sides:





ih̄ρ̇00 = 0 ,
ih̄ρ̇01 = −h̄ωρ01 ,
ih̄ρ̇11 = 0 ,
ih̄ρ̇10 = +h̄ωρ10 .

(A7)

By dividing the left and right sides by ih̄, we arrive at Equations (43). First, let us
integrate the equations, describing the dynamics of the diagonal elements (ρ00 and ρ11)
with initial conditions (Equation (40)) of ρ00(0) = 1− p and ρ11(0) = p:
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∫ ρ00(t)
1−p ρ̇00dt = ρ00(t)− (1− p) = 0

∫ t
0 dt = 0 ⇒ ρ00(t) = 1− p ,

∫ ρ11(t)
p ρ̇11dt = ρ11(t)− p = 0

∫ t
0 dt = 0 ⇒ ρ11(t) = p .

For off-diagonal elements, the rate equations have the same form as Equation (A1)
(y = ρ01, ρ10 and k = ∓iω). Thus, the solution is given with Equation (A2), that is:

{
ρ01(t) = ρ01(0) · exp(+iωt) ,
ρ10(t) = ρ10(0) · exp(−iωt) .

Taking into account the initial conditions (Equation (40)) of ρ01(0) =
√

p · (1− p) exp(+iϕ)
and ρ10(0) =

√
p · (1− p) exp(−iϕ), we arrive at:

{
ρ01(t) =

√
p · (1− p) · exp(+iϕ + iωt) ,

ρ10(t) =
√

p · (1− p) · exp(−iϕ− iωt) .

Appendix A.3. Relation between Quantum and Classical Regimes

The classical incoherent regime in coherent regimes (Equation (51) or (57)) appears as
a result of incoherent excitation. For instance, such an incoherent regime can appear when
different molecules have different imprinted phases ϕ from the pump pulse. In this case,
we need to average all these signals from all the incoherent molecules. Let us assume that
the following expression gives the result of a molecule with an imprinted phase ϕ:

f (tpp, ϕ) = F0(tpp) + F1(tpp) · cos(ωt + ϕ) ,

where F0(tpp) is the phase-independent part of observable and F1(tpp) is the oscillation
prefactor. Both Equations (51) and (57) can be reduced to such a form. The distribution of
the molecules with various oscillation phases ϕ will be given by a probability distribution
P(ϕ), normalized as

∫ 2π
0 P(ϕ)dϕ = 1. In this case, the result of the ensemble observation

will be:

f (tpp) =
∫ 2π

0
f (tpp, ϕ)P(ϕ)dϕ .

If we now assume that all phases are equally possible, i.e., P(ϕ) is a uniform distribu-
tion for ϕ ∈ [0; 2π) (P(ϕ) = (2π)−1), then we get an averaging result:

f (tpp) =
1

2π

∫ 2π

0
f (tpp, ϕ)dϕ =

= F0(tpp) ·
1

2π

∫ 2π

0
dϕ

︸ ︷︷ ︸
2π

+F1(tpp) ·
1

2π

∫ 2π

0
cos(ωt + ϕ)dϕ

︸ ︷︷ ︸
0

= F0(tpp) .

In other words, the oscillating observables disappear, and only the nonoscillating inco-
herent part of the signal is left. This result can also be obtained by setting the nondiagonal
elements to zero in the density matrix in Equation (47), which is known to lead to a classical
regime of the quantum system [78,79].

Appendix A.4. Coherent Quantum Dynamics with Decay

The initial Linblad Equation (52) has the following form:

ih̄$̇ = [H, $] + ih̄γ

(
σ−$σ+ − 1

2
{σ+σ−, $}

)
=

= H$− $H+ ih̄γ

(
σ−$σ+ − 1

2
σ+σ−$− 1

2
$σ+σ−

)
. (A8)
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The σ± matrices (Equation (53)) are the excitation/deexcitation operators. If we
represent the system’s wavefunction |ψ〉 = c0|0〉 + c1|1〉 with a vector of coefficients
(c0, c1), and apply σ± for states |0〉 and |1〉, described as (1, 0) and (0, 1), respectively, then
we get:

σ+|0〉 =
(

0 0
1 0

)(
1
0

)
=

(
0
1

)
= |1〉

and

σ−|1〉 =
(

0 1
0 0

)(
0
1

)
=

(
1
0

)
= |0〉 .

To get the matrix equation for the system evolution, we need to calculate the additional
term ih̄γ(σ−$σ+ − (1/2) · {σ+σ−, $}) of Equation (A5), which describes the decay in the
quantum system. For this, we evaluate each of the following components:

σ−$σ+ =

(
0 1
0 0

)(
ρ00 ρ01
ρ10 ρ11

)(
0 0
1 0

)
=

(
ρ11 0
0 0

)
,

σ+σ−$ =

(
0 0
1 0

)(
0 1
0 0

)(
ρ00 ρ01
ρ10 ρ11

)
=

(
0 0

ρ10 ρ11

)
,

and

$σ+σ− =

(
ρ00 ρ01
ρ10 ρ11

)(
0 0
1 0

)(
0 1
0 0

)
=

(
0 ρ01
0 ρ11

)
.

Substituting these matrices into Equation (A8) with the previously evaluated first part
(Equation (A6)), we get:

ih̄
(

ρ̇00 ρ̇01
ρ̇10 ρ̇11

)
= h̄ω

(
0 −ρ01

+ρ10 0

)
+ ih̄γ

(
+ρ11 − 1

2 ρ01
− 1

2 ρ10 −ρ11

)
.

From this matrix equation, we can obtain a modified set of Equations (A7):




ih̄ρ̇00 = +ih̄γρ11 ,
ih̄ρ̇01 = −h̄ωρ01 − ih̄γ

2 ρ01 ,
ih̄ρ̇10 = +h̄ωρ10 − ih̄γ

2 ρ10 .
ih̄ρ̇11 = −ih̄γρ11 .

Dividing these equations by ih̄, for elements ρ01, ρ10, and ρ11, we arrive to the decay
differential equations (Equation (A1)) with k = γ/2 − iω, k = γ/2 + iω, and k = γ,
respectively. This results in the solution given by Equation (A2) with corresponding decay
rates. A similar procedure for ρ00 leads to an Equation (A3) with k = γ, which leads to
the solution in Equation (A4). All these results are summarized in Equation (55) in the
main text.

Appendix A.5. Reaction Scheme with Multiple Products

Let us consider the reaction scheme (a) from Figure 4, which can be represented with
the following system of chemical reactions:





M + pump→ A∗

A∗
k1−→ C1

A∗
k2−→ C2

. . .

A∗
kN−→ CN

A∗ + probe→ B

.
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It can be considered as an extension of scheme (27) with N various decay results
C1, C2, . . . , CN . We will denote [A∗] = y ([A∗](0) = y(0) = y0) and [Ci] = zi (i = 1, . . . , N).
In this case, the rate equation for A∗ will be:

ẏ = −

keff︷ ︸︸ ︷(
N

∑
i=1

ki

)
y = −keffy .

This rate equation is the same Equation (A1) with solution (A2). For each of the
products Ci, the rate equations are:

żi = +ki · y = ki · y0 · exp(−kefft) ,

which is the same as Equation (A3). Thus, the solution for product Ci is given by Equa-
tion (A4). From this, the pump–probe dynamics of [B] and [C] are given by Equation (33).
Since we can express rate constants through the decay lifetimes (ki = τ−1

i , see Equation (30)),
we can express the effective rate constant as:

τr =
1(

N

∑
i=1

ki

)

︸ ︷︷ ︸
keff

=

(
∑

i

1
τi

)−1

.

Appendix A.6. Reaction Scheme with Sequential Metastable Intermediates

Let us consider the reaction scheme (b) from Figure 4, which can be represented with
the following system of chemical reactions:





M + pump→ A∗1
A∗1

k1−→ A∗2
A∗2

k2−→ . . .
A∗2 + probe→ B

,

where we get the formation of the intermediate A∗1 by the pump, which is followed by the
decay into A∗2 , which in turn decays further. The probing is done using B. First, we solve
rate equation for [A∗1 ] = y1:

ẏ1 = −k1y1 ,

which is Equation (A1) with solution (Equation (A2)):

y1(t) =

y10︷ ︸︸ ︷
y1(0) · exp(−k1t) = y10 · exp(−k1t) . (A9)

The rate equation for [A∗2 ] = y2 looks as follows:

ẏ2 = +k1y1 − k2y2 , (A10)

which can be thought of as a combination of Equations (A1) and (A3). Thus, we can try to
find the solution as a combination of (A2) and (A4) as:

y2(t) = α1 exp(−k1t) + α2 exp(−k2t) , (A11)
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where α1 and α2 are coefficients. By applying a boundary condition y2(0) = 0, we get
α1 = −α2. Then, substituting (A11) and (A9) into (A10), we get:

α1 · exp(−k1t) · (k2 − k1) = y10 · k1 · exp(−k1t) .

Dividing this equation by exp(−k1t) · (k2 − k1), we get:

α1 = −α2 =
y10 · k1

k2 − k1
,

which results in:

y2(t) = y10 · k1
(exp(−k1t)− exp(−k2t))

(k2 − k1)
.

The yield of B at tpp < 0 is zero, and at tpp ≥ 0 it is [B](tpp) = p · y2(tpp), where p
is the probing efficiency (similar to Equation (33)). This gives the following pump–probe
yield of B:

[B](tpp) = p · y10 · k1

(k2 − k1)
· θ(tpp) · (exp(−k1t)− exp(−k2t)) .

Appendix A.7. Reaction Scheme with Multiple Intermediates Forming a Single Product

Let us consider the reaction scheme (c) from Figure 4, which can be represented with
the following system of chemical reactions:





M + pump→ A∗1
M + pump→ A∗2
A∗1

k1−→ C

A∗2
k2−→ C

A∗1 + probe→ B1

A∗2 + probe→ B2

.

The kinetic equations for [A∗i ] = yi (i = 1, 2) are the following ones:

ẏi = −kiyi ,

which are the decay Equation (A1), with the solution (Equation (A2)) given as:

yi(t) = yi0 · exp(−kit) ,

where yi0 = yi(0) are the initial amounts of A∗1 and A∗2 created by the pump pulse. This
solution (similar to Equation (33)) provides the amount of Bi as a function of the pump–
probe delay tpp to be:

[Bi](tpp) = pi · yi0 · θ(tpp) · exp(−kit) , (A12)

where pi is the conversion efficiency of A∗i into Bi by the probe pulse.
The rate equation for [C] = z is as follows:

ż = +k1y1 + k2y2 = k1y10 · exp(−k1t) + k2y20 · exp(−k2t) ,

which can be solved by direct integration with boundary condition z(0) = 0 as:

∫ t

0
żdt = z(t) = k1y10 ·

∫ t

0
exp(−k1t)dt + k2y20 ·

∫ t

0
exp(−k2t)dt =

y10(1− exp(−k1t)) + y20(1− exp(−k2t)) .
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At t→ ∞, z(t)→ y10 + y20. At tpp < 0, the yield of C is given as [C](tpp) = y10 + y20.
At tpp ≥ 0, it is going to be the amount of full conversion (y10 + y20) without the amount
lost for B1 and B2 with a probe (Equation (A12)). Therefore, the total amount of C can be
written (similar to Equation (33)) as:

[C](tpp) =
2

∑
i=1

(
yi0 − pi · yi0 · θ(tpp) · exp(−kit)

)
.

Appendix A.8. General form of the Decay Dynamics Pump–Probe Equations

Now, we will consider the generalized version of the decay reaction dynamics, de-
scribed in Section 3.2 of the main text and Appendixes A.5, A.6, and A.7 of the Appendix.
Let us consider that we have N compounds A1, A2, . . . , AN , formed by the pump from the
initial molecule M and/or those formed by the probe pulse from the species formed by the
pump pulse. The amount of each of compound Ai will be denoted as yi. An N-dimensional
vector describing the current amounts of all compounds will be denoted as:

y =




y1
y2
...

yN


 ,

where the pump pulse forms the initial distribution of states y0.
The system of reaction equations for free evolution of the system will be the following:





A1
k1→2−−→ s1→2 · A2

A1
k1→3−−→ s1→3 · A3

...

Ai
ki→j−−→ si→j · Aj

...

AN
kN→N−1−−−−→ sN→N−1 · AN−1

.

where we consider all possible reactions of decay into each other (1 ≤ i, j ≤ N and i 6= j)
with rate constants ki→j ≥ 0 and stoichiometric coefficients si→j ≥ 0, where ki→j = 0 and
si→j = 0 mean that this reaction is not happening. The free evolution of the system is, thus,
given by the following rate equation:

ẏ = −Ky , (A13)

where matrix K consists of the following elements. The diagonal elements Kii are given as:

Kii = +
N

∑
j=1, j 6=i

ki→j ,

while the off-diagonal elements are defined as:

Kji = −si→j · ki→j .

To obtain the solution of Equation (A13) [12], we will consider the solutions to the
following eigenproblem:

Kui = γiui.
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All eigenvalues should be nonnegative for physically-relevant reaction schemes
(γi ≥ 0). From a set of N orthonormal eigenvectors ui (i = 1, . . . , N and uT

i uj = δij),
we can form a matrix of orthogonal transformation:

U = (u1, u2, . . . , uN) .

We can now diagonalize matrix K as:

Γ = UKUT = diag(γ1, γ2, . . . , γN) .

Now, we can replace y and ẏ with Y = Uy and Ẏ = U ẏ by multiplying Equation (A13)
with U from the left side:

Ẏ = U ẏ = −UK
E︷︸︸︷
UTU y = −ΓY ,

where E is an N × N identity matrix. The solution for this equation is:

Y(t) = exp(−Γ · t)Y0 ,

where Y0 = Uy0 is the initial condition and the exponential matrix exp(−Γ · t) is:

exp(−Γ · t) = diag(exp(−γ1t), exp(−γ2t), . . . , exp(−γNt)) .

We can go back to y = UTY by multiplying this solution with UT from the left,
resulting in:

y(t) =

T (t)︷ ︸︸ ︷
UT exp(−Γ · t)U y0 = T (t)y0 ,

where T (t) is the free evolution operator. If we expand each of the components yi, we get:

yi(t) =
N

∑
j=1

cij exp(−γjt) ,

where the dynamics of each of the components is a sum of exponential decays with effective
rate constants (for γj > 0) and static yields (for γj = 0) with constant coefficients cij that
depend on the initial conditions y0 and on the reaction scheme.

To describe the probe process, we will also consider another set of rate equations:





A1 + probe
p1→2−−→ s′1→2 A2

A1 + probe
p1→3−−→ s′1→3 A3

...

Ai + probe
pi→j−−→ s′i→j Aj

...

AN + probe
pN→N−1−−−−→ s′N→N−1 AN−1

,

where 0 ≤ pi→j ≤ 1 describe the probing efficiency of a given process and s′i→j ≥ 0 are the
stoichiometric coefficients (pi→j = 0 and s′i→j = 0 mean that this process does not happen).
Therefore, we can describe probing at time t > 0 as an instant shuffling of the products as
replacement current values y(t) with Py(t), that is:

y(t)→ Py(t) (A14)
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where the matrix P has the following nondiagonal elements:

Pji = s′i→j · pi→j

and diagonal elements:

Pii =
N

∑
j=1, j 6=i

(1− pi→j) .

At tpp < 0, the system continues a free evolution until the detection. Therefore, we
can describe the observable yield of all the components f(tpp) as:

f(tpp) = lim
t→∞

y(t) =

T∞︷ ︸︸ ︷(
lim
t→∞
T (t)

)
y0 = T∞y0 , (A15)

where T∞ is given as:

T∞ = UT

limt→∞ exp(−Γ·t)︷ ︸︸ ︷
diag(θ(−γ1), θ(−γ2), . . . , θ(−γN))U ,

where for γi = 0 we get θ(−γi) = 1 and for γi > 0 we get θ(−γi) = 0.
At tpp > 0, we get a free evolution from the initial conditions y0, then the action of the

probe according to Equation (A14), and then again free evolution until detection. We can
write this (similar to Equation A15) as:

f(tpp) = T∞PT (tpp)y0 . (A16)

Combining Equations (A15) and (A16), we get the following equation describing all
the pump–probe yields of all products:

f(tpp) = T∞ ·
(
E + θ(tpp) ·

(
PT (tpp)− E

))
y0 .

For each of the compounds Ai, their pump–probe yield can be described as:

fi(tpp) = q0 +
N

∑
j=1

qi · θ(tpp) · exp(−γitpp) ,

where qj (j = 0, 1, . . . , N) are the coefficients related to initial conditions y0, reaction scheme,
and also probing efficiencies. Terms with exponents appear from the operator T (tpp) in
the expression above.

Appendix B. Effects of the Duration of the Pulses and Experimental Setup Jitter

Appendix B.1. Sequential Convolution with Gaussian-Shaped Pulses

Let us consider a sequential convolution of the following form:

f ~ p1 ~ p2 =

=
1

πτ1τ2

∫ +∞

−∞

(∫ +∞

−∞
f (t− t1 − t2) · exp

(
− t2

1
τ2

1

)
dt1

)
· exp

(
− t2

2
τ2

2

)
dt2 , (A17)

where f (t) is some arbitrary function, and pi(t) (i = 1, 2) are the normal distributions:

pi(t) =
1√

π · τi
· exp

(
− t2

i
τ2

i

)
.

263



Photochem 2024, 4

Trying to simplify Equation (A17), we can replace variables t1 and t2 with:
{

T = t1 + t2 ,
q = t2 − t1 ,

i.e.,

{
t1 = T−q

2 ,
t2 = T+q

2 .
(A18)

The Jacobian J for such transformation is:

J = det

(
∂t1
∂T

∂t2
∂T

∂t1
∂q

∂t2
∂q

)
= det

(
+1/2 +1/2
−1/2 +1/2

)
=

1
2

,

which means that dt1dt2 = JdTdq = 1
2 dTdq. Substitution of coordinates from Equation (A18)

into Equation (A17) results in:

f ~ p1 ~ p2 =

=
1

2πτ1τ2

∫ +∞

−∞
f (t− T)

(∫ +∞

−∞
exp

(
− (T − q)2

4τ2
1
− (T + q)2

4τ2
2

)
dq

)

︸ ︷︷ ︸
I(T)

dT, (A19)

and therefore, we only need to evaluate the integral I(T). First, let us rearrange the
expression inside the exponent as:

− (T − q)2

4τ2
1
− (T + q)2

4τ2
2

=

= − (τ2
1 + τ2

2 )

4τ2
1 τ2

2
·


T2 + q2 − 2

a︷ ︸︸ ︷
(τ2

2 − τ2
1 )

(τ2
1 + τ2

2 )
· T ·q


 =

= − (τ2
1 + τ2

2 )

4τ2
1 τ2

2
·
(

T2 + q2 − 2 · a · q + a2 − a2
)
=

= − (τ2
1 + τ2

2 )

4τ2
1 τ2

2
·
(

1− (τ2
2 − τ2

1 )
2

(τ2
1 + τ2

2 )
2

)
· T2 − (τ2

1 + τ2
2 )

4τ2
1 τ2

2
· (q− a)2 =

= − T2

τ2
12
− (q− a)2

τ2
q

, (A20)

where
τ2

12 = τ2
1 + τ2

2 (A21)

and

τ2
q =

4τ2
1 τ2

2
(τ2

1 + τ2
2 )

=
4τ2

1 τ2
2

τ2
12

.

Substitution of the result from Equation (A20) into I(T) from Equation (A19)
results in:

I(T) =
∫ +∞

−∞
exp

(
− (T − q)2

4τ2
1
− (T + q)2

4τ2
2

)
dq =

= exp

(
− T2

τ2
12

)
·
∫ +∞

−∞
exp

(
− (q− a)2

τ2
q

)
dq =

√
πτq · exp

(
− T2

τ2
12

)
=

= 2
√

π
τ1τ2

τ12
· exp

(
− T2

τ2
12

)
,
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which upon substitution into Equation (A19) and replacement of T = t12 provides us a
final answer of:

f ~ p1 ~ p2 =
1√

πτ12

∫ +∞

−∞
f (t− t12) · exp

(
− t2

12
τ2

12

)
dt12 . (A22)

In other words, convolution of function f (t) with two Gaussian functions is equivalent to
convolution with a single effective Gaussian function:

f12(t) =
1√

πτ12
exp

(
− t2

τ2
12

)
,

where the effective width τ2
12 is given by Equation (A21). If we require the calculation of a

triple convolution, we can apply this result sequentially as:

f~p12︷ ︸︸ ︷
f ~ p1 ~ p2 ~p3 = f ~ p123 ,

where the final effective Gaussian function p123(t)will have the effective width τ2
123 = τ2

1 + τ2
2 + τ3

3 .
Such a process can be continued for any arbitrary number of Gaussian functions, yielding
the result listed in Equation (72).

Appendix B.2. Basis Functions for Fitting Observables with Finite Duration Pump/Probe Pulses
and Experimental Jitter

Here, we explicitly calculate the convolution of the basis functions bx (x = c, s, t, i, bo, to,
given in Equations (61), (62), (63), (64), (65) and (66), respectively) for describing the
instant pump–instant probe observables with the effective distribution p(t) = (

√
πτcc)−1 ·

exp(−t2/τ2
cc) (see Equation (73)) representing fluctuation of the pump–probe delay tpp.

The expression we will evaluate is the following (see Equations (72) and (76)):

Bx(tpp) = bx ~ p =
1√
πτcc

∫ +∞

−∞
bx(tpp − t) · exp

(
− t2

τ2
cc

)
dt . (A23)

Appendix B.2.1. Constant Function

The first basis function is the constant (“c”) function bc(tpp) = 1 (Equation (61)).
Substituting it into Equation (A23) we get:

Bc(tpp) = bc ~ p =
1√
πτcc

√
πτcc︷ ︸︸ ︷∫ +∞

−∞
exp

(
− t2

τ2
cc

)
dt = 1 .

Appendix B.2.2. Step Function

The second basis is the step (“s”) function bs(tpp) = θ(tpp) (Equation (62)). Substitut-
ing it into Equation (A23) we get:

Bs(tpp) = bs ~ p =
1√
πτcc

∫ +∞

−∞
θ(tpp − t) exp

(
− t2

τ2
cc

)
dt . (A24)

The Heaviside step function θ(x) (Equation (24)) is nonzero only for values of argu-
ment x ≥ 0 (θ(x) = 1). Thus, the nonzero values of the integral are given by inequality
tpp − t ≥ 0⇒ t ≤ tpp. With that, we can rewrite integral in Equation (A24) as:
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∫ +∞

−∞
θ(tpp − t) exp

(
− t2

τ2
cc

)
dt =

∫ tpp

−∞
exp

(
− t2

τ2
cc

)
dt =

∫ 0

−∞
exp

(
− t2

τ2
cc

)
dt

︸ ︷︷ ︸√
πτcc/2

+
∫ tpp

0
exp

(
− t2

τ2
cc

)
dt

︸ ︷︷ ︸√
πτcc·erf(tpp/τcc)/2

=

√
πτcc

2
·
(

1 + erf
(

tpp

τcc

))
. (A25)

Substitution of this result into Equation (A24) results in:

Bs(tpp) = bs ~ p =
1
2
·
(

1 + erf
(

tpp

τcc

))
.

Appendix B.2.3. Transient Function

The third basis is the transient (“t”) function bt(tpp) = θ(tpp) exp(−ktpp) (Equation (63)),
where k = τ−1

r (Equation (30)). Substituting it into Equation (A23), we get:

Bt(tpp) = bt ~ p =
1√
πτcc

∫ +∞

−∞
θ(tpp − t) exp

(
−k · (tpp − t)− t2

τ2
cc

)
dt . (A26)

Removing the zero values of the Heaviside step function, similar to that in
Equation (A25), we can rewrite the integral in Equation (A26) as:

∫ +∞

−∞
θ(tpp − t) exp

(
−k · (tpp − t)− t2

τ2
cc

)
dt =

=
∫ tpp

−∞
exp

(
−k · (tpp − t)− t2

τ2
cc

)
dt = exp(−ktpp)

∫ tpp

−∞
exp

(
− t2

τ2
cc

+ kt
)

dt =

= exp
(

k2τ2
cc

4

)
· exp(−ktpp)

∫ tpp

−∞
exp



− 1

τ2
cc
·
(

t− kτ2
cc

2

)2

︸ ︷︷ ︸
q2




dt =

= exp
(

k2τ2
cc

4

)
· exp(−ktpp)

∫ tpp−kτ2
cc/2

−∞
exp

(
− q2

τ2
cc

)
dq =

= exp
(

k2τ2
cc

4

)
· exp(−ktpp) ·




∫ 0

−∞
exp

(
− q2

τ2
cc

)
dq

︸ ︷︷ ︸√
πτcc/2

+
∫ tpp−kτ2

cc/2

0
exp

(
− t2

τ2
cc

)
dt

︸ ︷︷ ︸√
πτcc·erf(tpp/τcc−kτcc/2)/2




=

=

√
πτcc

2
· exp

(
k2τ2

cc
4

)
· exp(−ktpp) ·

(
1 + erf

(
tpp

τcc
− kτcc

2

))

Substitution of this result into Equation (A26) results in:

Bt(tpp) = bt ~ p =
1
2

exp
(

k2τ2
cc

4

)
· exp(−ktpp) ·

(
1 + erf

(
tpp

τcc
− kτcc

2

))
. (A27)

The constant term exp
(

k2τ2
cc

4

)
is preserved further, since it is crucial for keeping the

values of this function from approaching zero in the whole pump–probe range.
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Appendix B.2.4. Instant Increase Function

The fourth basis is the instant increase (“i”) function bi(tpp) = δ(tpp) (Equation (64)).
Substituting it into Equation (A23) we get (by definition of the Dirac delta function):

Bi(tpp) = bi ~ p =
1√
πτcc

∫ +∞

−∞
δ(tpp − t) exp

(
− t2

τ2
cc

)
dt =

1√
πτcc

exp

(
−

t2
pp

τ2
cc

)
.

The normalization factor (
√

πτcc)−1 is later ignored to have the maximal value of this
function fixed at one.

Appendix B.2.5. Nondecaying Coherent Oscillation Function

The fifth basis is the coherent oscillation (“o”) function bo(tpp) = θ(tpp) · cos(ωtpp + ϕ)
(Equation (65)). Substituting it into Equation (A23),we get:

Bo(tpp) = bo ~ p =
1√
πτcc

∫ +∞

−∞
θ(tpp − t) cos

(
ω · (tpp − t) + ϕ

)
· exp

(
− t2

τ2
cc

)
dt . (A28)

We can represent cosine as:

cos(x) =
exp(ix) + exp(−ix)

2
,

and thus, rewriting bo(tpp) as:

bo(tpp) =

=
1
2
· exp(+iϕ) ·

b+(tpp)︷ ︸︸ ︷
θ(tpp) · exp(+iωtpp) +

1
2
· exp(−iϕ) ·

b−(tpp)︷ ︸︸ ︷
θ(tpp) · exp(−iωtpp) =

=
1
2
·
(
exp(+iϕ) · b+(tpp) + exp(−iϕ) · b−(tpp)

)
, (A29)

where new functions b±(tpp) look the same as bt(tpp), but with the complex rate constants
k± = ±iω. Thus, we can reduce Equation (A28) to a linear combination of Equations of
type (A26). Applying this, we obtain the following result from Equation (A27):

Bo(tpp) =
1
2
·
(
exp(+iϕ) · (b+ ~ p)(tpp) + exp(−iϕ) · (b− ~ p)(tpp)

)
=

=
1
4

exp
(
−ω2τ2

cc
4

)
·
[

exp(+iωtpp + iϕ) ·
(

1 + erf
(

tpp

τcc
+

iωτcc

2

))
+

+ exp(−iωtpp − iϕ) ·
(

1 + erf
(

tpp

τcc
− iωτcc

2

))]
(A30)

which cannot be properly simplified further. However, we can apply an approximation
that ωτcc ≈ 0, which is equivalent to the statement that the oscillation period τo = 2π/ω is
much larger than the cross-correlation time (τo � τcc). In this case, Equation (A30) can be
rewritten as:

Bo(tpp) =
1
2

cos(ωtpp + ϕ) ·
(

1 + erf
(

tpp

τcc

))
.
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Appendix B.2.6. Transient Coherent Oscillation Function

The sixth basis is the transient coherent oscillation (“to”) function bto(tpp) = θ(tpp) ·
cos(ωtpp + ϕ) · exp(−kt/2) (Equation (66)). By substituting it into Equation (A23),
we obtain:

Bto(tpp) = bto ~ p =

=
1√
πτcc

∫ +∞

−∞
θ(tpp − t) cos

(
ω · (tpp − t) + ϕ

)
· exp

(
− k

2
· (tpp − t)− t2

τ2
cc

)
dt . (A31)

Similar to Equation (A29), we can rewrite the original function as:

bto(tpp) =
1
2
·
(
exp(+iϕ) · b+(tpp) + exp(−iϕ) · b−(tpp)

)
,

where in this case:
b±(tpp) = θ(tpp) · exp(−k±tpp)

with effective complex rate constants k± = (k/2)∓ iω. By applying Equations (A27)–(A31)
in the same fashion as in Equation (A30), and also applying approximation ωτcc ≈ 0, we
arrive at the final result:

Bto(tpp) =
1
2

exp
(

k2τ2
cc

16

)
· exp

(
− ktpp

2

)
· cos(ωtpp + ϕ) ·

(
1 + erf

(
tpp

τcc
− kτcc

4

))
.

Appendix C. Regularized Weighted Least-Squares Spectral Analysis (rwLSSA)

The detailed derivation of the rwLSSA technique is provided in Ref. [68], focusing
on the sine-FT. Here, we only outline the basic steps of the method for the general case
of the FT. The time-dependent signal y = y(t) is given as a discrete set of N points
{tn, yi = y(tn), σn}N

n=1 with uncertainties σn for each point yn. Our goal is to get an M-
point spectral representation of these data with a set of points {ωm, fm = f (ωm), ςm}M

m=1,
where ωm refers to the points in the grid of angular frequencies, fm = Am · exp(iϕm) refers
to the complex spectra with amplitude Am ∈ R and phase ϕm ∈ [−π; π), and ςm refers to
the m-th point’s amplitude uncertainty.

The spectrum is computed through the following expression [68]:

f = Σα

(
S†W

)
y ,

with the following components:

• y = (y1, y2, . . . , yN) is the N-dimensional vector of the data points;
• f = ( f1, f2, . . . , fM) is the M-dimensional vector of spectral representation;
• S is the matrix of size N ×M with elements Snm = exp(−iωmtn);
• W = diag(σ−2

1 , σ−2
2 , . . . , σ−2

N ) is the N × N diagonal matrix of weights;
• α ≥ 0 is the regularization parameter;
• Σα is the M × M covariance matrix defined as Σ−1

α = αE + S†WS , where
E = diag(1, 1, . . . , 1) is the unit matrix of size M×M.

The uncertainties of the spectral amplitudes ςm are computed from the m-th diagonal
elements Σα,mm and (S†WS)mm of the matrices Σα and (S†WS), respectively, as [68]:

ςm =
√

Σα,mm · (α + (S†WS)mm)/(S†WS)mm .

The regularization parameter was chosen automatically with an a priori regularization
criterion from Ref. [68] as:

α = tr
(
S†WS

)
·
(

M +
N
M
· tr
(
S†WS

)
· (y

TWy)
tr(W)

)−1

.
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Appendix D. Issues with Numerical Implementation of the Bt(tpp) Basis Function

The Bt(tpp) basis function (Equation (80)), and also the Bto(tpp) basis function
(Equation (83)), have issues in the numerical usage, due to the unstable behavior in the
tpp < 0 region, where the near-zero (1 + erf(x)) function is being multiplied by an expo-
nential function, which highlights all the small numerical noise effects.

To demonstrate it, we can calculate the Bt(tpp) with different ratios τcc/τr. Here,
we compare three alternative numerical representations of Bt(tpp) with τr = 50 fs and
τr = 253, 457, 2390, 2593 fs. The Bt(tpp) was computed using the Gnuplot’s implementation
of (1 + erf(x)), and with two alternative Python implementations of (1 + erf(x)) from
SciPy package [73]: using scipy.special.erf (definition #1) and using the cumulative
distribution function of the normal distribution scipy.stats.norm.cdf (definition #2).

The results are shown in Figure A1. As one can see, at ratio τcc/τr = 5, all three
numerical results are equivalent. At the ratio τcc/τr = 9, the Gnuplot and definition #1 start
to fail, producing spurious oscillations near tpp = −0.5 ps. At higher ratios, they eventually
both fail, producing zeros. The definition #2 (through cumulative distribution function) is
the most stable, allowing to reach τcc/τr = 48. However, at τcc/τr = 52 even definition #2
starts to fail, producing a cutoff at tpp = −1.8, which is an abrupt break. Therefore, a stable
ratio τcc/τr, where the definition #2 works stably is estimated to be τcc/τr < 50.
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Figure A1. Illustration of numerical calculation of the Bt(tpp) basis function (Equation (80)) with
alternative numerical functions and various ratios of τcc/τr. Here, τr = 50 fs and the region plotted is
−2.5 · τcc ≤ tpp ≤ +2.5 · τcc.
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Abstract: The knowledge of the optical properties of biological tissues in a wide spectral range
is highly important for the development of noninvasive diagnostic or treatment procedures. The
absorption coefficient is one of those properties, from which various information about tissue
components can be retrieved. Using transmittance and reflectance spectral measurements acquired
from ex vivo rabbit brain cortex samples allowed to calculate its optical properties in the ultraviolet
to the near infrared spectral range. Melanin and lipofuscin, the two pigments that are related to the
aging of tissues and cells were identified in the cortex absorption. By subtracting the absorption of
these pigments from the absorption of the brain cortex, it was possible to evaluate the true ratios for
the DNA/RNA and hemoglobin bands in the cortex—12.33-fold (at 260 nm), 12.02-fold (at 411 nm)
and 4.47-fold (at 555 nm). Since melanin and lipofuscin accumulation increases with the aging of the
brain tissues and are related to the degeneration of neurons and their death, further studies should
be performed to evaluate the evolution of pigment accumulation in the brain, so that new optical
methods can be developed to aid in the diagnosis and monitoring of brain diseases.

Keywords: tissue spectroscopy; tissue optical properties; scattering coefficient; absorption coefficient;
DNA content; blood content; pigment detection

1. Introduction

The optical properties of biological tissues are unique to those tissues and provide
means for their identification. The estimation of their wavelength dependence allows the
identification of biological components in tissues and the discrimination of pathologies [1].
There are various optical properties, but the most commonly used to characterize a bio-
logical tissue are the refractive index (RI), the absorption coefficient (µa), the scattering
coefficient (µs) or the reduced scattering coefficient (µ′s) and the scattering anisotropy
(g) [2,3]. The estimation of tissue’s optical properties is traditionally made using inverse
simulations based on the Monte Carlo or the Adding–Doubling algorithms [3–5]. Due
to the fact that such simulations estimate a set of optical properties for a single wave-
length at a time, they are time consuming if we want to obtain such properties for a broad
spectral range.

Although some diagnostic or treatment windows have been previously identified in
the visible and infrared range of the electromagnetic spectrum [6,7], current biophotonics
techniques can be applied within different spectral bands from the deep ultraviolet to the
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terahertz [8]. This means that a fast way to obtain the optical properties of a tissue for a
wide spectral range is necessary. As recently published [1,9], if some spectral measurements
from the tissue samples are available, certain equations can be used for a fast calculation
of such properties. If the absorption properties of a tissue are considerably higher than
its scattering properties, the Bouguer–Beer–Lambert law can be used to describe such an
absorption-dominated medium [10]:

I(λ) = I0(λ)e−A(λ), (1)

where A(λ) is the absorbance of the tissue as a function of wavelength, λ, which is defined as:

A(λ) = −ln
(

I(λ)
I0(λ)

)
= µa(λ)× d, (2)

with I0(λ) representing the excitation light intensity, I(λ) representing the transmitted light
intensity and d the sample thickness [10]. This equation can be used to calculate µa(λ) from
the measured transmittance spectrum.

For any slab-form tissue sample that is irradiated by a light beam of intensity I0(λ),
three optical phenomena will occur [2]: transmittance, reflectance and absorbance. If we
can measure the total transmittance (Tt) and total reflectance (Rt) spectra from such a
sample, its A(λ) can be calculated using the following relation [1,9]:

Tt(λ) + Rt(λ) + A(λ) = 1. (3)

Equation (3) can be used to calculate A(λ) for any sample that contains major absorp-
tion, major scattering, or a combination of absorption and scattering properties. When
combining Equations (2) and (3), it is possible to calculate µa(λ) from such Tt and Rt spectra
that were measured from a tissue slab sample [1]:

µa(λ) =
1− [Tt(λ) + Rt(λ)]

d
, (4)

where Tt(λ) and Rt(λ) are represented as ratios of total intensity of transmitted and reflected
light measured with the corresponding integrating spheres to intensity of the incident light
I0(λ), respectively; µa(λ) is calculated in cm−1 (or mm−1), depending on the units used to
measure d (cm or mm).

Since biological tissues are dominated by light scattering properties, once µa(λ) is
calculated with Equation (4), and if collimated transmittance (Tc) spectra from the tissue
are available, then the following form of the Bouguer–Beer–Lambert law can be used to
calculate µs(λ) for the same wavelength range [1–3]:

µs(λ) = − ln[Tc(λ)]

d
− µa(λ). (5)

Spectral measurements do not usually allow to obtain µ′s directly, but since its wave-
length dependence is well described for the ultraviolet-near infrared (UV-NIR), discrete
values can be estimated for that spectral range through inverse adding-doubling (IAD)
simulations, and then fitted with a curve as described by Equation (6) [11].

µ′s(λ) = a×
(

fRay ×
(

λ

500 nm

)−4
+
(
1− fRay

)
×
(

λ

500 nm

)−bMie
)

(6)

In Equation (6), a represents the value of µ′s at 500 nm, f Ray is the Rayleigh scattering
fraction and bMie is the mean size of the Mie scatterers. These parameters can be obtained
when the discrete µ′s values that were generated through IAD are fitted with Equation (6).
When performing the IAD estimations to obtain the discrete µ′s values, the RI of the tissue
(ntissue) at the desired wavelengths is necessary. In general, the RI of tissues is measured
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at discrete wavelengths with multi-wavelength refractometers [12], or using the total
internal reflection method with various lasers with emission within the desired wavelength
range [13]. Once those RI values are measured, the tissue dispersion for that wavelength
range is calculated by fitting the experimental RI data with equations such as the Cauchy
(Equation (7)), the Conrady (Equation (8)) or the Cornu (Equation (9)) equations [13–15]:

ntissue(λ) = A +
B
λ2 +

C
λ4 , (7)

ntissue(λ) = A +
B
λ
+

C
λ3.5 , (8)

ntissue(λ) = A +
B

(λ− C)
, (9)

where, A, B and C are the Cauchy, the Conrady or the Cornu parameters, which are obtained
during the fitting of discrete experimental data. If the calculated tissue dispersion is not
available for the entire wavelength range of interest, a broader dispersion can be calculated
from µa(λ), using the Kramers–Kronig relations, which were developed for non-scattering
materials [16]. In this calculation process, Equation (10) is the first one to be used to obtain
the imaginary part of tissue dispersion (κ(λ)) [13,16]:

κ(λ) =
λ

4π
µa(λ). (10)

After obtaining κ(λ), the dispersion that corresponds to the real part of RI can be
calculated with Equation (11) [13,16,17]:

ntissue(λ) = 1 +
2
π

∫ ∞

0

λ1

Λ
× λ1

Λ2 − λ2
1

κ(Λ)dΛ, (11)

where Λ represents the integrating variable over the wavelength domain and λ1 is a fixed
wavelength that can be adjusted for better vertical matching of the calculated dispersion to
the one obtained from discrete experimental data.

Once the broad-band tissue dispersion is calculated through Equations (10) and (11), we
can select discrete values from it to use in the IAD simulations. By running those simulations,
the generated µ′s values are then fitted with Equation (6) to obtain µ′s(λ). Such spectrum
can be combined with the µs spectrum that was calculated with Equation (5) to obtain the
wavelength dependence of tissue scattering anisotropy (g(λ)) [1–3,18]:

g(λ) = 1− µ′s(λ)
µs(λ)

. (12)

In general, g(λ) presents an increasing exponential behavior with increasing wavelength
in the UV-NIR range [1], which can be described mathematically by Equation (13) [18] or
Equation (14) [19].

g(λ) = a + b
[

1− exp
(
λ− c

d

)]
, (13)

g(λ) = a× exp(b× λ) + c× exp(d× λ), (14)

where a, b, c and d are parameters that are obtained during the fitting of g data.
Such calculation procedure, which relies only on IAD simulations to obtain discrete

µ′s values, is a fast way to obtain the wavelength dependency for the optical properties
of a biological tissue, provided that spectral measurements from the tissue are available.
A particular analysis of the calculated spectral optical properties provides information
about tissue composition, contents of its biological chromophores and possibly indication
of pathologies, as previously observed [1,20].
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The brain is a complex organ, composed by different parts like the cortex and the
cerebellum. The brain functions are complex and the incidence of brain diseases, such as
Alzheimer, Parkinson or stroke have increased significantly in the past 30 years [21]. Such
diseases occur as a natural consequence of the aging process, and are principally due to the
degeneration and death of neurons [22–24]. A monitoring procedure to evaluate neuron
aging, degeneration and death would be helpful to prevent these diseases. To develop such
procedure with optical methods, the knowledge of the optical properties of the brain tissues
is necessary. Only by knowing the spectral optical properties in a wide spectral range it will
be possible to develop optimized optical imaging and spectroscopic methods to evaluate
the health of superficial brain tissues, or to develop in-depth monitoring procedures with
the combination of optical clearing treatments [2,25,26]. With the objective of obtaining the
spectral optical properties of the brain cortex, we performed spectral measurements from
ex vivo rabbit tissues. The methodology used in this study is described in Section 2 and
the results are presented in Section 3.

2. Materials and Methods

The present study involves measurements from ex vivo animal tissues. The re-
search follows the Declaration of Helsinki and was approved by the research review
board in biomedical engineering of the Center of Innovation in Engineering and In-
dustrial Technology (CIETI), in Porto, Portugal. Such approval has the number CI-
ETI/Biomed_Research_2021_01.

In this study, brain cortex samples from recently sacrificed rabbits were prepared
to conduct the experimental measurements. Such experimental studies consisted on RI
measurements at discrete wavelengths and spectral measurements to calculate the optical
properties between the UV and the NIR. Section 2.1 describes the tissue collection and
preparation procedure, Section 2.2 describes the setup and measuring procedure used to
obtain the discrete RI values and Section 2.3 describes the setups and measuring procedures
to acquire the spectral measurements. Section 2.4 describes the calculations made to obtain
tissue dispersion and the spectral optical properties of the brain cortex.

2.1. Tissue Collection and Sample Preparation

Five adult rabbits were acquired from a local breader that sells them for consumption.
The animals were sacrificed on different days and the brain from each one was frozen
for 12 h after dissecting it from within the skull. A cryostat (LeicaTM, Wetzlar, Germany,
model CM1860 UV) was used to prepare tissue slices from the brain cortex. For the RI
measurements, three samples were prepared in the cryostat with 3 mm thickness and an
approximated square superficial area of about 1 cm × 1 cm. For the spectral measurements,
ten samples were prepared with 0.5 mm thickness and an approximated circular form
(~1 cm in diameter).

2.2. RI Measurements

To perform the RI measurements, the total internal reflection method was used [13,27–
29]. The setup used for these measurements was constructed in our lab and is represented
in Figure 1.

To obtain the RI values of the cortex at discrete wavelengths in the visible and NIR
range, each of the three tissue samples that were prepared for this purpose was submitted
to measurements with different lasers in the setup presented in Figure 1. The lasers used
in these measurements had emission wavelengths at 401.4, 534.6, 626.6, 782.1, 820.8 and
850.7 nm. These lasers are laser diodes that were acquired from Edmund Optics, with
the exception of the lasers that emit at 534.6 nm and at 626.6 nm, which were acquired
from Kvant (Bratislava, Slovakia) and from Pasco (Roseville, CA, USA), respectively. The
emmiting power of all lasers was 5 mW or less and their emmiting wavelengths were
verified with a spectrometer from Avantes (Apeldoorn, Netherlands).
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The dispersion prism presented in Figure 1 is a SCHOTT N-SF11 prism acquired from
Edmund Optics, with an RI dependence on wavelength, as presented in Figure 2.
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The curve represented in Figure 2 is described by the Sellmeier equation [30], at 20 ◦C:

n2
prism − 1 =

K1λ
2

λ2 − L1
+

K2λ
2

λ2 − L2
+

K3λ
2

λ2 − L3
, (15)

where the Sellmeier coefficients have the following values for the SCHOTT N-SF11 glass:
K1 = 1.7376, K2 = 0.3137, K3 = 1.8988, L1 = 0.0132, L2 = 0.023, and L3 = 155.2363. Acording
to Ref. [30], since λ is represented in µm in Equation (15), K1, K2 and K3 are dimentionless
coefficients, while L1, L2 and L3 are represented in µm2. Three sets of measurements were
made with each laser, one set per tissue sample. Temperature was kept at 20 ± 1 ◦C and
the following procedure was followed for each set of measurements:

1. The sample was placed in perfect contact with the base of the prism (see Figure 1).
2. Illumination of the setup was made with the laser beam through one side of the prism.
3. The reflected beam was collected with a photocell (a laser power meter from Coherent

with spectral resolution from 0.15 µm to 11 µm), connected to a voltmeter (from
Wavetek Meterman) to read the electrical potential.
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4. This measuring procedure was repeated for several incidence angles (α) between the
incident laser beam and the normal to the air/prism interface. The angular resolution
for these measurements was 1◦.

Such procedure was repeated for the other lasers. To obtain the RI of the brain cortex
at the laser wavelengths, the collected data from each set of measurements needed to be
submitted to calculations, which are described in Section 2.4.

2.3. Spectral Measurements

To perform the spectral measurements, which are necessary to calculate the spectral
optical properties of the brain cortex, ten ex vivo tissue samples were used. All these samples
were sequentially submitted to measurements with the setups presented in Figure 3 to acquire
Tt(λ), Rt(λ) and Tc(λ).
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Figure 3. Experimental setups to measure: Tt(λ) (a), Rt(λ) (b) and Tc(λ) (c).

In the measurements with the Tt setup, a collimated beam 6 mm in diameter from a
Xenon lamp crosses the sample before entering the integrating sphere. The transmitted
beam undergoes several reflections and integration inside the sphere, before being delivered
to the spectrophotometer through an optical fiber cable. The Rt setup is similar to the
one used to acquire Tt, but the beam from the lamp interacts with the tissue sample in a
reflection mode. Such beam enters the integrating sphere at 8◦ with the vertical axis of
the sphere. The reflected beam that leaves the tissue sample is reflected and integrated
inside the sphere before being delivered to the spectrophotometer. In the case of Tc
measurements, a beam from a deuterium-halogen lamp is delivered to the lower part of
the sample cuvette through an optical fiber cable, a collimating lens and a pinhole, which
collimate the beam and reduce its diameter to 1 mm. The unscattered transmitted beam is
collected by another collimating lens into another optical fiber cable to be delivered to the
spectrophotometer. Once ten spectra were collected from the brain cortex samples with all
the setups presented in Figure 3, calculations, as described in Section 2.4, were performed
to obtain the wavelength dependence of the optical properties of this tissue.

2.4. Calculations

After ending all experimental measurements, certain calculations were necessary to
obtain the spectral optical properties of the brain cortex.

Regarding the RI measurements, and since the incident and reflected angles for the
beam can only be measured outside the prism, at the air/prism interfaces, we needed to
use the Snell–Descartes equation to convert the angle of the incident (or reflected) beam
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as measured outside the prism (α) to the incident (or reflected) angle at the prism/tissue
interface (θ) [13,31]:

θ = β− arcsin

[
1

nprism
× sin(α)

]
, (16)

where β represents the internal angle of the prism (60◦ for the prism we used) and nprism
represents the RI of the prism at the wavelength of the laser, which can be retrieved from
Figure 2. To calculate the reflectance curve at the prism/tissue interface for each set of
measurements, we performed the following calculation [13,15]:

R(θ) =
V(θ)−Vnoise

Vlaser −Vnoise
, (17)

with V(θ) representing the electrical potential measured for an incident (or reflected)
angle θ at the prism/tissue interface, Vnoise representing the potential measured with only
background light and Vlaser representing the potential measured directly from the laser.

The reflectance curves obtained from each set of measurements, as calculated with
Equation (17), contain information about the critical angle of reflection, but to obtain such
angle with precision, the first derivative of each curve needed to be calculated. Such
calculation was made according to [13,15]:

deriv(θ) =
R(θi)− R(θi−1)

θi − θi−1
, (18)

where θi and θi−1 represent the consecutive angles of measurement and R(θi) and R(θi−1)
represent the corresponding reflectances measured at those angles. As previously observed
in other studies [13,32,33], those derivatives present a strong peak, whose central angle
corresponds to the critical angle of reflection (θc) at the prism/tissue interface.

For each set of measurements with a particular laser, by representing the curve for the
first derivative of the reflectance as a function of the angle θ, we could identify the value
of θc, which was then used in Equation (19) to calculate the RI of the tissue at the laser
wavelength [13,14].

ntissue(λ) = nprism(λ)× sin(θc). (19)

In Equation (19), ntissue(λ) represents the RI of the tissue at the laser wavelength and
nprism(λ) represents the RI of the prism at the same wavelength as retrieved from Figure 2.
Three sets of measurements were performed with each laser, meaning that three ntissue values
were obtained for each laser wavelength. The mean and standard deviation (SD) for the tissue
RI were calculated for each laser wavelength to provide higher accuracy and data dispersion
between the samples analyzed. The mean RI values of the rabbit cortex were fitted with
Equations (7)–(9) to check which one provides a better fitting. It was verified that the Cauchy
equation (Equation (7)) provides the best fit (R2 = 0.9793) within the wavelength range of the
lasers used (400–850 nm). When performing that fit, we obtained the A, B and C parameters
indicated in Equation (7), as represented next:

ntissue(λ) = 1.353 +
5420
λ2 +

0.3521
λ4 . (20)

All graphs that result from these calculations are presented in Section 3.
Considering the spectral measurements, the first calculation was made with Equation (4)

to obtain µa(λ). Such calculation was made ten times, using the ten pairs of Tt and Rt spectra
that were measured from the samples, resulting in mean and SD for µa(λ).

To obtain the real part of the RI for the cortex as a function of wavelength, the ten
µa spectra were first used in Equation (10) to calculate ten κ(λ). The resulting imaginary
dispersions were then used in Equation (11), which through adjustment of the λ1 parameter
allowed obtaining the real part of the RI for the cortex with optimized vertical matching to
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the curve described by Equation (20). Since ten ntissue dispersions were obtained in this
calculation, mean and SD data were calculated between 200 and 1000 nm.

After calculating µa(λ) and ntissue(λ) for the cortex, calculations were performed with
Equation (5) to obtain the mean and SD for µs(λ). To obtain µ′s(λ), ten IAD simulations
with data from each individual sample were made at discrete wavelengths, with 50 nm
increments between 200 and 1000 nm. For each of the ten sets of simulations (with data
from a particular sample), the resulting µ′s values were fitted by a curve described by
Equation (6) to obtain its wavelength dependence. Ten calculated curves were used to
obtain the mean and SD for µ′s(λ).

Using the calculated values of µs(λ) and µ′s(λ) in Equation (12), mean and SD of g(λ)
were obtained. Finally, using the individual µa and µ′s spectra in Equation (21) [2,34], the
mean and SD of light penetration depth in diffusion approximation (δ(λ)) was obtained for
the cortex:

δ(λ) =
1√

3µa(λ)(µa(λ) + µ′s(λ))
. (21)

All the results from these calculations are presented in Section 3.

3. Results
3.1. RI Measurements

As a result of the calculations described in Section 2.4, which are necessary to obtain
the RI of the cortex, the first step consisted on obtaining the reflectance curves for each set
of measurements with a particular laser. The second step consisted on calculating the 1st
derivative curves of those reflectance curves. The reflectance curves were calculated for
each set of measurements with Equation (17) and the 1st derivative curves were obtained
with Equation (18). Figure 4 presents such results for the 782.1 nm laser.
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Figure 4. Curves calculated with the RI measurements for the 782.1 nm laser: reflectance curves (a)
and 1st derivative curves (b).

Similar curves to the ones presented in panels of Figure 4 were calculated for the mea-
surements with the other lasers. The θc values were retrieved from the curves in Figure
4b and others like those that were obtained for the other lasers. These θc values were used
in Equation (19) to calculate the corresponding RI values of the brain cortex at the laser
wavelengths. Table 1 presents the results of these calculations, their mean and SD.
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Table 1. RI values of the brain cortex at the laser wavelengths.

Laser ntissue Mean SD

1.3883
401.4 nm 1.3877 1.3850 0.0053

1.3789

1.3679
534.6 nm 1.3735 1.3736 0.0058

1.3794

1.3632
626.6 nm 1.3686 1.3680 0.0045

1.3721

1.3562
782.1 nm 1.3609 1.3611 0.0050

1.3662

1.3552
820.8 nm 1.3566 1.3597 0.0066

1.3673

1.3516
850 nm 1.3583 1.3589 0.0076

1.3667

As indicated in Section 2.4, the mean RI values presented in Table 1 were submitted to
fitting tests to check which of the curves described by Equations (7)–(9) provided a better
dispersion curve. In these tests we verified that the best fitting was obtained with the
Cauchy equation (Equation (7)). Equation (20), which is represented in Figure 5 along with
the mean experimental RI values and the SD bars, describes such calculated dispersion for
the rabbit brain cortex.
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Figure 5. Experimental RI values for the rabbit cortex and calculated dispersion.

To compare our experimental data with other data for the brain cortex in literature
and to use it later in the calculation of the cortex dispersion in the spectral range between
200 and 1000 nm from µa(λ), we extended the curve in Figure 5 to a lower wavelength of
200 nm and to a longer wavelength of 1200 nm. Ref. [35] indicates that the RI of human
grey matter (cortex included) is 1.36 for the 456–1064 nm range. In our case and considering
the same spectral range, we see that the rabbit brain cortex presents RI values between 1.35
and 1.38. On the other hand, it was reported by the authors of Ref. [36] that the rat brain
cortex presents a RI of 1.3526 at 1100 ± 100 nm, and from our curve, we see that it is 1.3520
in that range. Authors of Ref. [37] reported that the cortex in rat brain presents an average
RI value of 1.369, but no reference wavelength has been indicated for this value. We have
obtained that value near 600 nm.
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Considering that our experimental measurements to obtain the RI of rabbit brain
cortex are accurate and also assuming that the calculated dispersion is valid outside the
spectral range that corresponds to our measurements, we will now present the spectral
measurements and calculations to obtain the spectral optical properties for this tissue.

3.2. Spectral Measurements and Calculated Spectral Optical Properties

We initiated the spectral measurements by acquiring the Tt spectra from all ten
samples. As explained in Section 2.3, we used the setup presented in Figure 3a to perform
these measurements. Using the setup presented in Figure 3b, we acquired the Rt spectra
from the same ten samples, which were also submitted to measurements with the setup
presented in Figure 3c to acquire the Tc spectra. The mean and SD for these measurements
are presented in Figure 6.
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Figure 6. Mean spectra and SD of the rabbit brain cortex: Tt(λ) (a), Rt(λ) (b) and Tc(λ) (c).

Although the Rt spectrum presented in Figure 6b shows small magnitude in the SD
(less spreading between samples) for the entire spectral range, the tendency for Tt and
Tc spectra is that the magnitude of the SD increases with increasing wavelength. Such
a fact shows that different tissue samples present different transparency for the longer
wavelengths, but for shorter wavelengths they are very similar.

Using the Tt and Rt spectra in Equation (4), we calculated µa(λ), and once it was
calculated, Equations (10) and (11) were used to obtain ntissue(λ) for the cortex. Both these
graphs are presented in Figure 7.

282



Photochem 2021, 1

Photochem 2021, 1, FOR PEER REVIEW 10 
 

 

  
(a) (b) 

 
(c) 

Figure 6. Mean spectra and SD of the rabbit brain cortex: Tt(λ) (a), Rt(λ) (b) and Tc(λ) (c). 

Although the Rt spectrum presented in Figure 6b shows small magnitude in the SD 
(less spreading between samples) for the entire spectral range, the tendency for Tt and Tc 
spectra is that the magnitude of the SD increases with increasing wavelength. Such a fact 
shows that different tissue samples present different transparency for the longer wave-
lengths, but for shorter wavelengths they are very similar. 

Using the Tt and Rt spectra in Equation (4), we calculated µa(λ), and once it was cal-
culated, Equations (10) and (11) were used to obtain ntissue(λ) for the cortex. Both these 
graphs are presented in Figure 7. 

 
(a) (b) 

Figure 7. Spectral curves of µa(λ) (a) and ntissue(λ) (b) for the rabbit brain cortex. 

200 300 400 500 600 700 800 900 1000
(nm)

0
5

10
15
20
25
30
35
40
45
50

Rabbit brain cortex

Figure 7. Spectral curves of µa(λ) (a) and ntissue(λ) (b) for the rabbit brain cortex.

As a result of the calculations made with Equation (4), µa(λ) presents increasing
magnitude for the SD with increasing wavelength. In this graph (Figure 7a), we see
several absorption peaks. The first one occurs at 230 nm, which correspond to amino
acid connections of tyrosine and tryptophan in proteins [38,39]. The brain and especially
the cortex contains several proteins, such as actin, albumin, α-tubulin, β-tubulin, neuron-
specific enolase (NSE), and vimentin [40]. The second band occurs at 267 nm, showing a
combination of the absorption band of DNA/RNA at 260 nm with the one of hemoglobin
at 274 nm [41]. We see also the other absorption bands of oxygenated hemoglobin in the
visible range—411 nm (Soret band) and 540/570 nm (Q bands) [41]. The graph in Figure 7a
also shows the absorption band of water at 980 nm [41].

Considering the RI data presented in Figure 7b, we see that there is a good matching
between the cortex dispersions that were calculated with the Kramers–Kronig relations and
with the Cauchy equation in the entire spectral range. An exception to this good matching
occurs in the locations that correspond to the absorption bands of oxygenated hemoglobin.
Such poor matching at these spectral locations is due to the lack of hemoglobin sensitivity
in the total reflection method that resulted in the Cauchy curve in Figure 7b.

The following step consisted on performing the IAD simulations to obtain discrete
values of µ′s. Such simulations were also performed ten times, considering the experimental
measured spectra from the ten samples. On the other hand, using the calculated µa spectra
in Equation (5), we calculated ten spectra for µs. The mean spectra and SD data for µ′s and
µs are presented in Figure 8.
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Figure 8. Spectral curves of µ′s(λ) and µs(λ) for the rabbit brain cortex.

We can see from Figure 8 that as a result of fitting all µ′s and µs estimations with
Equation (6), both curves have a smooth decreasing exponential behavior with increasing
wavelength. Both curves approach each other at lower wavelengths, and as the wavelength
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grows they tend to differ, as previously observed for other studies [1,9]. Considering the
wavelengths 635, 671, and 808 nm, we see that the average µ′s data in Figure 8 is 9.3, 8.6,
and 6.8 cm−1. The authors of Ref. [42] also presented µ′s data for the rabbit brain after
freezing at −20 ◦C. Although the data in that study were not specifically referring to the
brain cortex, their results are not too dissimilar from ours: 11.2, 9.2, and 5.7 cm−1. Using
the data in Figure 8, we calculated g(λ) with Equation (12). Figure 9 presents the result of
this calculation.
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Figure 9. Spectral curve of g(λ) for the rabbit brain cortex.

The wavelength dependence presented for the g-factor in Figure 9 shows the expected
behavior for a biological tissue—g increases with increasing wavelength due to predomi-
nant Rayleigh scattering [1,9,11]. To finalize the calculation of the optical properties of the
brain cortex, we used the µa and µ′s spectra in Equation (21) to calculate δ(λ). Figure 10
presents the result of these calculations.
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Figure 10. Spectral curve of δ(λ) for the rabbit brain cortex.

Once again, the wavelength dependence presented in Figure 10 is according to what
is described in literature for biological tissues—δ increases with wavelength. We also see
that such increase seems to saturate near 800 nm. The existence of absorption bands in the
graph presented in Figure 10 is due to the dependence of δ on µa.

As a final discussion and interpretation of results, we performed an additional analysis
on µa(λ), which is presented in Figure 7a. As previously described in the literature [1], by
evaluating the ratios for the absorption bands in the µa spectrum, we can estimate a measure
of the blood content and possibly of other absorbers in the tissue. Looking into Figure 7a, it
seems that µa shows a baseline with some exponential decreasing dependency with increasing
wavelength in the entire spectral range. Such behavior was previously observed for human
colorectal tissues, where a discriminated content of a pigment (lipofuscin) was detected for
normal and pathological mucosa [1,20].
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The brain tissues are known to accumulate some particular pigments, such as
hemosiderin [43], which is a microscopically visible granular iron pigment that emerges
after rapid hemoglobin destruction or due to a fast and excessive iron deposition [44].
Another type of pigments that have been reported to accumulate in brain tissues are the
carotenoid-type pigments, such as β-cryptoxanthin, lutein, and zeaxanthin, which contain
oxygen atoms as hydroxyl, carbonyl, aldehyde, carboxylic, epoxide, and furanoxide groups
in their molecules [45]. In addition to these pigments, the most common to accumulate
in the brain, and in particular in the cortex are melanin and lipofuscin [46]. These two
pigments originate from precursors, such as L-tyrosine, L-cysteine, and dopamine (in the
case of melanin) [47] and from cell organelles, such as mitochondria, Golgi apparatus, and
lysosomes (in the case of lipofuscin) [48–50]. Such precursors can easily associate with
metals, particularly iron, to form melanin and lipofuscin [23].

Different mathematical equations that describe the wavelength dependence of µa for
melanin and lipofuscin have been reported [51]:

µa−melanin(λ) = A× λ−B, (22)

µa−lipofuscin(λ) = e(C−D×λ), (23)

where A, B, C and D are numerical parameters that can be determined when fitting experi-
mental data. According to Ref. [51], these equations are valid for the range between the
visible and the near infrared range (450–900 nm). In our case, and since we performed
our studies between 200 and 1000 nm, Equations (22) and (23) might not be suitable to
describe the wavelength dependencies for melanin and lipofuscin. Looking in the literature
to find broader spectra for these pigments, we found graphical data [52,53], which we have
reconstructed, as presented in Figure 11.
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Figure 11. Spectral curves of µa(λ) for melanin and lipofuscin.

As represented in Figure 11, lipofuscin does not have a wavelength dependence as
described by Equation (23), especially in the deep-UV range. Regarding melanin, we tried
to fit the data in Figure 11 with a curve as described by Equation (22) and found that such
an equation only provides a good fitting between 450 and 900 nm. Indeed, for an extended
wavelength range, such as 200–1000 nm as we are using in our study, we need to avoid
using Equations (22) and (23). This way, we used the numerical data from Figure 11 to
reconstruct the accumulation of these pigments in the tissues used in our study. Such
accumulation was found to be described as:

µa−pigment(λ) = 3.5×M(λ) + 1.9× L(λ) (24)

with M(λ) and L(λ) representing the wavelength dependencies of the absorption coefficient
of melanin and lipofuscin, respectively, as presented in Figure 11. Equation (24) describes
well the decreasing behavior of the baseline observed for the µa of the cortex that is pre-
sented in Figure 7a, but some contribution of other pigments or the precursors of melanin
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and lipofuscin may be included in that absorption spectrum. For instance, hemosiderin
shows a wavelength dependence for µa, which is similar to the one of melanin that we
have represented in Figure 11 [54]. Since there was no suspicion of rapid hemoglobin
destruction or fast and excessive iron deposition in the cortex of the animals used in the
study, we have neglected the absorption of hemosiderin in the calculation of µa-pigment(λ)
in Equation (24). The carotenoid-type pigments, β-cryptoxanthin, lutein and zeaxanthin,
all have a similar absorption spectrum, with low absorption in the UV and null absorption
for wavelengths above ~500 nm. Between 400 and 500 nm, these carotenoid-type pigments
present three absorption peaks, being β-cryptoxanthin the one with peaks of higher magni-
tude [55]. Since those absorption bands occur between 420 and 476 nm [55], they seem to
have no influence in the resulting µa spectrum of the cortex. Looking into that spectrum
in Figure 7a, between 400 and 500 nm we see only a well-defined Soret band, with center
wavelength at 411 nm.

Regarding the melanin precursors, their absorption is mainly characterized by UV-
bands, with zero absorption above 300 nm. In the case of L-cysteine, its absorption spectrum
is the combination and overlapping of two bands, the one with higher-magnitude centered
near 230 nm and the one with lower-magnitude centered near 280 nm [56]. This means
that the absorption band that we see in Figure 7a at 230 nm may not be only due to the
amino acid connections in proteins. It may also indicate the presence of L-cysteine in the
cortex samples we used. No evidence of the 280 nm band was observed in the spectrum
in Figure 7a, but due to the strong band at 267 nm that results from the combination of
the DNA/RNA band at 260 nm and the hemoglobin band at 274 nm, the 280 nm band of
L-cysteine can be masked. The absorption spectrum of L-tyrosine is the combination of
two bands with a small overlapping, the higher-magnitude being centered at a wavelength
smaller than 240 nm and the one with lower-magnitude being centered near 285 nm [57].
In the case of dopamine, a single absorption band occurs, with a central wavelength near
280 nm [58]. For the same reasons presented above for L-cysteine, the absorption bands
of L-tyrosine and dopamine can be masked by the absorption bands of the amino acid
connections in proteins and the one that results from the combination of DNA/RNA and
hemoglobin. This means that melanin precursors may also be present in the samples used
in this study.

For the case of the lipofuscin precursors, we found only the absorption spectrum of
mitochondria. Similar to the case of the melanin precursors, such absorption is limited
in the UV, with zero absorption for wavelengths longer than 400 nm. Mitochondria
present a single absorption band between 300 and 400 nm, with a central wavelength
near 360 nm [59]. Looking into the absorption spectrum presented in Figure 7a, the
absorption band of mitochondria can be masked by the Soret band, which extends to a
lower wavelength close to 320 nm.

Considering this discussion and assuming that only melanin and lipofuscin contribute
the decaying baseline observed in the absorption spectrum of the brain cortex, we sub-
tracted the curve described by Equation (24) to that spectrum. Figure 12 presents the
µa(λ) of the rabbit brain cortex (the same as in Figure 7a), the µa-pigment(λ) as described
by Equation (24) and a third curve, which represents the difference of the previous two.
We have also presented in Figure 12 the ratios for the most significant absorption bands—
DNA/RNA (260 nm) and oxygenated hemoglobin (Soret and Q-bands at 411 and 555 nm).
The ratios that are presented in blue were calculated for the peaks in the original µa(λ),
considering the µa-pigment(λ) curve as baseline. The ratios that are presented in green were
calculated in the same manner, but now considering the peaks in µa(λ) after subtracting
the curve for µa-pigment(λ). In this case, the baseline is the horizontal black line that was
fixed at the minimum value of the green curve, which occurs at 804 nm.

286



Photochem 2021, 1Photochem 2021, 1, FOR PEER REVIEW 15 
 

 

 
Figure 12. Wavelength dependencies of µa for the melanin and lipofuscin pigments and for the rab-
bit brain cortex, before (blue line) and after (green line) subtracting the absorption of the pigments. 

In the first analysis of the data in Figure 12, we see that by subtracting the absorption 
of the pigments from the calculated µa, a decrease occurred in the entire spectral range. 
Performing a similar comparison with literature data as the one made for the µ′s data in 
Figure 8, we see some similarity between the corrected µa data in Figure 12 and that re-
ported in Ref. [42] for rabbit brain after freezing at −20 °C. Considering once again the 
wavelengths 635, 671, and 808 nm, the corrected µa spectrum in Figure 12 presents the 
values: 0.8, 0.6, and 0.3 cm−1, while in Ref. [42] the values of 0.8, 0.5, and 0.4 cm−1 were 
reported at those wavelengths. 

Considering now the ratios presented in Figure 12 and comparing between the val-
ues obtained before and after subtracting the absorption of the pigments, we see that both 
melanin and lipofuscin were camouflaging the real content of both DNA/RNA and hemo-
globin in the rabbit brain. Such contents were not only low but deceiving, since from the 
blue curve in Figure 12 we see a higher ratio at the Soret band than at the DNA/RNA band. 
After subtracting the absorption of the pigments from the µa of the cortex, we see that in 
reality the DNA/RNA band presents a higher ratio than the one observed at the Soret 
band. 

According to Double et al. [23], both melanin and lipofuscin are two pigments that 
are produced within the brain and accumulate there at a slow pace from the early years 
of life. Lipofuscin accumulation in the brain has been associated with the brain cell aging 
process [23,60–62], while melanin has been suggested to be produced by brain cells as an 
iron-regulatory molecule with protective functions. A more recent review was published 
by Moreno-García et al. [24], where new findings on the melanin and lipofuscin accumu-
lation in the brain and their interrelation is discussed. According to these authors, and 
considering the human brain, catecholaminergic neurons are characterized by an age-re-
lated accumulation of melanin. When a neuron degenerates, it releases melanin and other 
products such undegraded cell components or lipids, a process that contributes to initiat-
ing and worsening an eventual immune response, which ultimately leads to the neuro-
degenerative process. These authors also reported that the accumulation of lipofuscin ag-
gregates in the brain during the normal aging process leads to striking morphological 
changes in neurons. Lipofuscin is described as an undigested bioproduct of central pro-
cesses of cellular detoxification of autophagy, which is associated with both the aging and 
the neurodegeneration processes in the brain. It is also noted that the colocalization of 
both melanin and lipofuscin may produce a redox crosstalk between them. Such crosstalk, 
under certain conditions, may induce the production of melanin from melanized 
lipofuscin and under the presence of ferrous sulfide, lipofuscin can be transformed into 
melanin after a pseudoperoxidation process [24]. We remember that the tissue samples 
used for our study were retrieved from adult rabbits, meaning that the accumulation of 
such pigments should be expected in our study. Other authors have also reported that 
such pigment accumulation is related to tissue and cell degeneration as a consequence of 

Figure 12. Wavelength dependencies of µa for the melanin and lipofuscin pigments and for the rabbit
brain cortex, before (blue line) and after (green line) subtracting the absorption of the pigments.

In the first analysis of the data in Figure 12, we see that by subtracting the absorption
of the pigments from the calculated µa, a decrease occurred in the entire spectral range.
Performing a similar comparison with literature data as the one made for the µ′s data
in Figure 8, we see some similarity between the corrected µa data in Figure 12 and that
reported in Ref. [42] for rabbit brain after freezing at −20 ◦C. Considering once again the
wavelengths 635, 671, and 808 nm, the corrected µa spectrum in Figure 12 presents the
values: 0.8, 0.6, and 0.3 cm−1, while in Ref. [42] the values of 0.8, 0.5, and 0.4 cm−1 were
reported at those wavelengths.

Considering now the ratios presented in Figure 12 and comparing between the val-
ues obtained before and after subtracting the absorption of the pigments, we see that
both melanin and lipofuscin were camouflaging the real content of both DNA/RNA and
hemoglobin in the rabbit brain. Such contents were not only low but deceiving, since from
the blue curve in Figure 12 we see a higher ratio at the Soret band than at the DNA/RNA
band. After subtracting the absorption of the pigments from the µa of the cortex, we see
that in reality the DNA/RNA band presents a higher ratio than the one observed at the
Soret band.

According to Double et al. [23], both melanin and lipofuscin are two pigments that
are produced within the brain and accumulate there at a slow pace from the early years
of life. Lipofuscin accumulation in the brain has been associated with the brain cell aging
process [23,60–62], while melanin has been suggested to be produced by brain cells as an
iron-regulatory molecule with protective functions. A more recent review was published by
Moreno-García et al. [24], where new findings on the melanin and lipofuscin accumulation
in the brain and their interrelation is discussed. According to these authors, and consid-
ering the human brain, catecholaminergic neurons are characterized by an age-related
accumulation of melanin. When a neuron degenerates, it releases melanin and other prod-
ucts such undegraded cell components or lipids, a process that contributes to initiating and
worsening an eventual immune response, which ultimately leads to the neurodegenerative
process. These authors also reported that the accumulation of lipofuscin aggregates in the
brain during the normal aging process leads to striking morphological changes in neurons.
Lipofuscin is described as an undigested bioproduct of central processes of cellular detoxi-
fication of autophagy, which is associated with both the aging and the neurodegeneration
processes in the brain. It is also noted that the colocalization of both melanin and lipofuscin
may produce a redox crosstalk between them. Such crosstalk, under certain conditions,
may induce the production of melanin from melanized lipofuscin and under the presence
of ferrous sulfide, lipofuscin can be transformed into melanin after a pseudoperoxidation
process [24]. We remember that the tissue samples used for our study were retrieved from
adult rabbits, meaning that the accumulation of such pigments should be expected in our
study. Other authors have also reported that such pigment accumulation is related to tissue
and cell degeneration as a consequence of the aging process [60,63,64]. It has also been
reported that lipofuscin is able to aggregate transition metals, such as iron and copper,
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which turn this pigment cytotoxic, changing the oxidation of cellular components such as
proteins, lipids and RNA/DNA [62]. In the case of brain tissues, such cellular changes may
be at the basis of the degeneration and death of neurons has reported in Ref. [22], and may
be the primary responsible for the occurrence of Alzheimer, Parkinson, and stroke diseases.

To prevent the development of such diseases, it is necessary to develop a noninvasive
method to evaluate the accumulation of such age-related pigments in brain tissues. Since
in our study we were able to detect the presence of such pigments from the µa(λ) of the
brain cortex, possibly the application of noninvasive diffuse reflectance (Rd) measurements
can be used to develop such method. As recently reported [20], such measurements can
be combined with a machine learning approach to reconstruct µa(λ) and allow to monitor
pigment accumulation.

4. Conclusions

In this study, we used spectral measurements from ex vivo brain cortex samples from
adult rabbits to calculate the wavelength dependencies of tissues optical properties. The
results obtained in this study are accordingly to others that have been reported for different
biological tissues. An analysis on the absorption of the cortex showed that it contains
some pigments, namely melanin and lipofuscin, which hides the true content of other
biological absorbers that the tissue contains. By reconstructing the exponential decreasing
absorption with increasing wavelength of these pigments we were able to subtract it from
the calculated absorption coefficient of the cortex and such procedure permitted the correct
evaluation of the blood and DNA/RNA contents in the rabbit brain.

The accumulation of melanin and lipofuscin has been described to be related to the
degeneration processes that occur in tissues and cells as a consequence of the ageing
process. In the case of the brain, such degeneration and consequent neuron death has been
connected to the development of certain pathologies, such as Alzheimer, Parkinson, and
stroke. Due to this relation, it would be interesting to evaluate the content of melanin and
lipofuscin in brain tissues from animal specimens at different ages to monitor its progress.
Such evaluation could also be performed in humans to identify the pigment accumulation
as a function of age and try to relate it with the development of brain diseases. To perform
such evaluation in humans in vivo using a noninvasive procedure, diffuse reflectance
spectra could be acquired and processed with machine learning algorithms to reconstruct
the absorption spectra of the brain tissues. There are several ethical and experimental
issues associated with such research in humans, but if the absorption spectra that quantifies
pigment accumulation can be calculated from animal models, a method could be developed
to diagnose and monitor the development of age-related brain diseases.
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Abstract: Melanins are skin-centered molecular structures that block harmful UV radiation from
the sun and help protect chromosomal DNA from UV damage. Understanding the photodynamics
of the chromophores that make up eumelanin is therefore paramount. This manuscript presents a
multi-reference computational study of the mechanisms responsible for the experimentally observed
photostability of a melanin-relevant model heterodimer comprising a catechol (C)–benzoquinone (Q)
pair. The present results validate a recently proposed photoinduced intermolecular transfer of an H
atom from an OH moiety of C to a carbonyl-oxygen atom of the Q. Photoexcitation of the ground
state C:Q heterodimer (which has a π-stacked “sandwich” structure) results in population of a locally
excited ππ* state (on Q), which develops increasing charge-transfer (biradical) character as it evolves
to a “hinged” minimum energy geometry and drives proton transfer (i.e., net H atom transfer) from
C to Q. The study provides further insights into excited state decay mechanisms that could contribute
to the photostability afforded by the bulk polymeric structure of eumelanin.

Keywords: photophysics; photoprotection; photostability; eumelanin; catechol; benzoquinone;
ultraviolet; conical intersection

1. Introduction

The fundamental photochemistry of prototypical organic and biological chromophores
is attracting ever more attention [1–3]—driven, in part, by ambitions to advance under-
standing (and prevention) of photoinduced damage in biomolecules [4–11] and to improve
the photoprotection offered by sunscreen molecules [12–15]. Ultraviolet (UV) excitation
of any given molecule increases its total energy, typically to values in excess of many of
the energy barriers associated with reaction on the ground state potential energy (PE)
surface. The excited state molecules formed upon UV absorption may decay in a number
of ways that have traditionally been illustrated using a Jablonski diagram. Extremes of
these behaviors include:

(i) Photoreaction, by photodissociation, which constitutes the dominant decay mech-
anism for many small heterocyclic molecules in the gas phase. Much studied examples
include phenol [2,4,16–25], pyrrole [26–34] and indole [35–38];

(ii) Photostability, wherein the photoexcited molecule decays back to the ground state,
rapidly and with high efficiency, without any permanent chemical transformation. Such
non-radiative decay (generically termed internal conversion) is the desired photophysical
response for the DNA/RNA nucleobases [4,39–65] and, for example, for derivatives of the
p-aminobenzoates, cinnamates, salicylates, anthranilates, camphor, dibenzoyl methanes
and/or benzophenones used in commercial sunscreens [13,14]. Internal conversion pro-
cesses are mediated by conical intersections (CIs)− regions of the PE surfaces where distinct
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electronic states become energetically degenerate [66,67]. These points of degeneracy de-
velop into CIs when orthogonal motions are considered, which facilitate non-adiabatic
coupling (i.e., the funneling of population) from the photoexcited state to a lower (e.g., the
ground) state.

Sunscreen molecules are chosen on the basis of good photostability. Those that
find use in commercial sunscreen products have been chosen/engineered to absorb in
the UV-A/B regions of the electromagnetic spectrum and, following photoexcitation, to
undergo efficient non-radiative decay back to the ground state—releasing the excess energy
as local heating in the formulation of which they are a part. In oxybenzone, for example,
π*←π excitation of the dominant (in the ground (S0) state) enol-conformer populates the
strongly absorbing 1ππ* state, which relaxes—either directly or via an (optically dark)
1nπ* state—toward its minimum energy keto-configuration (i.e., an intramolecular H
atom transfer (HAT) process) and onwards towards the CI with the S0 state at non-planar
geometries (one ring twists relative to the other about the central aliphatic C–C bond).
A reverse H atom transfer process on the S0 PES and vibrational energy transfer to the
surrounding solvent results in (efficient, but not complete) reformation of the original
enol-conformer with a (solvent-dependent) time constant [32,68–72].

Many sunscreen molecules occur naturally on UV-exposed regions of biological sys-
tems. In mammals, for example, natural molecular sunscreens are localized in the skin
(eumelanin and pheomelanin), sweat glands (urocanic acid) and the cornea of the eye
(kynurenines). As with the DNA/RNA nucleobases, natural sunscreen molecules have
evolved to cope with exposure to UV radiation, which, in the case of the skin, means
protecting the lower epidermis from UV-induced DNA damage. Eumelanin, the most
abundant melanin found in humans, provides many beneficial functions including serving
as a naturally occurring sunscreen [73–75]. Eumelanin is produced via melanogenesis,
wherein tyrosine is oxidized and polymerized, resulting in a heterogeneous pigment com-
posed of cross-linked 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) based polymers. The mechanism(s) underpinning its photostability remain
active research topics, however [76–78].

Several studies have sought to address these issues by exploring aspects of the pho-
tophysics prevailing within individual molecular components of eumelanin—including
DHI [79–82] and DHICA [75,83–85], various monohydroxyindoles [86,87] and catechol [88–93]
in the gas and/or solution phase. Building on earlier work by Van Anh and Williams [94],
Kohler and co-workers [95] recently reported ultrafast transient absorption studies follow-
ing UV photoexcitation of non-covalently bonded heterodimers based on ortho-positioned
dihydroxyphenol (catechol) and 1,2-benzoquinone groups. For experimental reasons, it was
necessary to work with the chemically stable 3,5-di-tert-butyl substituted C and Q molecules.
The experimental data provided rather convincing evidence that intermolecular HAT from the
(acidic) O–H proton donor on catechol to a carbonyl oxygen (proton acceptor) group on the
quinone could constitute another decay pathway and thus another source of photostability
following UV photoexcitation. Here we report multi-reference computational studies designed
to explore the photophysics of this model catechol (C), 1,2-benzoquinone (Q) (henceforth C:Q)
heterodimer (without the tert-butyl substituents, for computational simplicity), which provide
mechanistic insight in support of these recent experiments [95].

2. Computational Methods

The ground state minimum energy geometry of the π-stacked configuration of the C:Q
heterodimer was optimized using theωB97XD functional of Density Functional Theory [96],
coupled to the 6-311+G(d, p) Pople basis set [97]. This functional was chosen since it
is capable of describing the long-range correlation effects inherent to charge-separated
configurations, as well as the dispersion interactions between the individual chromophores.
Optimizations of other plausible side-on, hydrogen-bonded and π-stacked configurations
were undertaken but, in all cases, these alternative starting structures converged to the
π-stacked configuration shown below.
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The present study focused on the net transfer of an H atom, so the tautomer formed
by HAT was next optimized. In the closed-shell singlet configuration, this tautomer should
represent an unstable high energy point on the diabatic ground state PE surface due to the
long-range attractive interaction that encourages reformation of the parent heterodimer.
Thus, the corresponding triplet-spin configuration of the C:Q biradical tautomer (which
can also be viewed as a semiquinone, or catechoxyl, radical pair) was optimized in order
to maintain a long-range minimum energy structure. A similar methodology was used
recently to follow the photoinduced evolution of a cyclopropenone-containing enediyne
system through to a biradical configuration [98].

Vertical excitation energies and transition dipole moments of the C:Q heterodimer were
calculated using complete active space self-consistent field (CASSCF) and complete active
space second-order perturbation theory (CASPT2) methods. The CASSCF calculation was
state-averaged with the lowest four singlet and the lowest four triplet states and employed
an active space of ten electrons in ten orbitals (10/10)—comprising the five highest valence
orbitals and five lowest unoccupied molecular orbitals (shown later).

PE profiles associated with the HAT coordinate were then constructed by interpolating
the geometries between the ground state minimum of the C:Q heterodimer and the biradical
tautomer, using a linear interpolation in internal coordinates (LIIC). Using the CASPT2
method [99] and a cc-pVDZ basis set, PE values at each point along the LIIC were calculated
for the lowest four singlet states using a state-averaged CASSCF reference wavefunction.
The same (10/10) active space was used, along with an imaginary level shift of 0.5 EH to
aid convergence and circumvent the involvement of intruder states.

All DFT calculations were calculated using the Gaussian 16 computational pack-
age [100], whilst all CASPT2 calculations used the MOLPRO computational package [101].

3. Results and Discussion

An isolated gas-phase multi-reference computational study of the UV photoinduced
chemistry of C:Q heterodimers is presented, the results of which support and extend
conclusions reached in recent transient absorption studies of this system in a weakly
interacting solvent (cyclohexane) [95]. This section is sub-divided into sections addressing
the minimum energy structures of the heterodimer and its biradical tautomer, the electronic
spectroscopy of the former and then the topography of the PE surfaces sampled following
photoexcitation of the heterodimer.

3.1. Minimum Energy Geometries of the Ground State Heterodimer and Its Biradical Tautomer

As a reminder, theωB97XD functional was used in order to achieve an appropriately
balanced description of the dominant π-π interactions between the C and Q chromophores
and the long-range correlation effects. As Figure 1a,b show, the ground state minimum
energy geometry of the C:Q heterodimer exhibits a π-stacked configuration. (The Cartesian
coordinates of all atoms in this minimum energy structure are provided as Supplemen-
tary Materials, as are (harmonic) normal mode wavenumbers for the ground state C:Q
heterodimer and the bare C monomer.) Alternative side-on hydrogen bonding could also
be expected to provide a strong intermolecular interaction, but the π-stacked ground state
configuration shown in Figure 1 offers both π-π and hydrogen-bonding, and the stability
of this π-stacked structure can be understood by recognizing two stabilizing interactions.
One is a π–π interaction between bonding π electrons on the catechol moiety and the
antibonding π* orbital localized on the benzoquinone. These orbitals are reasonably well-
matched in energy. The second is the inter-chromophore hydrogen-bonding between an
O–H donor, local to catechol, and a carbonyl oxygen acceptor, localized on the benzo-
quinone chromophore. This deduced C:Q heterodimer structure, involving one intra- and
one intermolecular H-bond, is fully consistent with that derived by analysis of the Fourier
transform infrared spectrum of mixed solutions of (the di-tert-butyl substituted forms of) C
and Q in cyclohexane [95].
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Figure 1. (a) Side and (b) top view of the optimized structure of the catechol (C), 1,2-benzoquinone
(Q) (C:Q) heterodimer in its ground electronic state. (c) Optimized geometry of the biradical tautomer
formed by H atom transfer. Intramolecular and intermolecular H-bonds are indicated by, respectively,
dashed purple and green lines.

Figure 1c shows the minimum energy geometry of the biradical formed upon HAT.
(The Cartesian coordinates of all atoms in this minimum energy structure are also provided
in the Supplementary Materials). The “hinged” structural arrangement of the C and
Q chromophores is very different from the π-stacked configuration of the ground state
heterodimer, though it again displays one intermolecular and one intramolecular hydrogen
bond. The breakdown of the π-stacking upon biradical formation can be understood by
recognizing that the lowest energy biradical configuration has ππ* character, wherein the
π- and π*-orbitals are localized on, respectively, the C and Q moieties (vide infra). The
ensuing electron–electron repulsion destroys the π–π interaction inherent to the ground
state parent structure, leaving inter-chromophore H-bonding as the dominant non-covalent
interaction in the biradical tautomer.

We note that the experimentally studied C:Q heterodimer contains bulky tert-butyl
substituents which may affect the π-stacking. That said, we do not expect this to have a
serious impact on the excited state photophysics deduced here, as the tert-butyl group is a
σ-perturbing substituent, while the dominant effects observed in the photophysics of C:Q
are π-centered.

3.2. The Electronic Spectrum of the C:Q Heterodimer

Table 1 lists the vertical excitation energies (VEEs) to the first few singlet and triplet
excited states of the C:Q heterodimer from the π-stacked minimum energy configuration.
The active space orbitals used in the CASPT2 computations, shown in Figure 2, may be
used along with Table 1 to identify the dominant orbital promotions involved in preparing
these various excited states.
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Figure 2. Active space orbitals used in the CASSCF/CASPT2 calculations of the C:Q heterodimer. Q
sits above C in all depictions, but the orientation of the heterodimer structure is varied to allow better
visualization of the various occupied (1–5) and virtual (6–10) orbitals. The orbital numbering aligns
with that used to describe the dominant promotions associated with forming the various excited
states in Table 1.

Table 1. Calculated vertical excitation energies (VEE) and oscillator strengths (f ) to the lowest singlet
and lowest triplet excited states of the C:Q heterodimer. The entries in the “Character” column show
the dominant electron promotions between the active space orbitals shown in Figure 2, with the
respective contributions (i.e., the squares of the associated coefficients) shown in parentheses.

Electronic State Character VEE/eV f

S1-S0
6←3 (0.71)

1.93 0.0016←3 + 6←5 (0.04)

S2-S0
6←5 (0.51)

3.23 0.05416←4 (0.34)

T1-S0
6←5 (0.72)

1.64 -
8←3 (0.04)

T2-S0
6←5 (0.73)

2.25 -
8←5 (0.04)

Vertical excitation to the S1 state from the π-stacked ground state minimum energy
geometry is dominated by electron promotion from a largely non-bonding (n) orbital,
localized on the carbonyl oxygen atom, to an antibonding π* orbital, both of which are
localized on the benzoquinone moiety. The S1 state is best viewed as a locally excited state
(i.e., the excitation is concentrated on a common chromophore) with nπ* character, and
optically “dark” (i.e., the S1–S0 transition has a low oscillator strength—reflecting the poor
spatial overlap of the n and π* orbitals).

The S2 state is best described by a mixture of two configurations. The 6←5 orbital
promotion involves excitation of an electron from the π highest occupied molecular orbital
(HOMO) (which is mainly localized on Q but extends over the C moiety also) to the π*
lowest unoccupied molecular orbital (LUMO) localized on Q. 6←4 promotion, in contrast,
involves excitation from a bonding π orbital, largely localized on the C chromophore,
to the Q-localized π* antibonding orbital. Both promotions can be pictured as π*←π
transitions: The S2 state is thus best viewed as having ππ* character but, even in the vertical
region, formation of the S2 state of the heterodimer involves some electron transfer from
C to Q—which likely contributes to the high oscillator strength reported in Table 1. For
completeness, excitation energies to the first two triplet excited states, both of which are
also best described as locally excited ππ* states, are also included in Table 1.
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The predicted oscillator strengths and VEEs for the (weak) S1–S0 and (strong) S2–S0
transitions reported in Table 1 match well with the maxima evident (at λ ~595 nm and
~400 nm) in the UV absorption spectrum of the (t-butyl substituted) C:Q heterodimer
in cyclohexane [95], lending further support to our expectation that the tert-butyl sub-
stituents have little effect on the electronic properties (and excited state photophysics) of
the heterodimer.

3.3. Photophysics of the C:Q Heterodimer

We now consider the possible fate(s) of the C:Q heterodimer following UV photoex-
citation and the potential role of such photophysics in explaining the photostability of
eumelanin. Motivated by the work of Kohler and co-workers [95], the ensuing discussion
focuses on the mechanism of photoinduced HAT. Figure 3a displays PE profiles of the
ground and first two excited singlet electronic states along the LIIC between the ground
state minimum energy geometry and that of the optimized biradical tautomer formed by
HAT (henceforth QLIIC)—the structures of both of which are reproduced again as insets
in Figure 3a. We caution that the use of a LIIC almost inevitably means that the present
calculations do not capture the true minimum energy path from reactant to product, but
they are expected to identify key topographical features of the PE surfaces under study.
The ground state (black) PE profile increases, reaching a maximum at QLIIC ~0.5, beyond
which it decreases en route to the biradical tautomer. The electronic wavefunction of the
adiabatic ground state switches at QLIIC ~0.5, as illustrated in Figure 3b,c, which illustrates
the increasing ππ* character of the ground state configuration of the biradical tautomer
(which correlates diabatically with the S2 state of the parent C:Q heterodimer). The stability
of the biradical structure can be understood by considering the change in electronic charac-
ter. In the ππ* configuration, the O-atom donor of the pre-existing OH moiety contains a
doubly occupied p orbital which, when viewed from the biradical minimum, provides a
long-range repulsive interaction in the reverse HAT direction. As Figure 3b,c show, the
singly occupied molecular orbitals in the S0 state of the biradical are localized on different
chromophores: the S0 state at QLIIC > 0.5 is best described as a charge-separated (or charge
transfer) state.

The S1 state (red in Figure 3a) has nπ* character in the vertical region and is bound
with respect to initial motion along QLIIC—reflecting the fact that the π*← n transition is
localized on the benzoquinone moiety and shows no net driving force for HAT. The S2 state,
in contrast, has ππ* character at the Franck–Condon geometry and shows net reactivity
with respect to the “hinge-like” geometry change along QLIIC. This can be understood by
recognizing that the transition involves π and π* orbitals that are initially largely localized
on a single chromophore but then develop increasing charge-separated character, as shown
in Figure 3b,c. The diabatic 1ππ* state progressively develops charge transfer (CT) character
as QLIIC → 1, which is neutralized by proton transfer from the C to the Q moiety. Such
photoinduced HATs are also frequently termed proton-coupled electron transfer (PCET) or
electron-driven proton transfer (EDPT) processes. Upon increasing QLIIC from the Franck–
Condon region, the diabatic CT state crosses both the 1nπ* state and the ground state.
This is the origin of the evolution of the ground state electronic wavefunction described
above. As in many related systems [4,102,103], these diabatic crossing points will surely
be CIs when motion along orthogonal modes are considered, and represent regions of
configuration space where internal conversion between electronic states is favorable (i.e.,
where population is funneled efficiently to the lower PE surface).

Given the foregoing descriptions of the various electronic states of the C:Q heterodimer,
the reported photophysics can be rationalized as follows: Photoexcitation populates the
“bright” 1ππ* state, which is initially largely localized on Q but evolves spontaneously
along the coordinate associated with HAT. Internal conversion is likely to occur at both
the S2/S1 and S1/S0 CIs (see Figure 3a). The former may well lead to some population
becoming temporarily trapped in the 1nπ* state—as has been proposed in the case of
oxybenzone [72]—while non-adiabatic interaction at the latter CI will promote efficient
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internal conversion back to the S0 state. Having accessed the S0 PE surface, population may
bifurcate to reform the ground state heterodimer (thereby demonstrating photostability) or
evolve towards the biradical tautomer and thence to two (potentially harmful) semiquinone
free radical species. Thus, the extent to which the C:Q heterodimer offers photoprotection
and photostability will be sensitively dependent on the non-adiabatic dynamics prevailing
at the S1/S0 CI—which will be sensitive to the detailed topography of the CI and the
nuclear momenta within the evolving population. Such details, in turn, are likely to be
sensitively dependent upon the natures of any (less benign than tert-butyl) substituents
within the C and Q moieties and, in any condensed phase application, to the prevailing
solvent [104]. Extrapolating to eumelanin itself, any such competition between reformation
of the minimum energy ground state structure and biradical (and thence radical) formation
might well be influenced by the extent (or otherwise) to which the system is able to
distort away from any structural layering imposed by more extensive π-stacking between
polymer strands.
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the C:Q heterodimer plotted as a function of the linear interpolation in internal coordinates (LIIC)
linking the ground state minimum energy geometry (at QLIIC = 0) with that of the optimized biradical
tautomer (at QLIIC = 1.0). Representations of the evolving structure of the ground state heterodimer
and of orbitals 5 and 6 are shown below for QLIIC = (b) 0.6 and (c) 1.0 (with, in each case, the
square of the coefficient associated with this ππ* contribution to the S0 state configuration shown
in parenthesis).

4. General Discussion and Conclusions

This study, which is limited to the isolated heterodimer only, adds to the growing body
of computational research aimed at exploring possible excited state decay paths in organic
acid-base heterodimers. The present results support earlier suggestions, from analysis of
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transient absorption measurements in a weakly interacting solvent [95], that HAT from an
OH moiety of a catechol sub-unit to the carbonyl-oxygen atom of a quinone unit arranged
in a π-stacked C:Q heterodimer could contribute to the pool of photoprotection mechanisms
available to eumelanin upon exposure to UV radiation.

From the photophysical perspective, the π-stacked chromophores in the C:Q het-
erodimer exhibit similarities and differences with the excited state decay mechanisms
identified for the chromophores in double-stranded DNA. UV excitation of a, base pair
starts with a π*←π promotion localized on the purine (adenine (A) or guanine (G)), which
is dissipated by PCET to the pyrimidine (thymine (T) or cytosine (C)) partner and subse-
quent coupling via a CI to the S0 state [105–109]. The H atom in these cases is transferred
within an H-bonded base pair wherein the individual bases are parts of complementary
strands (i.e., an inter-strand HAT process). UV photoinduced intra-strand electron trans-
fer between stacked nucleobases—more reminiscent of the present situation—has been
identified also, but the subsequent charge-separation (and ultimate photostability) is again
achieved by an inter-strand proton transfer in the resulting radical anion base-pair [110,111].

As noted in the Introduction, eumelanin is a heterogeneous macromolecule, and
much remains to be learned both about its exact structure and the mechanisms of the
photoprotection it affords. Several studies of intramolecular processes contributing to
the decay of excited states of monomers (and oligomers) of various of the proposed key
sub-units of eumelanin, like DHI and DHICA, have been reported [75,82,84], along with
some studies of their intermolecular interactions with solvent molecules [104]. The present
work supports another inter-chromophore excited state decay pathway wherein HAT
facilitates non-radiative coupling to, and reformation of, the ground state C:Q heterodimer.
But, as experimental studies of (the di-tert-butyl substituted form of) this heterodimer
also show, the biradical structure at the asymptote of the HAT coordinate can decompose
to two semiquinone radicals [95]. While it is notable from an energetic perspective that
absorption of one photon with an energy less than that required to break an O–H bond in
bare catechol [88] could result in the formation of two semiquinone radicals, it is unlikely
that nature would have adopted eumelanin as a skin pigment if such heterodimers could
act as significant light-driven radical generation centers. Clearly, much further work will
be needed in order to establish the importance (or otherwise) of the excited state decay
pathways identified thus far for small constituent parts to the overall photoprotection
afforded by bulk eumelanin.

Supplementary Materials: The following are available online at https://www.mdpi.com/2673-725
6/1/1/2637/s1, Cartesian coordinates associated with the various optimized structures of C:Q and
(harmonic) normal mode wavenumbers for the ground states of bare C and the C:Q heterodimer.
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Abstract: The study of radiation effects in DNA is a multidisciplinary endeavour, connecting the
physical, chemical and biological sciences. Despite being mostly filtered by the ozone layer, sunlight
radiation is still expected to (photo)ionise DNA in sizeable yields, triggering an electron removal
process and the formation of potentially reactive cationic species. In this manuscript, photoionisation
decay channels of important DNA tautomeric derivatives, 7H-adenine and 7H-guanine, are char-
acterised with accurate CASSCF/XMS-CASPT2 theoretical methods. These simulation techniques
place the onset of ionisation for 7H-adenine and 7H-guanine on average at 8.98 and 8.43 eV, in line
with recorded experimental evidence when available. Cationic excited state decays are analysed
next, uncovering effective barrierless deactivation routes for both species that are expected to decay
to their (cationic) ground state on ultrafast timescales. Conical intersection topographies reveal
that these photoionisation processes are facilitated by sloped single-path crossings, known to foster
photostability, and which are predicted to enable the (VUV) photo-protection mechanisms present in
these DNA tautomeric species.

Keywords: photoionisation; CASSCF/CASPT2; photostability; DNA/RNA; UV/Vis spectroscopy;
excited states; ionisation potentials; conical intersections

1. Introduction

The study of radiation induced DNA damage is a topic of utmost interest to a broad range
of disciplines as it is known to mediate in the formation of lesions [1] that lead to mutations
and to healthcare concerns such as skin cancer melanoma [2]. An enhanced understanding of
these processes has been achieved over the years by studying DNA excited state dynamics
triggered upon radiation exposure over a wide range of derivatives: from its monomers the
nucleobases (and nucleosides/tides), [3] to dimers [4–6], single- and double-strands [7,8] and
more recently other relevant motifs like guanine quadruplexes [9,10]. This has helped uncover
an intricate excited state reactivity landscape triggered in our genetic material upon light
absorption that is mediated by a mixture of localised and excitonic (delocalised) states [11],
and that spreads across spin multiplicities [3,12].

Work reported in the literature thus far has focused on the study of DNA reactivity
upon UV-light exposure [13,14], as it is often favoured due to its relation with sunlight-
mediated lesions [15,16].

Photoionisation, on the other hand, is less studied but has recently gained attention
due to the development of light sources capable of generating and monitoring photo-
ionised (cationic) species [17,18]. Cationic states are known to be formed not only directly
upon photoionisation but also in many charge transfer and separation processes mediating
DNA damage [19–21] and repair [22]. Moreover, recent experiments with guanine-rich
sequences have revealed the formation of significant cationic yields even when irradiating
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with UV-B light sources [10,23], which possess longer wavelength than those required to
ionise DNA nucleobases. This means the onset of ionisation might be energetically well
below the ionisation potential of the nucleobases [24], making them a more widespread
event than initially thought and with sizeable involvement in UV-induced DNA photo-
physics [19–21]. Uncovering how cationic species evolve and react is thus of interest to
understand DNA photo-processes occurring upon radiation exposure and is the main goal
of this work.

The reactivity of the ensuing DNA nucleobase cationic species still remains vastly
unexplored, despite recent efforts with state-of-the-art instrumentation on this front [25,26].
Whereas pyrimidine nucleobases have been studied in relative detail [27–30], purines are
less explored perhaps due to their more complex electronic structure [31], studies on their
tautomeric forms being even scarcer.

DNA non-canonical nucleobases, like the 7H tautomeric forms of DNA nucleobases
adenine and guanine studied in this work (see Figure 1), feature in non-negligible yields
in our genetic material and possess markedly different electronic properties, which are
known to affect their reactivity [32]. These species are rarely studied in the literature in
their singlet form [32], and even less so in the cationic (doublet) manifold, despite being
important to describe some of the photo-processes underpinning DNA damage and repair.
The study of these species is however fundamental to understand how prebiotic extreme
UV-light exposure in DNA nucleobases, and their ability to withstand such radiation, may
have played a role in selecting our genetic lexicon [13,14,33].

Figure 1. Molecular structure of 7H-adenine (left) and 7H-guanine (right) and their atom labelling.

This is particularly relevant in 7H-guanine, as it has been reported to be the most
stable guanine tautomer in the gas phase [34,35]. This higher stability of the 7H tautomer
of guanine in the gas phase is something that has, however, been contested over the
years: in [36], a comparison of theoretical estimates with photoelectron spectra appears to
support a 7H-guanine assignment as the most stable tautomer [35,37,38], but experiments
in molecular beams appear to favour the 9H tautomer based on recorded IR spectroscopic
signals instead [36,39]. This suggests the specific conditions in which guanine is measured
are critical in this tautomeric equilibrium.

In this work photoionisation processes on DNA purine tautomeric 7H species (7H-
adenine and 7H-guanine, Figure 1) are studied (to our knowledge) for the first time using
accurate multireference perturbation theory (CASPT2) modelling techniques. We focus on
studying the 7H tautomers of both adenine and guanine, as these feature several (accessible)
cationic electronic excited states upon ionisation, making the comparison between analo-
gous tautomers featuring different purine-substituted frames more interesting in terms of
understanding how chemical substitution impacts their photophysics. These systems are
nevertheless of interest due to their strong resemblance with our current genetic lexicon,
and studying their photo-protection mechanisms may eventually help us understand how
our current nucleobases were chosen during prebiotic times and whether photostability
played a critical role in it [13,14]. We analyse their ionisation potentials, where we observe
systematic blue-shifts in the values for 2π+ and red-shifts for 2n+ states, the latter being
closer to the experimental evidence, and estimate the onset of ionisation to be at 8.98 and
8.43 eV for 7H-adenine and 7H-guanine, respectively. Cationic excited state decays are
predicted to be effectively barrierless and thus very short-lived (ultrafast) for both systems,
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though the details of the decay mechanisms are different. 7H-guanine+ displays localised
distortions in the 5-membered right along the decay, whereas 7H-adenine+ features de-
localised motions across the whole molecular scaffold and presents an accessible conical
intersection less than a tenth of an eV from the cationic ground state, which is expected to
facilitate a potential chemiexcitation channel. The characterised sloped and single-path
conical intersection topographies support ultrafast deactivation channels present for both
systems, which are expected to be central in fostering photostability, and that suggest
(VUV) photo-protection mechanisms in DNA nucleobases might also be available to (at
least some of) their tautomeric derivatives.

2. Results

The results are laid out as follows: we analyse the ionisation potentials of 7H-adenine
and 7H-guanine first and move next to the study of their cationic excited state decay
upon photoionisation.

2.1. Ionisation Potentials

Figure 2 displays the ionisation potentials obtained for the 7H tautomeric species
considered in this study, with a comparison to recorded experimental evidence where
appropriate and available.

Figure 2. Schematic representation of the gas phase vertical ionisation potentials of (a) 7H-adenine and (b) 7H-guanine,
computed with a range of zeroth-order CASPT2 Hamiltonians. The uncertainty range spanned by the different zeroth-
order Hamiltonians is provided. CASPT2 average values are given as black crosses, magenta inverted triangles represent
XMS-CASPT2(IPEA = 0.0) estimates used in Section 2.2, red dots denote experimental evidence found in the literature
for guanine [37,40] and 9H-adenine [41], and blue triangles refer to EOM-IP/CCSD/cc-pVTZ-dff//RI-MP2/cc-pVTZ-dff
theoretical estimates of Bravaya et al. [35]. Purple squares denote ionisation energy ranges for 2π+

H , green for 2n+
O , blue

for 2π+
H−1, orange for 2n+

N and grey for 2n+
N2

states. Associated singly occupied molecular orbitals (SOMOs) depicting the
different cationic states are also provided. Specific values for each CASPT2 formulation are provided in Tables S1 and S2 in
the Supplementary Materials.

The first cationic state in 7H-purine derivatives is characterised by the 2π+
H state, which

corresponds to an unpaired electron in the singly occupied molecular orbital (SOMO).
This is in line with what has been observed for other DNA/RNA nucleobase systems,
where the SOMO is always the one embodying the first (i.e., energetically lowest) electron
removal upon ionising radiation exposure [24,27–30]. This state is placed at 8.98 and
8.43 eV on average for 7H-adenine and 7H-guanine respectively, and feature similar
standard deviations, with respect to the choice of CASPT2 zeroth order Hamiltonian,
of 0.19 and 0.22 eV. These average ionisation values compare well with the available
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experimental evidence reported for guanine [37,40], which several works attribute to signals
coming from the 7H tautomer [35,38]. On the other hand, it differs more significantly from
estimates available for adenine that are however referred to the 9H canonical species in both
theory [35] and experiment [41]. Particularly the average CASPT2 value obtained for 7H-
guanine, the more comparable case, is in agreement with those reported experimentally [40]
and theoretically [35] in the literature, being blue-shifted by around a tenth of an eV off
those estimates.

The second ionisation potential embodies in both cases lone pair (also referred to as
σ) [35] states, of 2n+

N character for 7H-adenine and (mostly) 2n+
O for 7H-guanine, which are

placed on average at 9.33 and 9.74 eV, respectively. As can be seen in the SOMOs provided
in Figure 2, these states feature delocalisations over several lone-pair sites, which affect
particularly 7H-guanine as it leads to a state of 2n+

N and 2n+
O mixed character, even if 2n+

O
is more prominent and thus used to label the state. The associated variances arising from
different CASPT2 formulations seem to differ more prominently, leading to 0.22 eV for
7H-adenine and a smaller 0.13 eV for 7H-guanine. The (averaged) ionisation potential
obtained for 7H-guanine is red-shifted by ∼0.2 eV compared to experimental [40] and
theoretical reference estimates [35], and red-shifted as well for 7H-adenine by ∼0.1 eV.
This suggests changes in the 7H tautomer appear to affect less prominently 2n+

N states,
as theoretical [35] and experimental [41] estimates for the 9H-tautomer seem to fit those
obtained here for the 7H species.

The third cationic state corresponds to electron removal from 2π+
H−1 and is placed

on average at 9.76 and 9.99 eV for 7H-adenine and 7H-guanine, respectively, with an
associated standard deviation of 0.23 eV in both cases. Interestingly, averaged values are
in this case are blue-shifted from experiment, by 0.18 eV in 7H-adenine and by 0.09 eV in
7H-guanine, being close to experimental [40,41] and reference theoretical [35] estimates.

The fourth and last cationic state analysed corresponds to ionisation in lone pair states,
of nN character for both systems, leading to 2nN2

+ for 7H-adenine and 2n+
N for 7H-guanine.

These are predicted to be placed (on average) at 10.38 and 10.25 eV for 7H-adenine and
7H-guanine, respectively, with associated standard deviations of 0.24 and 0.40 eV. These
ionisation energies are red-shifted with respect to experimental [40,41] and theoretical [35]
evidence by less than 0.1 eV in 7H-adenine, keeping in mind the experiment actually refers
to 9H-adenine [41], and by ∼0.15 eV in 7H-guanine.

Upon inspection of the different estimates obtained with diverse zeroth-order Hamil-
tonians used (and reported in Tables S1 and S2), we select the XMS-CASPT2(IPEA = 0.0)
formulation for subsequent calculations in Section 2.2: it shows qualitative agreement
(slightly blue-shifted estimates) with available experiments as seen in the magenta inverted
triangles in Figure 2, and it has been reported to be essential when accurately describing
interstate crossings [42].

2.2. Excited State Decays

It has been recently observed that, upon ionisation, an electron might be removed from
different molecular orbitals creating diverse cationic species with similar probabilities [43,44].
This makes the choice of the initial state created in our model somewhat ambiguous, as any
of the states (or linear combinations of them) are in principle possible. We here assume
an electron removal from the highest-lying cationic state considered as done in previous
studies [29,30,45]. This enables exploring all critical structures along the potential energy
surface until reaching the cationic ground state thus providing an overview of the different
pathways potentially triggered in this complex photo-process.

All critical structures found along the cationic excited state decay of 7H-adenine
and guanine remain in-plane. This is shared with what we and others have found for
pyrimidine nucleobases and derivatives [28–30,46], and justifies focusing on evaluating
distortions along the different bond lengths affected during the photo-process.

Figure 3 displays the potential energy profiles obtained for 7H-adenine+. Upon ion-
isation of the highest-lying 2nN2

+ state, a rapid decay is predicted with an associated
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∼0.7 eV stabilisation, with significant 0.03 Å elongations of N1-C6, C4-C5 and C8-N9
and shortening of the C8-C9 bonds until reaching (2nN2

+/2π+
H−1)CI . At this crossing,

population is expected to transfer to the 2π+
H−1 state and further decay to its shallow mini-

mum ((2π+
H−1)min), which entails a slight 0.02 Å contraction of N1-C2 and an elongation of

C7-N9 and that is placed at 0.64 eV adiabatically from the cationic ground state minimum
((2π+

H)min).

Figure 3. Potential energy surfaces of 7H-adenine+ computed at the XMS-CASPT2 level of theory. All energies are given
in eV with respect to (2πH

+)min. Yellow arrows represent the evolution of the excited state population assuming initial
activation of the highest-lying 2nN2

+ (grey) state. XMS-CASPT2 optimised structures are provided to display the nuclear
displacements along the photo-reaction, with bond distances given in Å.

From (2π+
H−1)min the (2π+

H−1/2n+
N)CI can be reached barrierlessly by relaxing just a

further 0.01 eV, being almost identical in structure to (2π+
H−1)min, and displaying changes

in their structure only beyond the pm. (2π+
H−1/2n+

N)CI funnels the excited state population
to the 2n+

N state, that does not feature a minimum and is thus predicted to decay swiftly to
(2n+

N/2π+
H)CI mediating the decay to the ground state. This crossing, which mediates the

final part of the decay, is placed at just 0.08 eV from the cationic ground state minimum,
featuring pronounced 0.05 Å N1-C2, N3-C4 and C8-N9 bond contractions and a 0.04 Å
N7-C8 elongation from the previous crossing (2π+

H−1/2n+
N)CI .

The population is then finally transferred to the cationic ground state (2π+
H)min, which

entails a further 0.03 Å shortening of C2-N3 and 0.02 of C4-C5 and N7-C8 bonds. These
small distortions encompass the strong structural resemblance with (2n+

N/2π+
H)CI , as well

as the energetic proximity: this implies re-crossings are possible just from available thermal
energy potentially enabling chemiexcitation [47] events to populate back the cationic
excited state.

The potential energy curves depicting photoionised excited state decay in 7H-guanine+

are given in Figure 4. As can be seen, upon ionisation to the highest-lying computed
(2n+

N) state, situated at 2.07 eV adiabatically from the cationic ground state, a swift decay is
predicted to reach (2n+

N/2π+
H−1)CI placed at 1.80 eV and transfer population to the 2π+

H−1
state. This decay is mediated by very small (∼0.02 Å) in-plane bond length rearrangements
across the whole structure, which indicates the proximity of this structure to the equilibrium
Franck–Condon (FC) region. It is also interesting to note that 2n+

N and 2π+
H−1 states are
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practically degenerate energetically at the FC equilibrium region, and either state could
thus be expected to initially be populated. However, they are both expected to lead to
the population of the 2π+

H−1 state, either direct or indirectly (via (2n+
N/2π+

H−1)CI) upon
ionising radiation exposure.

Figure 4. Potential energy surfaces of 7H-guanine+ computed at the XMS-CASPT2 level of theory. All energies are given
in eV with respect to (2π+

H)min. Yellow arrows represent the evolution of the excited state population assuming initial
activation of the highest-lying 2n+

N (orange) state. XMS-CASPT2 optimised structures are provided to display the nuclear
displacements along the photo-reaction, with bond distances given in Å.

Upon populating 2π+
H−1, further relaxation is predicted until reaching (2π+

H−1)min,
placed at 1.59 eV and encompassing significant changes that are in this case largely localised
in the 5-member ring: elongations of 0.05 Å for C8-N9 and 0.03 for C4-N9 and C5-N7 bonds
and shortenings of 0.04 Å for N7-C8 and 0.03 for C4-N9 bonds. This is in line with the
more localised character of the SOMO describing the 2π+

H−1 state over the five-member
ring, which is depicted in Figure 2.

From (2π+
H−1)min a very small (0.04 eV) barrier is predicted to be surmounted to reach

(2π+
H−1/2n+

O)CI mediating population transfer to the 2n+
O state and placed at 1.63 eV. This

crossing is characterised by a further (0.03 Å) elongation of the C8-N9 bond.
Upon populating 2n+

O , very significant relaxation (∼0.7 eV) is predicted until reaching
(2n+

O)min, placed at 0.90 eV adiabatically from the cationic ground state. This minimum
encompasses further (and very pronounced) localised distortions in the 5-member ring:
C5-N7 and C8-N9 shorten by 0.05 and 0.09 Å, respectively, an an elongation of the N7-C8
bond of 0.04 Å. It is important to note that this minimum structure features a very small
energy difference with the 2π+

H ground cationic state, which could potentially be part of
the (2n+

O /2π+
H)CI intersection seam. Indeed, this conical intersection is separated from

(2n+
O)min by a mere 0.01 eV featuring an almost identical structure.

The (2n+
O /2π+

H)CI crossing is expected to be reached almost barrierlessly (i.e., there
is a negligible 0.01 eV barrier to be surmounted) and to mediate an efficient excited state
decay to the cationic ground state, which is predicted to rapidly decay to (2π+

H)min where
population is predicted to remain. The cationic ground state minimum encompasses
significant structural rearrangements which are again partly localised in the five-member
ring but that in this case expand across the molecular scaffold. This is encompassed

309



Photochem 2021, 1

by significant 0.06 Å elongations in N7-C8, 0.04 C2-N3 and 0.03 for the C4-C5 bonds,
and shortenings of 0.04 Å for C8-N9 and 0.03 for C5-N7 bonds.

Conical Intersection Characterisation

The topography of the characterised conical intersections is analysed next, to pro-
vide complementary insights into the excited state decay mechanisms of 7H-purine
DNA photoionisations.

To assess topographies of conical intersections and compare them we employ a series
of parameters used by Fdez Galván et al. in a recent study [48]. Table 1 features estimates for
pitch (δ), asymmetry (∆), relative tilt (σ), and tilt heading (θs), computed from the gradient
difference and non-adiabatic coupling vectors obtained at the converged conical intersec-
tion geometries. For intersection analyses we use branching plane vectors so that ∆ ≥ 0
and θs ∈ [0, π

2 ], as this makes them comparable to one another [48]. The values obtained
are employed to classify the topography as peaked/sloped, and bifurcating/single-path,
based on P and B values [48] which are related to those originally proposed by Rueden-
berg and co-workers [49]. Values of P < 1 lead to peaked topographies and >1 to sloped
ones, whereas B < 1 refers to bifurcating character and >1 to single-path [48].

As can be seen in Table 1, the conical intersection mediating decay to the cationic ground
state in 7H-adenine+ and 7H-guanine+, which refer to (2n+

N /2π+
H )CI and (2n+

O /2π+
H )CI

respectively, feature both sloped and single-path character that have been suggested to foster
photostability [50,51]. These conical intersection structures have similar associated pitch
values and large asymmetries while featuring negligible tilt heading angles, which supports
distortions mostly arising from in-plane motions as those described above.

Table 1. Characterised conical intersection parameters for the different crossings of 7H-adenine+

and 7H-guanine+ obtained at the XMS-CASPT2 level of theory. Pitch (δ), asymmetry (∆) and relative
tilt (σ) are given in atomic units, whereas tilt headings (θs) are provided in degrees.

δ ∆ σ θs P B Intersection Type [48]

7H-adenine+

(2n+
N /2π+

H )CI 0.060 0.784 1.486 0.005 1.237 1.171 Sloped, single-path
(2π+

H−1/2n+
N )CI 0.129 0.904 1.374 3.693 1.069 1.092 Sloped, single-path

(2nN 2
+/2π+

H−1)CI 0.054 0.594 0.459 1.712 0.132 0.657 Peaked, bifurcating

7H-guanine+

(2n+
O /2π+

H )CI 0.059 0.866 5.780 0.018 17.899 2.754 Sloped, single-path
(2π+

H−1/2n+
O )CI 0.056 0.572 3.906 0.020 9.709 2.646 Sloped, single-path

(2n+
N /2π+

H−1)CI 0.063 0.934 0.239 0.297 0.029 0.319 Peaked, bifurcating

The second conical intersection, (2π+
H−1/2nN

+)CI , which mediates 2π+
H−1→ 2nN

+

population transfer in 7H-adenine+, also displays a sloped and single-path character. This
crossing features a large asymmetry close to 1 (that would refer to completely asymmetric)
and a slight tilt angle, with borderline P and B values that make it sloped and single-path.
(2πH−1

+/2nO
+)CI in 7H-guanine mediates 2π+

H−1→ 2nO
+ decay and strongly resembles

the sloped and single-path topography displayed by (2nO
+/2π+

H )CI . These further support
ultrafast deactivation mechanisms in both 7H-adenine+ and 7H-guanine+, which in turn
support the photo-protection mechanisms associated to these species [13,14,33].

The last conical intersection considered in this study connects the initially accessed
2nN 2

+ (2nN
+) with the 2π+

H−1 state in 7H-adenine+ (7H-guanine+), and mediates the
initial part of the photoionisation process. These conical intersections present more signifi-
cant changes, featuring the smallest relative tilts and leading to a peaked and bifurcating
character. This suggests the emergence of potential re-crossings (and population transfers
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back and forth) leading to a wave packet splitting on two different directions, which is
expected to embody the slower component of the decay.

3. Discussion

A few trends emerge when considering the simulation of ionisation potentials for
7H-adenine and 7H-guanine using different multireference perturbation theory approaches
as in the present study: the averaged (CASPT2) values obtained are blue-shifted with
respect to experimental evidence and other more correlated (EOM-IP-CCSD) theoretical
approaches when considering 2π states, while they are red-shifted for 2n lone-pair states.
There also seems to be a better agreement between the simulated 2n states and recorded
experimental evidence, which might be due to the lesser reliance of (covalent) lone-pair
states on the dynamic electron correlation included in the model as compared to the strong
dependence of π delocalised (ionic) states [52–54]. It is also worth noting that the computed
standard deviation of the 2n+

N state in 7H-guanine is twice as big as that modelled for any
other state considered in this study. This is partly due to the mixed character of the 2n+

O
state, which can be easily seen by the delocalisation of the SOMO orbital over both nO and
nN sites (see Figure 2), and which leads to large off-diagonal elements in multistate and
extended multistate formulations of CASPT2 [42], as well as to lower weight references
in its single-state variant that also affect the overall accuracy [55]. The values of the off-
diagonal elements, together with the leading configuration state functions characterising
the different wave functions, are provided in Tables S3–S8 in the supporting information.
Significant couplings are observed between 2π+

H−1 and 2n+
N states, which can also be

rationalised by the different weights contributing to the diverse cationic states studied
featuring a 50%/20% nN/nO character at the multistate (as well as single-state) level but
that is uncoupled upon employing the extended multistate variant. This, together with
the closer ionisation potentials obtained for XMS-CASPT2(IPEA = 0.0) with respect to both
CASPT2 average and the recorded evidence (see Table S2 in the Supplementary Materials)
justify its choice as the method used throughout for optimisations.

It should be stated that more accurate approaches than those of Bravaya et al. [35] used
here as reference, have been reported for modelling the ionisation potentials of these species
in the literature: the work of Ortiz and co-workers employing the P3 method [56] in 9H-
adenine [57] and guanine [38] has been shown to match experiments within under a tenth
of an eV. The EOM-IP-CCSD approach of Bravaya et al. [35] was however deemed a better
comparison for this study as it is grounded on many body perturbation theory [58,59], as is
the CASPT2 method [60], while including more correlation as well as featuring a larger basis
set. This reveals a lack of correlation in the model when describing 2π+ (ionic) states, which
has been shown to be partially corrected upon increasing the zeroth-order Hamiltonian
(i.e., the active space size) [61,62], and that explains the larger deviations registered when
comparing with experiment particularly for 2π+ states. Additionally, it should be noted
that more recent experimental results were found compared to those of Lin et al. [40] used
as reference in Figure 2: the recorded evidence by Zaytseva et al. [37] measured almost
four decades later, qualitatively and almost quantitatively (all photoelectron measurements
being within 0.05 eV on average with the largest deviation being below 0.1 eV) agrees with
the original measures of Lin et al. [40] thus validating the experimental reference employed.

Whereas all values used (as well as those computed) in this study refer to the 7H
tautomer of guanine, we could not find data on the ionisation potentials of 7H-adenine
so we used those available for 9H-adenine instead [41], which makes comparisons with
the computed 7H-adenine data much less straight forward. As can be seen in Figure 2,
differences in the ionisation potentials of 7H- (average CASPT2 values in black crosses) and
9H-adenine (blue triangles (theory) [35] and red circles (experiment) [41]) seem to be small
for all but the lowest-lying 2π+

H state, where a significant∼0.5 eV difference is observed.
This is however in line with previous theoretical estimates found in the literature using
density functional theory and the B3LYP functional, which predict a∼0.4 eV blue-shift on
the 2π+

H state when going from 9H- to 7H-adenine [63]. This large deviation between the
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computed values and the experimental evidence [41] thus arises due to different tautomeric
species being measured, rather than the lack of accuracy of the model.

An aspect not considered in this study is how the solvent affects ionisation in these
species. Experimental and theoretical estimates for DNA nucleobases and nucleosides
recorded in the literature point towards substantial red-shifts of the ionisation energies
when in water solution [64,65]. To assess this, not only on ionisation potentials but also
along the cationic excited state decays. Moreover, different mechanisms such as proton-
coupled electron transfer (PCET) with the environment are expected to dominate ionisation
in solution, having been summarised elsewhere [66]. More sophisticated approaches are
thus required [67–69] to study these processes, which are out of the scope of this manuscript
and that will be considered in future work.

Upon photoionisation, it is predicted that 7H-adenine+ will undergo an ultrafast step-
wise 2nN 2

+→ 2π+
H−1→ 2n+

N decay, which is analogous to what has been observed for
other DNA species [28–30]. A major difference, however, is brought by the very small en-
ergies (< 0.1 eV) separating (2n+

N /2π+
H )CI and (2π+

H )min critical structures (see Figure 3),
which effectively enable a 2n+

N 
 2π+
H equilibrium where both states could in principle

present significant populations after decay to the ground state. Given the small energies
separating them, this is likely to occur even when very little thermal energy is available
and despite the 2n+

N state not presenting a well-defined minimum, thus paving the way
for a potential population of the excited cationic state via chemiexcitation [47]. It is worth
noting that, due to the elevated computational cost of XMS-CASPT2 gradients and non-
adiabatic couplings, a reduced active space had to be used. Upon inspection of the obtained
off-diagonal elements (see Tables S3 and S7 in the Supplementary Materials), we observe
a relative artificial increase of this magnitude due to the smaller zeroth-order reference
function, which, however, remains small enough to not bias the ensuing optimisations.

Interestingly, the decay mechanism outlined above (aside from the chemiexcitation
channel accessible at the cationic ground state minimum) is similar to what has been found
recently by Zhao et al. on the deactivation of 9H-adenine+: [70] all low-lying cationic states
appear to be vibronically coupled, which might explain the ultrafast timescales observed
in the 9H species, and that are here suggested to apply also to the 7H tautomer.

7H-guanine+, on the other hand, presents a predicted step-wise and ultrafast 2n+
N

→ 2π+
H−1→ 2n+

O → 2π+
H decay to the (cationic) ground state. This swift decay route is

expected despite the associated potential energy barriers predicted along 2π+
H−1 and 2n+

O
state deactivations, which are however too small (0.04 eV for the former and 0.01 eV for
the latter) to hamper decay.

Interestingly, despite involving ionisations mostly localised in the carbonyl moiety
(i.e., the 2n+

O state), 7H-guanine+ does not display significant C=O bond elongations,
which is the main reaction coordinate in cationic pyrimidine nucleobases [27–30]. Another
distinctive feature of 7H-guanine+ and its decay is that geometrical distortions along
the deactivation, at a difference from 7H-adenine+, localise mostly over the five-member
ring: this is a feature that has also been observed in other guanine derivatives such as
thienoguanosine while studying their (singlet) excited state decays [71].

Reactivity in the cationic manifold is markedly different from what has been observed
in the neutral singlet species: whereas 7H-adenine [72,73] and 7H-guanine [74] are reported
to feature a potential energy barrier along the reaction coordinate hampering decay, which
reflects experimentally in longer decay times [75], cations are barrierless and thus expected
to decay rapidly to the (cationic) ground state. It is also worth noting that, whereas 7H DNA
purines (as well as their biologically relevant 9H counterparts) feature strong out-of-plane
motions along the decay in their singlet manifold [76], cations remain planar in line with
what has been previously observed for other canonical DNA species [27–30].

The optimised conical intersection topographies highlight that despite featuring dif-
ferent lone pair states (i.e., localised on different atoms), the lowest-lying crossings of both
7H-adenine+ and 7H-guanine+ nevertheless display very strong similarities. This is also
observed for the highest-lying crossing studied, (2nN 2

+/2π+
H−1)CI and (2n+

N /2π+
H−1)CI
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for 7H-adenine+ and 7H-guanine+ respectively, which again entail different lone pair
cationic states but that lead to analogous intersection topographies that strongly resemble
one another, thus pointing at symmetry (i.e., π vs σ) as one of the main factor governing
these crossings and thus their efficient decay [77,78].

The results also seem to point at the ability of the ground cationic state to lead to
sloped single-path intersections, which are known to foster photostability [50,51], while
other 2π+ states like 2π+

H−1 lead upon crossing with different symmetry lone-pair states
to peaked and bifurcating topographies instead.

Photostability refers in this case to the unique ability shown by the nucleobases [3] to
divert the (cationic) excited state wave packet created upon absorption to the ground state
in ultrafast timescales, reducing the time spent in the more reactive electronic excited states
that may lead to photo-damaging reactions [1]. This is supported by the topographies of
the conical intersections mediating decay to the ground state, as they feature the (only
and) preferential decay direction towards the regeneration of the (cationic) ground state
structure thus helping avoid photodegradation [13,14]. This is a well-known feature in
the singlet manifold [3,13,14,79–81], which is relatively unique to DNA nucleobases and
that justifies their resilience to radiation, and has also been observed in other DNA cationic
systems [29,30]. It is important to note, however, that ultrafast deactivations in the cationic
manifold might be more frequent in organic molecular systems than in the singlet due to
the smaller energy gaps between states [50,51], its role towards DNA photostability thus
being less evident and a possibility that we are currently investigating.

In this study, we have favoured a thorough study of the potential energy landscape,
characterising the different accessible conical intersections mediating decay, as that allowed
us to employ accurate XMS-CASPT2 methodologies to uncover the qualitative traits of
these photo-processes. Another option would have been to use non-adiabatic molecular
dynamics, such as those based on cost-effective surface hopping approaches. Non-adiabatic
molecular dynamics would thus provide temporal estimates to the photo-processes studied,
but at present we would have to rely on simpler (i.e., less accurate) electronic structure
potential energy surfaces due to their elevated cost.

The present study provides an adequate reference for the decay channels available
to both 7H adenine and guanine species, with the caveat that only conical intersection
topographies are considered and not how the intersection themselves are reached [82].
This is known to significantly influence decay [83], and is an important aspect that can be
extracted from dynamics simulations and that will be explored in future work.

In summary, we observe markedly different decay pathways in 7H-adenine+ and
7H-guanine+, which however are expected to lead in both cases to ultrafast deactivations
that are ultimately (i.e., on the last step of the decay) mediated by sloped and single-path
conical intersections with the cationic ground state known to foster photostability [50,51].
These decay mechanisms differ in the specifics but lead to the same conclusions as those
previously characterised for pyrimidine nucleobase cations [29,30], which highlight the
resilience of our genetic material against VUV light radiation that we here tentatively also
extend to purine tautomeric DNA bases.

4. Computational Details

OpenMolcas [84,85] was used to model the ionisation potentials reported, making use
of the complete active space self-consistent field (CASSCF) [86,87] and its second-order
perturbation theory extension (CASPT2) [60]. For these simulations, an Atomic Natural
Orbital (ANO) large basis set with a double-ζ polarised contraction was used [88,89].

The active spaces for modelling the ionisation potentials contained all valence π and n
lone pair orbitals, as well as all valence unoccupied π∗ orbitals, totalling 18 electrons in 13
orbitals for 7H-adenine (17 in 13 for cations) and 20 electrons in 14 orbitals for 7H-guanine
(19 in 14 for cations). CASSCF wave functions were averaged over five doublet states
and were subsequently used for single-point CASPT2 energy corrections employing the
single-state (SS) [90,91], multistate (MS) [92], and extended multistate (XMS) [93] vari-

313



Photochem 2021, 1

ants. An imaginary level shift of 0.2 a.u. was employed in the perturbative step to avoid
the presence of intruder states [94], and IPEA shifts [95] of 0.0 and 0.25 a.u. were both
tested, resulting in 6 different CASPT2 zeroth-order Hamiltonians: SS-CASPT2(IPEA = 0.0),
SS-CASPT2(IPEA = 0.25), MS-CASPT2(IPEA = 0.0), MS-CASPT2(IPEA = 0.25), XMS-
CASPT2(IPEA = 0.0) and XMS-CASPT2(IPEA = 0.25).

To aid the discussion of ionisation energies, we have chosen to average the six different
CASPT2 formulations as this provides the mean value as well as the standard deviation
expected by modifying the zeroth-order Hamiltonian.

Relaxation pathways (cationic ground and excited state minima, as well as conical
intersections) were characterised using BAGEL [96,97] and a cc-pVDZ basis set with its
density fitting auxiliary basis using the XMS-CASPT2(IPEA = 0.0) method. This choice
was motivated by XMS-CASPT2(IPEA = 0.0) featuring the closest ionisation potential
estimates to the recorded evidence, and by providing the best balance for the simultaneous
description of covalent and ionic excited states [93], being more reliable at or nearby
crossing regions [42]. A reduced active space had to be employed due to the elevated cost
of these simulations. 7H-adenine comprised the full π valence occupied space and one
unoccupied virtual π∗ orbital plus two nN lone pair orbitals to account for 2n+

N states,
leading to 16 electrons in nine orbitals (15 in 9 for cations). 7H-Guanine, on the other hand,
featured all π valence occupied orbitals minus the fully in-phase (least contributing, that
is, 1.99 occupation number) orbital and one unoccupied virtual π∗ orbital plus two n lone
pairs (nO and nN ) to describe 2n+

O and 2n+
N states, totalling also 16 electrons in 9 orbitals

(15 in 9 for cations).
The characterised cationic ground and excited state minima, as well as the different

low-lying conical intersections, were optimised with XMS-CASPT2 using the single-state
single reference (i.e., fully internally contracted) algorithm and no IPEA shift corrections
as implemented in BAGEL [96,97]. Minima and CI optimisations (using the projection
method of Bearpark et al.[98]) made use of analytical gradients [99–101] and non-adiabatic
couplings [102]. Orbital visualisation was performed with Molden [103].

Conical intersection parameters were obtained from the XMS-CASPT2 gradient differ-
ence and non-adiabatic coupling vectors obtained at the characterised minimum energy
conical intersections. These vectors were then used as described by Galván et al. to obtain
pitch (δ), asymmetry (∆) and relative tilt (σ), as well as P and B parameters to define the
intersection types [48].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/photochem1020018/s1: Tables S1–S8 with estimates for the ionisation potentials with the
different CASPT2 approaches and reference weights and off-diagonal terms of the MS and XMS-
CASPT2 effective Hamiltonians.
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Abstract: Photostabilization is an important methodology to ensure both the quality and quantity
of photodegradable pharmaceuticals. The purpose of our study is to develop a photostabilization
strategy focused on the addition of photostabilizers. In this study, the protective effects of selected
polyphenols and antioxidants on naproxen (NPX) photodegradation in the solid state were evaluated.
Residual amounts of NPX were determined by high-performance liquid chromatography (HPLC),
and the protective effects of tested additives on NPX photodegradation induced by ultraviolet light
(UV) irradiation were evaluated. As a result, quercetin, curcumin, and resveratrol suppressed NPX
photodegradation completely. When they were mixed with NPX, the residual amounts of NPX after
UV irradiation were significantly higher compared to that without additives, and comparable to those
of their control samples. In addition, to clarify the mechanisms of the highly protective effects of these
additives on NPX photodegradation, their antioxidative potencies, and UV filtering potencies were
determined. There was no correlation between photoprotective effects and antioxidative potencies
among selected polyphenols and antioxidants although photoprotective additives showed more
significant UV absorption compared to NPX. From these results, it is clarified that a higher UV
filtering activity is necessary for a better photostabilizer to photodegradable pharmaceuticals in the
solid state.

Keywords: naproxen; photodegradation; photoproduct; photoprotective effect; polyphenols;
antioxidants; HPLC

1. Introduction

Naproxen (NPX, Figure 1A) is a non-steroidal anti-inflammatory drug (NSAID) and
chemically (2S)-2-(6-Methoxynaphthalen-2-yl)propanoic acid. This pharmaceutical is cate-
gorized as 2-aryl propionic acid family including ibuprofen, ketoprofen, and loxoprofen,
and utilized for the relief of pains and fevers by the inhibition of cyclooxygenase resulting
in the suppression of the generation of prostaglandins. Naixan® tablets, which are the
original NPX tablets, have been widely used in clinical situations. It is well known that
some NSAID medicines are photosensitive due to their photodegradable active pharma-
ceutical ingredients (APIs). There are several reports showing the photodegradabilities
of NSAIDs such as diclofenac, indomethacin, and sulindac [1–5]. Our previous reports
showed that sulindac was photodegraded by both ultraviolet-light (UV) irradiation and
sunlight irradiation [5] and converted to trans-sulindac by photoisomerization reaction [6].
NPX is also one of the photosensitive pharmaceuticals and photodegraded resulting in the
generation of some photo products including 2-acetyl-6-methoxy-naphthalene (Figure 1B),
which is the main photoproduct of NPX [7–10]. Amounts of APIs of NPX tablets were much
decreased when these tablets were crushed or suspended following UV irradiation [11].

Furthermore, some pharmaceuticals might exert toxicological potencies as a result of
the generation of their photoproducts in addition to the loss of beneficial effects derived
from the decrease of APIs. For example, 5-diazoimidazole-4-carboxamide is a photoproduct
of dacarbazine, which is known as an anti-cancer drug, and induces vascular pain [12]. In
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addition, other reports showed the change in biological activities of several pharmaceuticals
induced by their photodegradation [5,13–17]. The change of chemical structures, due to the
elimination, addition, and rearrangement, might induce changes in biological properties.
The photostability of pharmaceuticals is a crucial determinant of their quality and quantity
when they are photo-irradiated.

Photochem 2022, 2, FOR PEER REVIEW 2 
 

 

Furthermore, some pharmaceuticals might exert toxicological potencies as a result of 
the generation of their photoproducts in addition to the loss of beneficial effects derived 
from the decrease of APIs. For example, 5-diazoimidazole-4-carboxamide is a photoprod-
uct of dacarbazine, which is known as an anti-cancer drug, and induces vascular pain [12]. 
In addition, other reports showed the change in biological activities of several pharma-
ceuticals induced by their photodegradation [5,13–17]. The change of chemical structures, 
due to the elimination, addition, and rearrangement, might induce changes in biological 
properties. The photostability of pharmaceuticals is a crucial determinant of their quality 
and quantity when they are photo-irradiated. 

 
Figure 1. Chemical structures of NPX (A), NPX photoproduct (B) and quercetin (C). 

In recent years, photostabilization strategies of photodegradable pharmaceuticals 
have been developed for their safe use in clinical situations [18]. UV filtering is an efficient 
method to disrupt photo exposure for APIs. Solar filters and encapsulation have been uti-
lized as a protective barrier to envelop photodegradable pharmaceuticals. Cyclodextrin 
and its modified forms are major photoprotective careers to perform photostabilization 
[19,20]. Also, the addition of some antioxidants such as ascorbic acid is one of the photo-
stabilization strategies. Added antioxidants deactivate the excited state of pharmaceuti-
cals, reactive oxygen species, and free radicals generated by UV irradiation, resulting in 
the exertion of photoprotective effects. Several studies indicated that ascorbic acid atten-
uates the photodegradation of several photodegradable pharmaceuticals [21–23]. Further-
more, the combination of UV filters and antioxidants showed significant protective effects 
on the photodegrdation of some pharmaceuticals [21,24]. However, in some cases, the sta-
bilization effect of encapsulation was decreased [25]. These reports suggest that the use of 
a photostabilizer is limited and the further development of various photostabilization 
strategies is needed for the photoprotection of lots of photodegradable pharmaceuticals. 

In this study, the protective effects of selected polyphenols and antioxidants on NPX 
photodegradation in the solid state were evaluated. To the best of our knowledge, there 
are no reports focused on the photostabilization of NPX in the solid state. First, the pho-
toprotective effect of quercetin (Figure 1C) and its dose-dependency were evaluated. Our 
previous study showed that quercetin, which is one of the antioxidative polyphenols, sig-
nificantly suppressed NPX photodegradation in an aqueous media [23]. The photoprotec-
tive effect of quercetin on NPX photodegradation in the solid state was evaluated. The 
residual amounts of NPX and the generation rates of NPX photoproducts were estimated 
utilizing high-performance liquid chromatography (HPLC). Secondly, the photoprotec-
tive effects of selected polyphenols and antioxidants (Figure 2) were determined. Finally, 
both UV absorptive potencies and antioxidative potencies of tested polyphenols were 
evaluated by means of UV spectral analysis and a test kit for the potential antioxidant 
(PAO test). The aim of this study is to clarify the efficient photostabilizer for the crushed 
tablets of a photodegradable pharmaceutical.  

H3CO

COOH

CH3

OHO

OH O
OH

OH
OH

A. NPX B. NPX photoproduct C. Quercetin

Figure 1. Chemical structures of NPX (A), NPX photoproduct (B) and quercetin (C).

In recent years, photostabilization strategies of photodegradable pharmaceuticals
have been developed for their safe use in clinical situations [18]. UV filtering is an efficient
method to disrupt photo exposure for APIs. Solar filters and encapsulation have been uti-
lized as a protective barrier to envelop photodegradable pharmaceuticals. Cyclodextrin and
its modified forms are major photoprotective careers to perform photostabilization [19,20].
Also, the addition of some antioxidants such as ascorbic acid is one of the photostabi-
lization strategies. Added antioxidants deactivate the excited state of pharmaceuticals,
reactive oxygen species, and free radicals generated by UV irradiation, resulting in the
exertion of photoprotective effects. Several studies indicated that ascorbic acid attenuates
the photodegradation of several photodegradable pharmaceuticals [21–23]. Furthermore,
the combination of UV filters and antioxidants showed significant protective effects on
the photodegrdation of some pharmaceuticals [21,24]. However, in some cases, the sta-
bilization effect of encapsulation was decreased [25]. These reports suggest that the use
of a photostabilizer is limited and the further development of various photostabilization
strategies is needed for the photoprotection of lots of photodegradable pharmaceuticals.

In this study, the protective effects of selected polyphenols and antioxidants on NPX
photodegradation in the solid state were evaluated. To the best of our knowledge, there are
no reports focused on the photostabilization of NPX in the solid state. First, the photoprotec-
tive effect of quercetin (Figure 1C) and its dose-dependency were evaluated. Our previous
study showed that quercetin, which is one of the antioxidative polyphenols, significantly
suppressed NPX photodegradation in an aqueous media [23]. The photoprotective effect
of quercetin on NPX photodegradation in the solid state was evaluated. The residual
amounts of NPX and the generation rates of NPX photoproducts were estimated utilizing
high-performance liquid chromatography (HPLC). Secondly, the photoprotective effects
of selected polyphenols and antioxidants (Figure 2) were determined. Finally, both UV
absorptive potencies and antioxidative potencies of tested polyphenols were evaluated
by means of UV spectral analysis and a test kit for the potential antioxidant (PAO test).
The aim of this study is to clarify the efficient photostabilizer for the crushed tablets of a
photodegradable pharmaceutical.
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2. Materials and Methods
2.1. Materials

NPX, ascorbic acid, isoascorbic acid, zingerone, rutin, daidzein, chlorogenic acid,
genistein, resveratrol, methanol, and formic acid were purchased from Fujifilm Wako Pure
Chemical Corporation (Osaka, Japan). Catechin, curcumin, and quercetin were purchased
from Tokyo Chemical Industry Corporation (Tokyo, Japan). All reagents and organic
solvents were of special or HPLC grade. Milli-Q (18.2 Ω/cm) water was prepared by using
a Milli-Q water purification system (Merck, Darmstadt, Germany).

2.2. Methods

The scheme of the experimental procedure of the evaluation of photostabilization
potencies of selected additives for NPX photodegradation is shown in Figure S1 (see
Supplementary Materials). Briefly, the difference in residual amounts of NPX in the
presence or absence of selected additives after UV irradiation was evaluated.

2.2.1. Preparation of a Test Sample

To determine the dose dependency of quercetin, NPX (10 mmol) and quercetin
(1.25 mmol, 2.5 mmol, 5 mmol and 10 mmol) were mixed to make molar ratios for NPX
0.125–1. Also, NPX (10 mmol) and each polyphenol or antioxidant (5 mmol) were mixed
to make a molar ratio of NPX 0.5, and these mixtures were used as test samples. 10 mg of
test samples were exposed to black light. Control samples were prepared using the same
procedures but covered with aluminum foil to interrupt the photo exposure. UV-irradiated
samples were dissolved in 100 mL of 50% (v/v) methanol and sonicated for 10 min for
extraction. The extractions were analyzed by HPLC. All experiments were carried out
in quadruplicate.

2.2.2. UV Irradiation Experiment

UV irradiation was carried out in a light cabinet with a black light lamp (20W FL20S
BLB, Toshiba, Tokyo, Japan). The most abundant wavelength of this lamp is 365 nm, which
is a component of sunlight. UV irradiation intensity at 365 nm was 300 µW/cm2/sec as
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measured by a digital radiometer with a 365 nm sensor (UVX-36, UVP, Upland, CA, USA).
UV irradiation was carried out at a temperature of 20 ◦C, and a distance from the lamp
source of about 20 cm. Irradiation times were up to 24 h.

2.2.3. Evaluation of the Residual Amounts of NPX in UV-Irradiated Samples

The degradation of NPX and the generation of NPX photoproducts were monitored
with an HPLC system, which was composed of an LC-20AB pump, a SIL-20AC auto-
sampler, an SPD-M20A photodiode array (PDA) detector with LCsolution software, a CBM-
20A system controller, a DGU-20A3 degasser, and a CTO-20A column oven (Shimadzu
Corp., Kyoto, Japan). Shim-pack Arata C18 column (4.6 × 150 mm, particle size 5 µm,
Shimadzu Corp., Kyoto, Japan) was used for HPLC analysis. The column was kept at
40 ◦C during analysis. The mobile phase was a mixture of methanol and 0.1% formic acid
(5:5, v/v). Isocratic separations were achieved using this mobile phase. The flow rate was
maintained at 1.0 mL/min, and the injection volume was 10 µL. The detection wavelength
of NPX and NPX photoproducts was 260 nm. The retention time of NPX was ca. 21 min.
Amounts of NPX are shown as the residual rate for amounts of NPX before UV irradiation,
calculated by their peak areas.

2.2.4. Evaluation of Antioxidative Potencies

The antioxidative potencies of selected polyphenols and antioxidants were evaluated
by the PAO test (Nikken SEIL Corp., Shizuoka, Japan). This assay evaluated the antiox-
idative potencies based on the reduction of Cu2+ to Cu+ by tested compounds using the
spectrophotometer. The antioxidative potencies of tested compounds were calculated as
copper-reducing power (µmol/L). The tested compounds were dissolved in 50% (v/v)
methanol to make a concentration of 10 mg/L (16.87–60.75 µmol/L) for the PAO test. All
experiments were performed in triplicates.

2.2.5. UV Spectral Analysis

Tested polyphenols and antioxidants were dissolved in methanol at the final con-
centration of 10–100 µmol/L. UV absorption spectra were recorded with a V-670 UV/Vis
spectrophotometer (JASCO, Tokyo, Japan), interfaced to a PC for data processing. The
absorption-maximum wavelength (λmax, nm) of each compound was obtained from these
results. The molar absorption coefficients (ε, L mol−1 cm−1) were calculated from the
absorption of λmax.

2.3. Statistical Analysis

Data are expressed as the mean± standard deviation (S.D.). The statistical significance
of a difference between two groups was estimated by Student’s t-test, and between more
than three groups was estimated by Tukey’s test. The threshold for assessing the significance
was p < 0.05, p < 0.01, or p < 0.001.

3. Results and Discussion
3.1. Dose Dependency of the Photoprotective Effect of Quercetin

In this study, the photoprotective effects of selected polyphenols and antioxidants on
the photodegradation of NPX, which is well-known as a photodegradable pharmaceuti-
cal [7–10], were evaluated in the solid state. Our previous study indicated that selected
polyphenols and antioxidants, such as quercetin, ascorbic acid, and isoascorbic acid, sup-
pressed NPX photodegradation in an aqueous media [23]. Quercetin showed a significant
photoprotective effect, so its photoprotective potency for NPX in the solid state was investi-
gated first.

The dose dependency of the protective effect of quercetin on the photodegradability of
NPX after UV irradiation was evaluated. HPLC chromatograms of NPX and UV-irradiated
NPX with or without quercetin (molar ratio for NPX was 0.5) are shown in Figure 3. The
effects of quercetin on residual amounts of NPX and generation rates of NPX photoproducts
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are shown in Figure 4. UV irradiation-induced the decrease of NPX peak concomitant
with the generation of NPX photoproducts (retention time of the main photoproduct was
ca. 18 min, Figure 3B). When a powder of NPX was UV-irradiated without quercetin
for 24 h, its residual amount (84.1 ± 3.8%) was significantly less than that of the control
sample (101.7 ± 1.1%) as shown in Figure 4A, and the generation rate of the main NPX
photoproduct was 4.9 ± 0.7% (Figure 4B). As the same as in our previous study [11], NPX
was excited by absorption of the energy derived from UV irradiation, resulting in the
elimination of its carboxylic group followed by oxidation for the conversion to the NPX
photoproduct in the solid state. Also, both NPX photodegradation and the generation of
NPX photoproducts were not observed in the control sample (Figure 3A), showing that
other factors such as hydrolysis and temperature did not contribute to the degradation
of NPX.
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Figure 3. HPLC chromatograms of NPX powder and a mixture of NPX and quercetin (molar ratio
for NPX is 0.5) with and without UV irradiation for 24 h. (A) an NPX powder, (B) a UV-irradiated
NPX powder, (C) a mixture of NPX and quercetin, (D) a UV-irradiated mixture of NPX and quercetin.
Detection wavelength: 260 nm.
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Figure 4. Dose dependency of the effect of quercetin (molar ratios for NPX were 0.125–1) on the
residual amounts of NPX and the generation rates of the main NPX photoproduct in the UV-irradiated
powder. (A) Residual amounts of NPX, (B) generation rates of the main NPX photoproduct. Values
represent mean ± S.D. (n = 4). * Difference compared with control (p < 0.05), ** difference compared
with control (p < 0.01) and ## difference compared with no additives (p < 0.01) (A). ### Difference
compared with no additives (p < 0.001) (B).

On the other hand, both NPX photodegradation and the generation of NPX pho-
toproducts induced by UV irradiation were suppressed completely in the presence of
quercetin (molar ratio for NPX was 0.5, Figure 3D). Retention time of quercetin was ca.
23 min. The peaks of two NPX photoproducts were slightly detected but their peak area
was less than the limit of quantification. The residual amount of NPX after UV irradia-
tion (97.9 ± 0.7%) was significantly higher compared to that in the absence of quercetin
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(84.1 ± 3.8%, Figure 4A). It is indicated that quercetin showed a photoprotective effect on
NPX in the solid state. From the evaluation of the dose dependency of quercetin, NPX
photodegradation and the generation of NPX photoproducts were suppressed partially
even at a lower concentration (molar ratios for NPX was 0.125–0.25). Completely suppres-
sion was observed at a higher concentration (molar ratios for NPX was 0.5–1) as shown in
Figure 4. From these results, it is suggested that quercetin might show the photoprotective
effect on NPX by antioxidative potency, resulting in quenching the excitation of NPX and
deactivating the hydroxyl radicals, or by UV filtering potency, resulting in disruption of
UV irradiation for NPX, when powders of an NPX-quercetin mixture were UV-irradiated.

3.2. Comparison of the Photoprotective Effect of Selected Polyphenols and Antioxidants

Based on the results obtained from the evaluation of the photostabilization potency of
quercetin, the comparative experiments of the photoprotective effects of selected polyphe-
nols (catechin, chlorogenic acid, curcumin, daidzein, genistein, quercetin, resveratrol, rutin,
and zingerone), and antioxidants (ascorbic acid and isoascorbic acid) were performed
(Figure 2). Our previous study showed that ascorbic acid, isoascorbic acid, catechin, and
curcumin showed photoprotective effects on NPX photodegradation in an aqueous me-
dia as the same as in quercetin [23]. So, we evaluated their photoprotective potencies of
them and additional polyphenols for UV-irradiated NPX in the solid state. NPX and each
polyphenol or antioxidant were mixed at a molar ratio of NPX 0.5 because this dose of
quercetin completely suppressed NPX photodegradation. A comparison of the residual
amounts of NPX after UV irradiation for 24 h in the absence or presence of selected addi-
tives is shown in Figure 5. Four additives, including ascorbic acid, zingerone, catechin, and
isoascorbic acid, showed no protective effects on NPX photodegradation judged by the
residual amounts of NPX in their presence. These values were almost the same as in that in
the absence of additives. In the presence of these four additives, the residual amounts of
NPX after UV irradiation for 24 h were significantly less than those of control samples. On
the other hand, curcumin and resveratrol suppressed NPX photodegradation completely,
the same as in quercetin. When quercetin, curcumin, and resveratrol were mixed with
NPX, the residual amounts of NPX after UV irradiation (97.9 ± 0.7%, 98.9 ± 0.6% and
99.4 ± 1.1%, respectively) were significantly higher compared to that without additives
(84.1 ± 3.8%), and comparable to those of their control samples (100.0 ± 0.3%, 99.2 ± 0.7%
and 100.6 ± 1.2%, respectively). Other additives, including rutin, daidzein, chlorogenic
acid, and genistein, showed photoprotective effects moderately on NPX photodegradation.
The residual amounts of NPX after UV irradiation in the presence of rutin, daidzein, chloro-
genic acid, and genistein were 91.5 ± 3.0%, 92.7 ± 1.1%, 94.1 ± 0.7%, and 97.3 ± 0.8%,
respectively, which were significantly higher compared to that without additives, but these
values were significantly less than those of their control samples (100.0± 0.4%, 99.0 ± 1.1%,
98.5 ± 0.7% and 100.7 ± 1.1%, respectively). These results indicated that some of the
polyphenols tested in this study showed significant photoprotective effects on NPX pho-
todegradation in the solid state. Quercetin, curcumin, and resveratrol showed remarkable
protective potencies for NPX photodegradation.

In addition, quercetin and resveratrol showed high photostability because their
residual amounts after UV irradiation were 98.0 ± 0.7% and 101.4 ± 1.3%, respectively
(Figure S2), which were the same values as in those of control samples (98.5 ± 0.6% and
100.9 ± 1.1%, respectively). Daidzein, chlorogenic acid, and genistein were also photo-
stable, but some polyphenols, including zingerone, catechin, rutin, and curcumin, were
photodegradable. Several studies have been reported for the photodegdabilitiy of catechin
and curcumin [26,27]. UV irradiation-induced the photodegradation of these polyphenols
in addition to NPX. Furthermore, the residual amounts of curcumin, ascorbic acid, and
isoascorbic acid in their control samples were 82.8 ± 1.2%, 91.8 ± 1.7%, and 93.2 ± 2.8%,
respectively, indicating that these additives were degraded by the factors except for UV
irradiation (probably oxidation, hygroscopicity and photodegradation by room-light irradi-
ation during sample preparation, and so on). Based on results from the evaluations of both
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NPX photostabilization and photostability of tested additives, it is tempting to speculate
that quercetin and resveratrol might be good photostabilizers for powders and granules of
photodegradable pharmaceuticals.
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Figure 5. Photoprotective effects of selected additives on NPX photodegradation in a powder. Values
represent mean ± S.D. (n = 4). * Difference compared with control (p < 0.05), **difference compared
with control (p < 0.01), *** difference compared with control (p < 0.001), # difference compared with
no additives (p < 0.05) and ## difference compared with no additives (p < 0.01).

3.3. Mechanism Elucidation of the Photoprotective Effects of Selected Additives

To clarify the mechanisms of the highly protective effects of quercetin, curcumin,
and resveratrol on NPX photodegradation in the solid state, their antioxidative potencies
were determined by the PAO test, as shown in Figure 6. From the results of the PAO
test, there was no correlation between photoprotective effects and antioxidative potencies
among selected polyphenols and antioxidants. Quercetin and resveratrol showed more
significant antioxidative activities compared to the other tested compounds except for
catechin and rutin. On the other hand, the antioxidative activity of curcumin was the
same as in those of ascorbic acid and isoascorbic acid although curcumin showed a more
photoprotective effect on NPX photodegradation compared to ascorbic acid and isoascorbic
acid (Figure 5). In the case of catechin, its antioxidative activity was comparable to quercetin
but their photoprotective effects on NPX were different (Figure 5). These results make it
possible to confirm that an antioxidative potency has no contribution to the suppression
of NPX photodegradation induced by UV irradiation in the solid state, and quercetin
and resveratrol show highly protective effects by other natures. Interestingly, catechin
showed a significant protective effect on NPX photodegradation in an aqueous media
as shown in our previous study [23]. It is suggested that the status of photodegradable
pharmaceuticals is an important factor to improve their photodegradability through the
addition of photostabilizers.

Next, the UV absorption spectra of selected polyphenols and antioxidants were
recorded to determine their absorption-maximum wavelengths (λmax, nm) and molar
absorption coefficients (ε, L mol−1 cm−1) as an indicator of UV filtering potency. NPX
showed characteristic absorption in the wavelength above 260 nm although ascorbic acid
and isoascorbic acid had no absorption as shown in Table 1. Photoprotective polyphenols
for NPX showed more significant UV absorption compared to NPX due to their higher
ε values. Especially, quercetin, curcumin, and resveratrol had bigger ε values around
260 nm and 450 nm, compared to the other tested compounds and NPX. Their λmax and ε
were as follows; quercetin 370 nm (23,971 L mol−1 cm−1), curcumin 424 nm and 263 nm
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(72,442 L mol−1 cm−1 and 16,933 L mol−1 cm−1, respectively) and resveratrol 308 nm
(34,140 L mol−1 cm−1). It is suggested that these three polyphenols might act as an efficient
UV filter, which suppresses the excitation of NPX by disruption of UV irradiation, but poor
photostabilizers such as ascorbic acid and isoascorbic acid might have no protective effects
on account of their low UV filtering activities. It is proved that catechin had no photopro-
tective effect on NPX photodegradation due to showing insufficient UV absorption in the
longer wavelength otherwise its higher antioxidative potencies.
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Figure 6. Antioxidative activities of NPX and selected additives. Values represent mean ± S.D.
(n = 3). A–F Means without common superscripts are significantly different (p < 0.05).

Table 1. Absorption-maximum wavelengths (λmax , nm) and molar absorbance coefficients (ε,
L mol−1 cm−1) of NPX and tested additives were analyzed using UV/Vis spectrophotometer.

λmax (nm) and ε (L mol−1 cm−1) in the Wavelength above 260 nm

NPX 332 nm (1853), 318 nm (1481), 272 nm (5178), 263 nm (5144)
Ascorbic acid -

Zingerone 282 nm (2984)
Catechin 280 nm (4114)

Isoascorbic acid -
Rutin 360 nm (17,607)

Daidzein 303 nm (10,279)
Chlorogenic acid 329 nm (20,032), 301 nm (15,213)

Genistein 262 nm (44,251)
Quercetin 370 nm (23,971)
Curcumin 424 nm (72,442), 263 nm (16,933)

Resveratrol 308 nm (34,140)

From these results, it is clarified that a higher UV filtering activity is necessary for
a better photostabilizer to photodegradable pharmaceuticals in the solid state. The sum-
mary of obtained results from photostabilization evaluation, determination of antioxidative
potencies, and UV spectral analysis are shown in Table S1. Some of the selected addi-
tives suppressed NPX photodegradation due to their higher UV filtering activities, not
antioxidative potencies. Quercetin, curcumin, and resveratrol completely suppressed NPX
photodegradation on account of their remarkable UV absorption in the longer wavelength.
Especially, quercetin and resveratrol disrupt the UV absorption of a compound, and they
are photostable, suggesting that these polyphenols might suppress the photodegradation
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and the generation of photoproducts for various photodegradable pharmaceuticals in the
solid state, in addition to NPX. The photoprotective effect of curcumin was remarkable, but
it might be weakened depending on photo-exposure time due to its lower stability. Several
reports show the expression of toxicological potencies of photosensitive pharmaceuticals
derived from the generation of photoproducts by UV irradiation [28–31], and the NPX
photoproduct is known as toxicological potent in ecotoxicological tests [8,32]. In the case
of NPX, it is proved indirectly that most selected polyphenols suppress the generation of
NPX photoproduct partially or completely resulting in the reduction of ecotoxicological
potencies induced by UV irradiation.

4. Conclusions

This work revealed that it is important for additives for the purpose of the photostabi-
lization of NPX in the solid state to have sufficient UV filtering activity. In the absence of a
UV absorptive additive, NPX in the solid state is excited by UV irradiation following to
proceeding the photodegradation (Figure 7A). In contrast, in the presence of some UV ab-
sorptive substances such as quercetin, UV irradiation for NPX is disrupted resulting in the
suppression of its photodegradation (Figure 7B). The addition of UV absorptive additives
including selected polyphenols might be an efficient tool for the improvement of the photo-
stability of photodegradable pharmaceuticals in the solid state. It might be a useful method
to make a photostabilization for crushed or decapsulated medicines, of which APIs are
photosensitive, in clinical situations. Additional research focused on the photoprotective
effects of other additives is required for the development of a photostabilization strategy.
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Abstract: Benzophenones (BPs) frequently occur in water environments, and they are able to both
screen UV light and to sensitize reactive intermediate (RI) production. However, BPs have largely
been overlooked as a background water component when studying photodegradation of co-existing
organic micropollutants (OMPs). Therefore, in this study, we investigated the influence of BP and its
derivative oxybenzone (BP3) on the degradation of the co-existing model OMP sulfamethoxazole
(SMX). A series of photodegradation experiments were conducted covering a range of BPs concen-
trations in µg/L levels, and the degradation of 1.00 µM of SMX was studied. The addition of BP at
0.10 µM, 0.25 µM, and 0.30 µM, and BP3 at 0.10 µM and 0.25 µM, significantly increased the first
order degradation rate constant of 1.00 µM of SMX (kobs(BP)) by 36.2%, 50.0%, 7.3%, 31.5%, and 36.2%
respectively, compared to that in the absence of any BPs. The maximum indirect photodegradation
induced by BP and BP3 reached 33.8% and 27.7%, respectively, as a percentage of the observed SMX
degradation rate at the [BPs]/[SMX] ratio of 0.25. In general, triplet excited dissolved organic matter
(3SMX*, 3BP*, and 3BP3*) played the major role in the photosensitizing ability of BPs. The results
further implied that the increase of SMX degradation at the molar ratio of 0.25 was possibly due to
3BP* for the mixture of SMX and BP. Overall, this study revealed the sensitizing ability of BP and BP3
on the co-existing OMP, SMX, in water for the first time. Our findings can be applied to other BP type
UV filters which are similar to BP and PB3 in molecular structure.

Keywords: indirect photolysis; reactive intermediates; photodegradation; benzophenone;
sulfamethoxazole

1. Introduction

Organic micropollutants (OMPs) are being increasingly detected in the environment,
raising public as well as scientific concern [1]. They undergo physical (e.g., sorption,
dilution), biological (e.g., biodegradation), and chemical (e.g., hydrolysis, photolysis)
transformations in the environmental water [2,3]. Some OMPs are degraded through
either biodegradation or photodegradation, while some degrade through both and some
by neither [3]. For many OMPs, the photodegradation rate under sunlit conditions is
known to be larger than their biodegradation rate [3]. In environmental water, OMP
photodegradation rate is influenced by co-existing components either positively due to the
generation of reactive intermediates (RIs) that promote indirect photolysis or negatively
due to scavenging of RIs and the attenuation of light [4]. For instance, NO3

− [5–11],
Cl− [10,11] and dissolved organic matter (DOM) [6–10] in the water column possibly
contribute to generating RIs. In addition, some OMPs have also exhibited promoting effects
on the photodegradation of other co-existing OMPs [12–14]. For instance, triplet excited
aromatic ketones are able to react well with other aromatic compounds which contain
electron-donating groups [15], such as phenolate ions [16] and phenols [17].

Among the OMPs detected in the water environment are UV filters/sunscreen prod-
ucts such as benzophenone derivatives, p-Aminobenzoic acid derivatives, camphor deriva-
tives, benzotriazole derivatives, and salicylate derivatives [18]. Sunscreen products are
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widely used for the protection of skin from carcinogenic effects that may result from the
exposure to UV radiation. Among them, benzophenone (BP) derivatives are actively used
components of organic sunscreens [16–19]. Besides, BP is used during the production of
insecticides, agrochemicals, and pharmaceuticals as it serves as photo-initiator, UV curing
agent, fragrance enhancer, and a flavoring agent. It is also used as an additive in plastics,
coating products, and adhesives [19]. As a result of such extensive use, BP and its deriva-
tives have been widely detected in surface water and wastewater treatment plants [20–24]
among other organic micropollutants (OMPs).

Upon reception of photon energy in aqueous media, BP produces 1O2, O2
•− and •OH

through type I and II photodynamic reactions in a concentration dependent manner [25].
Furthermore, BP can abstract H from coexisting molecules through its excited triplet
state [12]. In addition, fenofibrate, amiodarone [12], and fenofibric acid [13,14], which
contain the carbonyl moiety as in BP and its derivatives, have shown photosensitization
capabilities, sometimes exceeding the sensitizing effect of natural organic matter [13,14].
For instance, fenofibric acid, a chlorobenzophenone, accelerates the photodegradation
process of the gemfibrozil fibrate drug under UV radiation via fenofibric acid’s triplet
excited state and 1O2 [13]. Fenofibric acid also increases the degradation rate of coexisting
bezafibrate via (1) triplet excited fenofibric acid and 1O2, (2) the energy transfer of singlet
excited fenofibric acid or degradation byproducts with dissolved oxygen, (3) eaq

−, and
(4) O2

•− to a smaller extent, under solar irradiation [14].
However, despite their occurrence in environmental waters in a range of concen-

trations, the influence of BP itself and its sun-screening derivatives such as oxybenzone
(BP3) has been largely overlooked as possible photosensitizers. For instance, BP has been
acknowledged as one of the aromatic ketones, whose excited triplet state can oxidize
other compounds such as phenylurea herbicides [15], phenols [17,26], phenolate ions [16],
methoxybenzenes [27], amino acids and aminopolycarboxylic acids [28], and amines [29,30].
However, those studies have particularly focused on only BP’s triplet excited state often
through laser flash photolysis and have not investigated its influence in wide ranges of
their concentrations. To be specific, considering BP’s simultaneous ability to screen UV
irradiation and sensitize RI production, their concentration dependent influence on the
photodegradation of co-existing OMPs is yet to be understood in environmentally relevant
concentrations. BPs typically have been detected in the environmental waters in ng/L to
µg/L levels [31–40]. For instance, BP and BP3 have been detected in surface water up to
82 ng/L [40,41] and 44,000 ng/L [31–43], respectively. Nevertheless, studies focusing on
the sensitizing ability of BP or BP-like OMPs have employed degradation-target pollu-
tants in mg/L level (i.e., 1–10 mg/L [13,14] and sensitizing OMPs also in mg/L level (i.e.,
0.5–20.0 mg/L [13,14,25]). Considering that RI production by BP is concentration depen-
dent [25], research covering a wide range of concentrations in ng/L or µg/L is required to
understand the sensitizing effect of BPs on co-existing OMPs in the environmental water.

Therefore, the objective of this research was to investigate the promotional/inhibitory
influence of BP and its derivative BP3 on the degradation of co-existing OMPs at a range of
concentrations in µg/L level. It should be noted that this study did not include elucidating
the reaction pathway of SMX degradation in the presence of BPs. To this end, we selected
sulfamethoxazole (SMX) as a model target micropollutant and investigated processes
responsible for the influence of BP and BP3 on photodegradation of SMX in a range of BP
and BP3 concentrations. The selection of SMX as the model OMP was based on its frequent
detection in surface water worldwide [44–49], its high dependence on photodegradation
compared to other processes such as biodegradation [3], and its capability to undergo
indirect photodegradation via •OH, 1O2 and O2

•− [50–52]. Series of photodegradation
experiments under simulated sunlight were conducted in combination with RI quenching
experiments to understand dominant physical and chemical processes for the co-exposure
degradation of SMX with BPs.

331



Photochem 2023, 3

2. Materials and Methods
2.1. Material

SMX (≥98%), BP (analytical grade), BP3 (≥98%), methanol (MeOH) (≥99.9%, high-
performance liquid chromatography (HPLC) grade), sorbic alcohol (SA) (97%) were pur-
chased from Sigma-Aldrich (Tokyo, Japan). HPLC grade acetonitrile (ACN) (≥99.9%), p-
nitroanisole (PNA, 97%), 2-propanol (IPA, ≥99.7% for gas chromatography (GC)), pyridine
(PYR, ≥99.5% for GC), acetic acid (≥99.7%) and superoxide dismutase (SOD, 5550 U/mg)
were purchased form Kanto Chemicals (Tokyo, Japan). Phosphate buffer powder (1/15 mol/L,
pH 7.0) and NaN3 (99%) were purchased from Fujifilm Wako Pure Chemical corporation
(Osaka, Japan) and Arcos Organics (Japan) respectively.

2.2. Chemical Actinometry Experiment

Photodegradation experiments were conducted using a photoreactor (HELIOS.Xe,
Koike Precision Instruments, Hyogo, Japan), which is equipped with a 300 W Xe short arc
lamp (Ushio, Tokyo, Japan), an optical filter between the lamp and samples to cutoff wave-
lengths less than 280 nm, and a temperature regulator which maintained the experimental
system at 20 ◦C. In this reactor 10 quartz tubes placed around the lamp were irradiated
simultaneously. The distance between the lamp and the inner-most surface of each quartz
tube was 6 cm.

To determine photon irradiance (E0
p,tot) and spectral photon irradiance (E0

p,λ) for the
wavelength range 280–400 nm at each tube position of the photoreactor, the chemical
actinometry experiment was carried out using the chemical actinometer system containing
PNA and PYR at initial concentrations of 10.00 µM ([PNA]0) and 10.00 mM ([PYR]0),
respectively [53]. In this experiment PYR was added to accelerate the photoreaction of
PNA. This experiment was conducted in triplicate with 10 mL of the actinometer in quartz
tubes. After initiating radiation, samples were collected at 10-min intervals, up to 50 min,
and the PNA concentrations were determined using an HPLC system (Prominence UFLC,
Shimadzu, Kyoto, Japan) equipped with a UV-Vis absorbance detector (SPD-20 UFLC,
Shimadzu, Kyoto, Japan) and a C18 column (Kinetex, Phenomenex Co., Torrance, CA, USA;
5 µm, 4.6 × 250 mm) using a mobile phase of 60/40 MeOH/Milli-Q(MQ) (v/v %). After
the measurement, the initial degradation rate constant of PNA for each tube position was
determined and applied for calculating the irradiance at each of specific locations of the
quartz tubes using the equations in Table S1.

2.3. Photodegradation Experiments

Photodegradation experiments were carried out at 20 ◦C using 10.00 mL solutions of
SMX alone (1.00 µM) and with BP or BP3 (hereafter BPs) mixtures in phosphate buffer at
pH 7 using the above-mentioned photoreactor. Samples were continuously stirred during
the 10 h of each experiment. The molar ratio [BP or BP3]/[SMX] was varied in the range
0.00–1.00 by fixing [SMX] at 1.00 µM to investigate the influence of the proportion of
BPs on SMX degradation. In addition, quenching experiments of RIs were conducted for
SMX/BPs mixtures in the presence of IPA (2000 µM), NaN3 (500 µM) SA (2500 µM) and
SOD (3000 U/L) for quenching •OH, 1O2, 3DOM* (i.e., 3SMX*, 3BP*, and 3BP3* in this
study) and O2

•− respectively.
Samples of 0.6 mL were collected at 1, 2, 4, 6, 8, and 10 h during photodegradation

experiments with and without quenchers. SMX concentration in the collected samples
were determined using an HPLC system (Prominence UFLC, Shimadzu, Kyoto, Japan)
equipped with a UV-Vis absorbance detector (SPD-20 UFLC, Shimadzu, Kyoto, Japan) and
a C18 column (Kinetex, Phenomenex Co., Torrance, CA, USA; 5 µm, 4.6 × 250 mm). A
50/50 ACN/MQ (v/v %) mobile phase containing 0.1% acetic acid was used for determin-
ing SMX concentration. The flow rate and column temperature were set at 0.60 mL/min
and 40 ◦C, respectively. The average relative error in the HPLC measurement was 4%.
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2.4. Data Analysis

The experimental results were analyzed to quantify the inner filter effect and the sensi-
tizing effect of BPs on the photodegradation of SMX. Wavelength dependent light screening
factor caused by BPs (sλ) is given by Equation (1) [54,55] where αλ is the light attenuation
coefficient of BP (/cm), ε′λ is the molar absorption coefficient of SMX (L/cm. mol), l is
the light path length (cm) calculated according to Equation (2) using the internal radius
of the cylindrical quartz tube r (r = 0.8 cm) and [SMX0] is the initial SMX concentration
(1.00 × 10−6 M). Equation (1) can be modified into Equation (3) by substituting αλ with
2.303 ελ[BP0] where ελ is the molar absorption coefficients of BPs (L/cm. mol) and [BP0] is
the initial BPs concentration (0.10 × 10−6 M–1.00 × 10−6 M) [56]. Then, sλ and the total
light screening coefficient (S) induced by each concentration of BPs were calculated using
Equations (3) and (4), respectively [54–56].

sλ =
1− (10−(αλ+ε′λ [SMX0])l)

2.303
(
αλ + ε′λ[SMX0]

)
l

(1)

l =
πr2

2r
(2)

sλ =
1− (10−(2.303 ελ [BP0]+ε′λ [SMX0])l)

2.303
(
2.303 ελ[BP0] + ε′λ[SMX0]

)
l

(3)

S =
∑Iλsλε′λ

ΣIλε′λ
(4)

where Iλ is the lamp irradiance at a specific wavelength λ (280–400 nm).
Since the absorbance of tested OMP mixtures was minor in the visible light region

(400–800 nm), it was excluded from the analysis. UV-visible absorption spectra of BPs
and SMX individually at each concentration used for experiments were obtained using a
UV-vis spectrophotometer (UV1800, Shimadzu, Kyoto, Japan). Subsequently, the obtained
absorbance spectra were used in calculating ε′λ using the Beer-Lamber law (Equation (5)),

Aλ = ε′λ L [SMX0] (5)

where Aλ is the measured absorbance at a given wavelength λ and L is the optical path
length (1 cm). Then, the calculated S value was used to obtain the direct and self-sensitized
photolysis rate constant of SMX (kd+s, Equation (6)) and indirect photolysis rate constant
initiated by BPs (kind) was estimated using Equation (7).

kd+s = S kobs(non BPs) (6)

kobs(BPs) = kd+s + kind (7)

where kobs(non BPs) is the observed photolysis rate constants of SMX in the absence of
BP (h−1) and kobs(BPs) is the observed photolysis rate constants of SMX in the presence
of BP (h−1). In the presence of BPs, kobs(non BPs) is reduced to kd+s by the inner filter
effect/light screening of BPs and this reduction is accounted for by S (Equations (3) and (6)).
Hence, the enhanced SMX degradation owing to the sensitization by BPs was estimated by
kind in Equation (7).

3. Results and Discussion
3.1. Effect of BP and BP3 on the Photodegradation of SMX

In the absence and presence of BPs, SMX degradation followed 1st order photodegra-
dation kinetics with R2 ≥ 0.97. Figure 1 shows the photodegradation kinetics for some
selected [BPs]/[SMX] molar ratios 0.00–0.30.
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Figure 1. First order photodegradation kinetics for SMX in the absence and presence of (a) BP and
(b) BP3 (for selected [BPs]/[SMX] ratios). Experimental conditions: [SMX]0 = 1.00 µM, pH = 7.0,
temperature = 20 ◦C, degradation time = 10 h.

Consequently, the first order degradation rate constant of SMX was influenced by
the coexisting BPs depending on the molar ratio (Figure 2) (hereafter [BP]/[SMX] and
[BP3]/[SMX] will be referred to as BP ratio and BP3 ratio respectively) (Figure 2a). At BP
ratios of 0.10 and 0.25, an obvious promotion of the SMX degradation by BP was evident.
For BP ratios of 0.10 and 0.25, kobs (BP) increased by 36.2% and 50.0%, respectively, relative
to the negative control (i.e., in the absence of BP) (Figure 2b). At the BP ratio 0.25, the
degradation rate of SMX was the maximum at 3.34 × 10−2 h−1 for the tested range of
[BP]/[SMX].

Figure 2. The relation between [BPs]/[SMX] and observed rate constant (kobs). (a) kobs for SMX
(circles) and the inverse of total light screening coefficient (S) (triangles) at different molar ratios. The
inverse of S corresponds to the light absorption. Error bars indicate a standard deviation of triplicated
experiments. (b) Percentage change in kobs(BPs) for SMX compared to kobs(non BPs).

Similarly, for SMX irradiated with BP3, a significant increase in the first order degra-
dation rate constant for SMX was observed for BP3 ratios of 0.10 and 0.25 (Figure 2b). The
increase was 31.5% and 36.2% for the ratios of 0.10 and 0.25, respectively. The maximum
SMX degradation rate was observed to be 3.03 × 10−2 h−1 at the BP3 ratio 0.25. All other
BP3 ratios exhibited a decrease of the SMX degradation rate compared to the negative
control except for the BP3 ratio 0.50 where the rate remained almost similar to that of SMX
irradiated alone. The largest inhibition of SMX degradation was observed at the BP3 ratio
of 1.00. Overall, at the lower ratios of 0.10 and 0.25, BP promoted SMX degradation slightly
more than BP3 (Figure 2b).

At the BP ratios of 0.10, 0.25, and 0.30, kind accounted for 26.7%, 33.8%, and 7.4%
of the corresponding kobs (BP) values, respectively (Figure 3, Table S2). At BP3 ratios of
0.10 and 0.25, kind accounted for 24.5% and 27.7% of the corresponding kob (BP3) values,
respectively. The contribution of BP to enhancing SMX degradation at the lower molar
ratios (i.e., 0.10 and 0.25) was slightly higher than those of BP3 (Table S2). It should be noted
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that the calculation was not carried out for BPs molar ratios that inhibited SMX degradation
compared to kobs (non BP). Furthermore, kind as a percentage of kobs (BPs) in the presence of
BP and BP3 increased as BPs ratios increased in the low range (i.e., 0.00–0.25) (Figure 3). This
indicates that, within such low range, the sensitizing effect of BP dominantly determined
the overall degradation rate of SMX, making the inner filter effect minor. Beyond the BP
ratio of 0.25, kind as a percentage of kobs (BP) remained more or less stable approximately
around 7.5%, indicating that the sensitizing effect no longer significantly increased with
the increase of BP. As for BP3, the ratio of 0.25 showed the maximum kob (BP3) value and all
other ratios beyond 0.25 inhibited the SMX degradation. As BP3 shows a higher absorbance
than BP in the wavelength range of 280–400 nm (Figure S1), it likely showed a more
significant inner filter effect on SMX than BP.

Figure 3. kd+s and kind as a percentage of kobs (BPs) for BP and BP3 molar ratios, indicating the enhanced
SMX degradation.

In a relevant study, kind initiated by 20 mg/L of fulvic acid in the Suwannee River
accounted for 11% of kobs of 3.65 µM of 2-phenylbenzimidazole-5-sulfonic acid (between
290–350 nm) [54]. Another study reported that kind initiated by 5 mg-C/L of fulvic acid
and humic acid in the Suwannee River, Pony Lake fulvic acid, and Nordic aquatic ful-
vic acid, respectively, accounted for 33.0%, 38.6%, 35.7%, and 45.4% of the kobs value of
2,3-dibromopropyl-2,4,6-tribromophenylether (between 290–320 nm) [55]. These experi-
mental results indicate that BP and BP3 can be of similar significance as natural organic
matter which are considered an important source of photosensitization for photodegrading
co-existing OMPs in the water environment.

Overall, the shift of the SMX photodegradation rate in the presence of BPs was owing
to the inner filter effect and the sensitizing effect caused by the BPs. According to the
UV visible spectra, the BPs showed higher absorbance than SMX within the wavelength
range 280–400 nm (Figure S1). Thus, light screening by BPs significantly affected the
degradation rate constant of SMX when the concentration of BPs was relatively high
(Figure 2b). According to the UV-visible spectra of BP and BP3 (Figure S1), BP3 has a larger
absorbance than BP. This must have resulted in the inhibition of SMX degradation at higher
BP3 ratios, in comparison to BP (Figure 2a).

Furthermore, fenofibric acid, which is a pharmaceutical containing the BP moiety, has
also been reported to accelerate the degradation of 20.0 µM of gemfibrozil [13] and 13.8 µM
of bezafibrate [14]. The acceleration of the degradation of those OMPs by fenofibric acid
was in the order of 3.14 µM > 1.57 µM > 0.31 µM of fenofibric acid. This means that the sen-
sitization ability continues to increase when the molar ratios [fenofibric acid]/[gemfibrozil]
increases from 0.02 to 0.16 and [fenofibric acid]/[bezafibrate] increases from 0.02 to 0.23.
These enhanced effects are identical to our experimental results for BPs and interestingly
the molar ratios of OMPs are similar between the present and those studies. At the same
time, the concentration of SMX (1.00 µM) in our study was much lower than those in the
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reported investigations [13,14]. Nevertheless, in the current study, BPs exhibited the ability
to screen light, which caused inhibition of SMX degradation at most of the higher BPs
molar ratios alongside acting as a sensitizer. Thus, among the limited studies focusing on
co-exposure photodegradation of OMPs, our study added new evidence enhancing our
understanding on their interactive reactions under sunlit environment.

3.2. Effect of RIs in SMX Photodegradation with BP and BP3

In the absence of any BPs, quenchers SA, SOD, NaN3, and IPA reduced the degradation
coefficient of SMX (kd+s) by 45.0%, 15.6%, 9.3%, and 6.4%, respectively. Thus, the contri-
bution of RIs for SMX photodegradation followed the order 3SMX* > O2

•− > 1O2 > •OH
(Figure 4). This result agreed with the observation by Zhou et al., (2015) [51], where 3SMX*
exhibited the most contribution to SMX degradation and 1O2 and •OH showed smaller
contributions at pH 8, when SMX (the initial concentration, 3.95 µM) was irradiated in
UV-visible light including UV-C. According to Zhou et al., (2015) and Lin et al., (2023) [52],
SMX is capable of undergoing self-sensitized indirect photodegradation through 1O2, •OH,
and O2

•− produced in the presence of O2 and H2O via 3SMX*. In addition, SMX un-
dergoes direct photolysis through 3SMX* when irradiated [51,52]. Considering that SA
quenching caused the largest inhibition of SMX degradation rate, direct photolysis is the
more prominent process for the degradation of irradiated SMX than its self-sensitized
photodegradation, which was also supported by the largest reduction in kobs (non BP) in the
SA quenching (Figure 4).

Figure 4. The change of kobs in the quenching experiment. (a) First order degradation rate constant
of SMX in the absence (kobs(non BPs)) and presence (kobs(BPs)) of BPs with and without quenchers and
(b) the reduction of kobs(non BPs) and kobs(BPs) in the presence of quenchers, as a percentage of those in
the absence of quenching.

In case of the presence of BPs, 3SMX*, 3BP*, and 3BP3* quenching by SA caused the
largest reduction of degradation rate of SMX for all tested BP and BP3 ratios (Figures 4b and 5).
Hence, triplet excited states are the most significant for the degradation of SMX in the
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presence of BPs. The addition of BP at ratios 0.10 and 0.25 significantly contributed to SMX
degradation via •OH, 1O2 and O2

•− radicals as shown in IPA, NaN3, and SOD quenching,
respectively. Compared to their respective non-quenching controls, each of •OH, 1O2, and
O2
•− respectively contributed to 41.5%, 42.3%, and 45.6% of SMX degradation at the BP

ratio of 0.10 and to 45.4%, 44.8%, and 55.7% at the BP ratio of 0.25. The largest reduction
of kobs was observed at the BP ratio 0.25 for all quenchers. In fact, BP produces 3BP* upon
irradiation, and then 3BP* can produce 1O2 by energy transfer to O2, abstract H from
C-H bonds of alcohols, and produce •OH in the presence of H2O [12,57]. Therefore, the
experiment of quenching 3SMX* and 3BP* reasonably displayed the highest inhibition
of SMX degradation. Furthermore, the percentage reduction of kobs(BP) (Figure 4b) has
increased when BP ratio increased from 0.00 to 0.25. Hence, the increase of kind from the BP
ratio 0.10 to BP ratio 0.25 (Figure 3) is likely attributed mainly to the production of 3BP*.

Figure 5. Relations between the percentage reduction in kobs(BPs) compared to in the absence of
quenchers and the percentage increase in kobs(BPs) compared to kobs(non BPs) and for (a) BP ratios 0.00,
0.10, 0.25 and 0.30 and (b) BP3 ratios 0.00, 0.10 and 0.25.

Similar to BP, SA quenching experiments in the presence of BP3 in ratios 0.10 and 0.25
caused the largest inhibition of SMX degradation out of the four quenchers. This indicates
that BP3 also promotes SMX degradation through pathways involving triplet excited states
(Figures 4b and 5). Compared to the non-quenching controls, •OH quenching caused
the reduction in SMX degradation rate by 51.7% and 32.1% at BP3 ratios 0.10 and 0.25,
respectively. 1O2 quenching at those ratios reduced the SMX degradation by 57.3% and
35.5% and O2

•− quenching by 30.4% and 37.6%. At the same time, the highest contribution
by •OH, 1O2 and 3SMX*/3BP3* was observed at BP3 ratio 0.10 while that for O2

•− was
highest at BP3 ratio 0.25. The contribution of each RI to SMX degradation decreased when
the BP3 ratio was increased from 0.10 to 0.25 except for the O2

•−. The contribution of O2
•−

increased by about 7% when the BP3 ratio increased from 0.10 to 0.25. It should be also
noted that the sum of the reductions of kobs(BPs) in the presence of quenchers for some BP
or BP3 ratios exceeded 100%, possibly due to simultaneous quenching of non-targeted
RIs [58]. Nevertheless, BP3 exhibited a better sensitizing ability for SMX degradation at the
tested lower BP3 ratios.

In the degradation process of SMX, •OH, O2
•− and 1O2 can attack the isoxazole

ring, the benzene ring, or the S-N bond of SMX molecules to form several intermediate
products [50,59]. Those reactions go through three main pathways, which are hydrogen
abstraction, hydroxylation, and electron transfer. For •OH specifically, hydrogen abstraction
and hydroxylation play an important role to initiate SMX degradation. The intermediates
produced through reaction of •OH with SMX contain free radicals and thus they can
undergo further reactions [50]. In addition, triplet aromatic carbonyls such as 3BP* are
known to react with amines in aqueous media [30]. SMX contains an amine group and
thus it is likely to react directly with the triplet states of BP and BP3. Hence, the direct
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reactions of 3BP* and 3BP3* with SMX in addition to the production of RIs justify the overall
sensitizing effect of BPs as well as those triplet states being the most important species for
promoting SMX degradation.

Overall, the quenching experiments revealed that the most important RI for sensitizing
SMX degradation by BP and BP3 is their triplet excited states. This result is reasonable
as SMX produces 1O2, •OH, and O2

•− in the presence of O2 and H2O via 3SMX* [51,52].
Furthermore, BP produces 1O2 in the presence of O2 and •OH [12,57] and •OH is an
effective non-selective RI for the photodegradation of most OMPs [4,60]. As explained
earlier in the discussion, these BPs have been proven to be as significant as natural organic
matters in sensitizing indirect photodegradation of OMPs. Therefore, our study could be a
steppingstone for acknowledging these commonly found BPs and other similar organic
pollutants as important background constituents in assessing OMP degradation.

Our experiments were conducted under environmentally relevant µg/L level concen-
trations of SMX and BPs at pH 7 and 20 ◦C. The outcome indicated that the influence of BPs
on SMX degradation was a combination of the inner filter effect and sensitization of RIs
initiated by BPs and SMX, which appeared to be concentration dependent. Both BP and BP3
sensitized SMX degradation significantly at concentrations 0.10 and 0.25 µM. In addition,
SMX degradation was enhanced at all tested BP ratios except 0.60 and BP3 did not show
any significant enhancement in SMX degradation at other tested ratios. The improvement
of the photodegradation of SMX in these lower ranges of BPs ratios indicates that the
sensitizing effect by BPs overpowers their light screening effect. In previous studies [13,14],
the target OMP’s concentration was always higher than the concentration of sensitizing
OMPs, for instance 5.0 mg/L of gemfibrozil in the presence of 0.1, 0.5, and 1.0 mg/L of
fenofibric acid, where gemfibrozil degradation has been promoted by fenofibric acid at
all tested concentrations [13]. In our study, for the first time, inhibitory or promotional
behavior of BPs was revealed by covering molar concentrations equal to and greater than
the target OMP (i.e., SMX).

Overall, this experimental study demonstrated the ability of BP and BP3 to sensitize
the production of RIs and thus promote degradation of co-existing OMPs in water. In
the current study, the experiments were conducted in pH 7.0 buffer containing only the
BPs and SMX, which is a relatively simple water matrix compared to environmental
water. Our outcomes might not always be valid in the context of actual waters matrices.
Thus, the concentration-dependent mechanism of BPs to sensitize RIs production is yet
to be investigated to fully understand the competitive actions of RIs production and
light screening, which influences the degradation of coexisting OMPs. To this end, for
instance, complex water matrices including natural organic matter should be employed
in further experimental study. Furthermore, the presented study did not elucidate the
reaction pathway of SMX with the produced intermediates in the presence of BP or BP3.
Therefore, the elucidation of the reaction pathway of SMX in the presence of BPs using
mass spectrophotometry would be one of the next challenges in further study.

Nevertheless, major outcomes from this study are possibly applicable to other BP
type UV filters (e.g., sulisobenzone (BP4) and dioxybenzone (BP8)) as they have similar
molecular structures to BP and BP3. It would be worthwhile further exploring those
similar compounds in the context of photodegradation of OMPs (i.e., SMX and others)
considering their widespread use and frequent detection in water environments. In this
regard, this study should be extended to other types of OMPs that are resistant to direct
photodegradation in the natural environment in further investigation.

4. Conclusions

The overall objective of this study was to investigate the influence of co-existing
benzophenone UV filters (BP and BP3) on photodegradation of SMX. The experiments
using the photoreactor clearly showed that photodegradation of SMX was influenced by
the co-existing BP and BP3 and this effect was concentration dependent. Both BP and
BP3 enhanced SMX degradation in the low ranges of concentration including 0.10 and
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0.25 µM. In addition, the quenching experiments further revealed that the photolysis of
SMX is promoted by radicals •OH, 1O2, O2

•− and 3SMX*/3BP*/3BP3*, which also depends
on the concentration of BPs. Among them, 3SMX*/3BP* played the dominant role in the
sensitizing process of SMX/BP mixtures.

This is the first investigation showing the sensitizing ability of BP and BP3 in the
context of coexisting OMP photodegradation, employing a wide range of concentrations
in µg/L levels. The outcomes of this study could be applied to other BP type UV filters
considering their molecular similarity to the studied BPs. Further investigation is expected
regarding the sensitizing behavior of the BPs in the presence of natural organic matters and
other complex water matrices to gain sufficient understanding on the fate of OMPs in the
water environment.
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Abstract: Avobenzone is one of the most widely used sunscreens in skin care formulations, but suffers
from some drawbacks, including photo instability. To mitigate this critical issue, the use of octocrylene
as a stabilizer is a common approach in these products. However, octocrylene has been recently
demonstrated to show potential phototoxicity. The aim of this work is to analyze the performance of
a series of mycosporine-like amino acid (MAA)-inspired compounds to act as avobenzone stabilizers
as an alternative to octocrylene. Different avobenzone/MAA analogue combinations included in
galenic formulations were followed under increasing doses of solar-simulated UV radiation. Some
of the synthetic MAA analogues analyzed were able to increase by up to two times the UV dose
required for 50% of avobenzone photobleaching. We propose some of these MAA analogues as
new candidates to act as avobenzone-stabilizing compounds in addition to their UV absorbance and
antioxidant properties, together with a facile synthesis.

Keywords: sunscreens; photoprotection; UV radiation; MAAs; photochemistry

1. Introduction

Sunlight exposition has been increasing for the last decades. This is induced by our
outdoors habits and, in combination with the decrease of the ozone layer, it causes increased
UV exposure in humans. Due to this, the impact of melanoma and other types of skin cancer
has been increasing through the last decades [1]. To avoid UV radiation damaging effects,
scientists have develop a series of sunscreen formulations to protect humans from potential
UV damage [2], in addition to natural protection [3]. Nowadays, none of the commercially
available sunscreen molecules present ideal behavior as a photoprotector, as these molecules
should fulfill a long list of requirements [4,5]. These compounds should present, among
other features, very large photostability together with broad and intense absorption in
the UV region. These properties should also be combined with negligible toxicity or
phototoxicity. Potential side effects, like photosensitization or photoreactivity, that could
induce toxic effects in living organisms, should be considered as a major drawback and
should be avoided. Complementarily, the environmental impact and bioaccumulation
effect on the ocean’s ecosystem should be taken into consideration. Due to these side
problems, the development of safer and environmentally friendly systems has gained a lot
of interest, mainly from the industrial sector. The previously mentioned problems are only
related to human care, but equally important is the environmental impact that can induce
the massive use of sunscreen lotions.

Even if there are many ingredients that can be used in sunscreen formulations [2], the
actual legislation in Europe allows 48 compounds to be used as photoprotectors (Annex

Photochem 2024, 4, 128–137. https://doi.org/10.3390/photochem4010007 https://www.mdpi.com/journal/photochem



Photochem 2024, 4

VI, Regulation 1223/2009/EC on Cosmetic Products, as amended by Regulation (EU)
2022/2195, OJ L 292, 11 November 2022). Despite this large number of UV blockers, the
most used ones are still the avobenzone/octocrylene pair. These compounds are quite
far from behaving as ideal sunscreens, but their combinations provide adequate practical
results. In particular, avobenzone is known to undergo fast photobleaching due to the
population of the keto-keto form, which leads to undesired photo instability [6,7]. Due to
this, the combined use of avobenzone with octocrylene is almost mandatory due to the
strong stabilization that can be achieved in combination. However, octocrylene presents its
own drawbacks, as it is known that it can cause phototoxicity [8,9] and act as an endocrine
disruptor [10]. Therefore, it is urgently necessary to find new alternatives for the design of
sunscreen formulations which could provide a photostable mixture using safer substances.

Using photoprotective natural compounds as inspiration, we developed a versatile
and efficient route to prepare synthetic analogues of the well-known natural compounds
called mycosporine-like amino acids (MAA). These low molecular weight compounds
are widely available on the planet and present really efficient sunscreen capabilities [11].
These compounds are thermally and photochemically stable, and present a considerable
absorption coefficient and lack of fluorescence, photoreactivity, and toxicity [12]. These
properties make these compounds quite close to the ideal features of sunscreens [12–14]. In
this context, we aimed to study these compounds as avobenzone stabilizers. In the literature,
there have been a considerable number of attempts to stabilize avobenzone [15]. The most
common approach is the use of octocrylene, with the previously mentioned drawbacks.
Other employed strategies are the combination with (2-hydroxy)propyl-β-cyclodextrin,
which also provides a significant stabilization due to encapsulation [16], as well as micellar
encapsulation [17]. In addition, the use of antioxidant molecules [18,19], other sunscreens,
like bisethylhexyloxyphenol methoxyphenyltriazine (BEMT) [20], or complex structures
like zeolites have been explored in this topic. Additionally, an innovative approach was
the use of light to induce and control avobenzone production through a photochemical
transformation [21]; this is a potent strategy but could have serious flaws due to the photo
reactivity in a complex and more rigid environment, i.e., a cosmetic formulation.

In this paper, we aim to explore the capabilities of MAA analogues to stabilize cosmetic
formulations containing avobenzone by chemical combination. For this, we have prepared
a series of cosmetic formulations and studied their behavior against different doses of light.
For our experiments, we have prepared a series of compounds with large photostability
(negligible degradation with an equivalent dose of irradiation higher than 6 h, according to
previously carried out experiments in solution detecting through 1H NMR spectrometry)
aiming to stabilize avobenzone in cosmetic formulations under realistic conditions in
galenic formulations and to study the possible effects of concentration for the photostability
of avobenzone.

2. Results and Discussion

A series of four compounds (Scheme 1) was prepared, aiming to provide high ab-
sorbance in the UV region. For this, we used an amine condensation with the 1,3-diketo
compounds under Dean–Stark conditions as described in more detail in Section 4 [12].
In a preliminary step, the UV-Vis spectra of all the compounds were measured in solu-
tion. All the compounds featured an absorbance maximum at the UVB region (Figure 1).
Noteworthily, all of them also featured impressively high photostability in solution, as
previously measured by 1H-NMR [12]. This extremely stable behavior suggests great
potential to be used as a sunscreen ingredient. Also, the facile synthesis, with only one
step, easy purification, the use of precipitation, and high yields offers a great alternative to
approach the excellent properties of natural MAAs in a more sustainable way with respect
to extraction from algae. This work presents a preliminary screening of those candidates in
formulation, aiming at the stabilization of other ingredients present in the formula.

344



Photochem 2024, 4

Photochem 2024, 4, FOR PEER REVIEW 3 
 

 

respect to extraction from algae. This work presents a preliminary screening of those 

candidates in formulation, aiming at the stabilization of other ingredients present in the 

formula. 

 

Scheme 1. Structures of the commercial and the prepared MAA analogues. Note the difference 

between the core between 1–2 and 3–4. 

 

Figure 1. UV-Vis spectra of the studied compounds in 1 × 10−4 M solution in methanol. 

Aiming to prove the ability of our compounds to be formulated in stable cosmetic 

formulations, we have produced a series of galenic formulations using different mixtures 

of avobenzone (Avo), octocrylene (Octo), and 1 to 4. We intended to test these 

combinations in the same interval of concentrations as the standard filters approved by 

international legislation regarding cosmetic products (for instance, the 76/768/CEE 

directive of the European Union), using between 5 and 10% w/w, similar to the current 

practical use for avobenzone and octocrylene. Due to this, the compounds were studied 

at 5% in a prototype 10 g of NeoPCL formulation prepared as described in Section 4. All 

the compounds presented an appropriate absorption for use as UV blockers, as shown in 

Figure 1. But in contrast to the high absorbance found in solution, the absorbance or 

transmittance measured in formulation decreased considerably; see Figure 2. It is also 

worth mentioning that there is a minimal absorbance overlap with avobenzone in 

formulation, allowing a proper monitorization of the photobleaching of Avo against UV 

doses, while the range of photon absorption is increased in the mixtures compared with 

the isolated compounds. With these initial promising features, we aimed for the 

incorporation of these combinations into more complex galenic formulations. To further 

evaluate their photochemical properties, we irradiated the samples using the 

Scheme 1. Structures of the commercial and the prepared MAA analogues. Note the difference
between the core between 1–2 and 3–4.

Photochem 2024, 4, FOR PEER REVIEW 3 
 

 

purification, the use of precipitation, and high yields offers a great alternative to approach 
the excellent properties of natural MAAs in a more sustainable way with respect to ex-
traction from algae. This work presents a preliminary screening of those candidates in 
formulation, aiming at the stabilization of other ingredients present in the formula. 

H
N

H
NR R

H
N

H
N RR

ClCl

O

p-TsO-
p-TsO-

1 2 3 4

O O

O

C

Ph

Ph
N

O
O

n-Bu

Et

Avobenzone
Avo

Octocrylene
Octo

Commercial

Mycosporine-like amino acid analogues

 
Scheme 1. Structures of the commercial and the prepared MAA analogues. Note the difference be-
tween the core between 1–2 and 3–4. 

 
Figure 1. UV-Vis spectra of the studied compounds in 1 × 10−4 M solution in methanol. 

Aiming to prove the ability of our compounds to be formulated in stable cosmetic 
formulations, we have produced a series of galenic formulations using different mixtures 
of avobenzone (Avo), octocrylene (Octo), and 1 to 4. We intended to test these combina-
tions in the same interval of concentrations as the standard filters approved by interna-
tional legislation regarding cosmetic products (for instance, the 76/768/CEE directive of 
the European Union), using between 5 and 10% w/w, similar to the current practical use 
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Figure 1. UV-Vis spectra of the studied compounds in 1 × 10−4 M solution in methanol.

Aiming to prove the ability of our compounds to be formulated in stable cosmetic
formulations, we have produced a series of galenic formulations using different mixtures of
avobenzone (Avo), octocrylene (Octo), and 1 to 4. We intended to test these combinations
in the same interval of concentrations as the standard filters approved by international
legislation regarding cosmetic products (for instance, the 76/768/CEE directive of the
European Union), using between 5 and 10% w/w, similar to the current practical use for
avobenzone and octocrylene. Due to this, the compounds were studied at 5% in a prototype
10 g of NeoPCL formulation prepared as described in Section 4. All the compounds
presented an appropriate absorption for use as UV blockers, as shown in Figure 1. But
in contrast to the high absorbance found in solution, the absorbance or transmittance
measured in formulation decreased considerably; see Figure 2. It is also worth mentioning
that there is a minimal absorbance overlap with avobenzone in formulation, allowing a
proper monitorization of the photobleaching of Avo against UV doses, while the range of
photon absorption is increased in the mixtures compared with the isolated compounds.
With these initial promising features, we aimed for the incorporation of these combinations
into more complex galenic formulations. To further evaluate their photochemical properties,
we irradiated the samples using the standardized methacrylate (PMMA) plates using a
solar-like irradiation source with a combination of UVB–UVA lamps (see more details in
Section 4). The temporal evolution of the samples was monitored by absolute irradiance
measurements at increasing UV doses of radiation. To provide a standardized analysis,
the irradiance data were converted to transmittance, dividing the irradiance of the lamp
through the sample by the irradiance of the plate impregnated with an equivalent amount
of Vaseline. At that point, the different compounds could be compared independently and
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could be converted to absorbance directly. Looking at the results shown in Figure 2, we
found a clear behavior, as expected for commercial sunscreen Avo, which presented low
photostability. In the case of avobenzone, it almost fully decomposes under the experiment
dose, depicting a non-efficient deactivation mechanism (i.e., photoreactivity). In contrast,
the four prepared compounds 1–4 exhibited higher photostability, remaining unaltered after
comparable doses. The temporal or dose evolution can be seen in Figure 2. The irradiation
of those samples yielded to a critical bleaching of avobenzone, decreasing to 50% after only
200 kJ/m2 and being fully decomposed after 450 kJ/m2 of total UV dose. Compounds 1 to 4
did not present any noticeable decomposition measured at their corresponding absorption
maxima after the maximum dose. The initial increase in Avo is attributable to insufficient
dryness before the first measurement, possibly due to the more viscous character of the
formulation respect to the others. This can yield a higher evaporation during the irradiation,
which is only notable at short times (5 min) and no longer noted afterwards.
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Figure 2. Photostability of the studied samples at 5%. Monitored by absorbance measurements at
Avo maximum.

Even with this poor photostability, avobenzone is one of the most widely used sun-
screens in cosmetics. In commercial formulations, this is possibly due to the inclusion
of other ingredients as stabilizers. The combination of at least two UV absorbents is the
most used strategy to provide photostability to cosmetic formulations. In this scenario,
it is possible to decrease the absolute quantity of each compound in the formulation. As
already mentioned, octocrylene is broadly used as an avobenzone stabilizer, so we moved
to assay our compounds with this role, aiming to propose some alternatives to the use of the
problematic octocrylene. In the literature, it is widely reported that octocrylene reacts with
amines [22] which, in humans, are mainly found in the form of lysine residues. Then, it can
undergo an initial Michael-type addition followed by a reaction sequence corresponding to
a retro-aldol reaction and the formation of immunogenic hapten–protein complexes. This
follows a mechanism closely related to the Schiff base mechanism and is often considered
when aldehydes form those immunogenic complexes [23].

Notwithstanding, the presented compounds have not been tested in biotoxicity assays,
but we hypothesized that they cannot undergo this reaction because they do not have an
α,β-unsaturated carbonyl structure nor a strong nucleophilic or electrophilic center. Even if
octocrylene has strong absorption in the UVB, its main application is as a stabilizer of other
photoprotectors such as avobenzone, with the previously mentioned disadvantages [8].
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Therefore, we irradiated a series of formulations containing the different ingredients
in combination with Avo at 5% and 10% to study their photochemical behavior in cosmetic
formulations. In Figure 3, we can see that Octo is in fact the best performer for avobenzone
stabilization at high UV doses. However, it is clear that compound 4 performs quite well
in comparison with free Avo. In fact, the absorption provided by mixtures of 4 + Avo is
even better at low UV doses, especially for low concentrations (5%), where it increases
the absorption of Avo with respect to the result achieved in the sample with Octo at
equivalent concentration.
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the right for all the ingredients. All the values were obtained from the transmittance spectra and
converted to absorbance for easier interpretation. In case of sample 4 (10%) + Avo (right graph in
purple), we discarded the spectrum at 60 min (326 kJ/m2) due to an unknown drastic change in the
transmission spectrum.

As can be seen in Figure 3, left, at 5% we can observe that compound 4 offers an
extra boost to the absorption (ca. 16%), which will yield an increase in the eventual solar
protective factor of the formula. This appears to be in combination with a noticeable
stabilization in Avo photobleaching, increasing its stability by at least a factor of two. In
this line, a small effect can also be noted for compounds 1 and 3, which looking the slope of
degradation offers slightly slower bleaching. This is in contrast with the behavior found
at 10%, which resulted in lower stabilization from almost all the studied MAA analogues.
This was quite surprising, but we were not able to provide a rationalization according to
the principles ruling the conventional absorption processes occurring in diluted solutions.
The only compound that exhibited an observable change in the slope of the decomposition
trend was compound 4 but the observed boost in the absorbance at 5% was completely
quenched here, even yielding into a decrease in the Avo intensity. In contrast to this, a
small potentiation was induced by compound 2, but at the end it did not result in effective
stabilization. The broad conclusion that we can extract from these experiments is that we
are quite far off a model to predict how the cosmetic ingredients could behave in cosmetic
formulations. This can be justified from different points; firstly, the matrix effect, with all the
additives and excipients, could play a substantial role and will vary completely between
different lotions. On the other hand, the photophysical properties and photochemical
mechanisms could be drastically affected by having the sunscreen molecules in a less
flexible environment. This could drastically hinder the molecular movement, resulting in a
potential diminution of the sunscreen efficiency, which would be a great inconvenience in
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the molecules, which would dissipate the exceeding energy by vibrational relaxation, as
happens in MAA analogues.

As a final summary, we have calculated the required doses to reach 50% decomposition
of Avo; this offers a proper overview of the activity of each ingredient and will highlight
the most interesting results. Those values are shown in Table 1.

Table 1. Estimated 50% decomposition times of Avo and the required UV doses to induce it. * The
value is approximated from the measured values represented in Figures 2 and 3.

Formulation 50% Decomposition Time * UV Dose (kJ/m2) *

Avobenzone (5%) 35 min 200

Avobenzone (10%) 75 min 400

Octocrylene (5%) >120 min >652

1 (5%) >120 min >652

2 (5%) >120 min >652

3 (5%) >120 min >652

4 (5%) >120 min >652

Avo (5%) + Octo (5%) >120 min >652

Avo (5%) + 1 (5%) 65 min 350

Avo (5%) + 2 (5%) 35 min 200

Avo (5%) + 3 (5%) 65 min 350

Avo (5%) + 4 (5%) >120 min >652

Avo (10%) + Octo (10%) >120 min >652

Avo (10%) + 1 (10%) 75 min 400

Avo (10%) + 2 (10%) 100 min 550

Avo (10%) + 3 (10%) 75 min 400

Avo (10%) + 4 (10%) >120 min 650

The presented results suggest that the proposed compounds could be used to prepare
formulations providing different degrees of stabilization of avobenzone under high UV
doses. In the case of compound 2, it shows poor stabilizing ability, not affecting the
photodecomposition of Avo. This suggests that this specific compound does not interact
with Avo, at least in an efficient manner. In contrast, a larger effect is observed for 4. In fact,
this compound performs quite similarly to Octo for high UV doses or could be even better at
lower concentrations due to the obtained boost to the absorption. This turns this compound
into a promising candidate to replace octocrylene as an avobenzone photostabilizer for
potentially safer commercial formulations.

We have shown that the prepared compounds are compatible with avobenzone in
real formulations. In addition, avobenzone is stabilized by our new sunscreens and some
of them could be used to replace octocrylene. Further studies to understand the complex
interactions between Avo and the MAAs analogues are underway. This should allow us to
design new and improved versions of our compounds with increased performance.

3. Conclusions

In this contribution, we have studied the use of mycosporine-like amino acid ana-
logues as potential replacements for octocrylene in cosmetic formulations as avobenzone
stabilizers. Our results have shown that the overall stabilization provided by the new com-
pounds is lower than the one found for octocrylene. However, the new compounds also
have a significant effect on the avobenzone photodecomposition, enhancing the stability
by a factor of two in some cases and approaching octocrylene in terms of supported UV
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dose. The best candidate is capable of maintaining the same stabilization of avobenzone in
typical erythematic doses required during the real application of cosmetic formulations.
Therefore, we have proved a series of MAA analogues to act as stabilizers for avobenzone
comparable to octocrylene while offering an expected lower induced toxicity.

4. Materials and Methods

The studied compounds were synthetized according to the previously reported pro-
tocol by refluxing a mixture of the corresponding amine with p-toluene sulfonic acid and
1,3-cyclopentadione or 1,3-cyclohexadione in dry toluene using Dean–Stark apparatus
to remove the water from the condensation for 24–48 h. Afterwards, the toluene was
removed under rotatory evaporation and the crude residue was crystallized from CH2Cl2
by n-hexane addition and collected by filtration as a solid. In case of need, some excess
CH2Cl2 can be used for washing to fully remove the exceeding amine, obtaining the de-
sired compounds as powder solids with high yields between 75 and 95% [12]. The present
counterion (p-toluene sulfonate) was observed using NMR. All reagents and solvents were
used as received from commercial sources without further purification steps. 1H and
13C NMR spectra were recorded on a Bruker ARX-300 spectrometer (Billerica, MA, USA).
Methanol-d4 has been used as the usual deuterated solvent, using its signal as standard.
Chemical shifts are given in ppm and coupling constants in Hertz. High Resolution Mass
Spectrometry was performed using a Microtof-Q electrospray source in positive-ion mode.
Absorption molecular spectra were recorded on an Ocean Optics USB4000 UV-Vis diode
array spectrophotometer (200–850 nm). All the experiments were carried out in quartz
cuvettes (1 cm path length) using methanol 1 × 10−4 M solutions. Those compounds are
very soluble in alcohols, moderately in halogenated ones and mainly insoluble in water
and non-polar non-protic solvents.

All the assays in galenic formulation were made using a solid phase cream-like
substance based on a self-emulsifiable O/W “NeoPCL” base at 20% (w/w) + propylene
glycol (PEG) (0.05 mL) (Acofarma, Barcelona, Spain) and distilled water to reach the total
weight of cream (ca. 1 g). A detailed list of components is shown in ESI. We have chosen
the simplest and easiest preparation base for the formulation, aiming to minimize the
possible matrix effect and maximize the observation of our compounds of interest. It is also
a nonionic formula broadly approved by cosmetic regulations worldwide.

We have prepared the formulas using a two-component mixture. The water phase
(water + PEG+ 1–4) and the hydrophobic phase (NeoPCL) were both heated to 60 ◦C.

Once they were liquified and under intense mechanical agitation, the hydrophilic
phase was slowly added to the hydrophobic one until we obtained a homogenous formula
through continuous agitation. The color of the galenic formulas depends on the color of the
MAA analogue used. Also, the texture of the formula slightly changed between the different
samples. Galenic formulations were always freshly prepared prior to analysis and base
formulation (vehicle) was used as control. But even with these cautions, the preparation
of these simple formulations is always challenging for achieving robust replicas due to
the huge impact of the emulsion on the physical properties, which can motivate some
uncontrollable effects, like different scattering patterns.

All the measurements were made according to the international standard ISO-24443:2021 [24],
using standardized 5 × 5 cm PMMA plates with 1.3 mg/cm2 of cream. The spectral
distribution of the light source as well as its transmitted spectral distribution by control
and samples probes in PMMA plates was measured by means of a double monochromator
attached to a Ulbrich sphere (MACAM SR9910-v7, Irradian, Scotland, UK). The use of an
irradiation sphere offers a partial solution to minimize the effects of inhomogeneity from
the samples, minimizing the influence of scattering in the obtained data.

The irradiation was implemented by a solar simulating combination of fluorescent
lamps in a Daavlin irradiator model consisting of 2 Qpanel-340 36 W lamps and a Philips
TL 10/36 W black light lamp [25,26]. The spectral irradiance distribution of the lamp
system compared to that of the Sun at the Earth’s surface in southern Europe at midday
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in a typical summer day is shown in ESI, Figure S3. The total UV irradiance (290–400 nm)
emitted by the lamp was 90.64 W/m2 and the transmitted spectral distribution of the
samples and control was measured at intervals of approximately 15 min in a total exposure
time of 2 h, corresponding to a total UV dose of 652 kJ/m2. In terms of erythemal dose,
total UV exposure corresponded to 8 minimal erythemal doses for phototype II (MED was
defined as 250 J/m2). The irradiation time was not extended due to the appearance of some
small cracks on the top of the PMMA plates, which promoted the appearance of higher
absorbance spots, making the analysis of the formulation extremely dependent on the
chosen spot. Due to this, the longer acquired times at 3 h were discarded and not included
in the results.

The transmittance was calculated using as reference a PMMA plate impregnated with
1.3 mg/cm2 of glycerol (Vaseline). The total transmittance was obtained using the relation
between the sample and blank irradiances, according to the following equation:

Total transmittance(λ) = measured Irradiance(λ)/glycerol Irradiance(λ)

Also, the conversion to absorbance was undertaken by A = −log(T) to present the data
in a more intuitive way.

Analytical Data

The prepared compounds present the following characterization data.

Compound 1:
1H-NMR (300 MHz, MeOD) δ ppm 7.70 (d, J = 8.2 Hz, 2H), 7.65 (m, J = 5.4, 3.4, 1.2 Hz,
2H), 7.55–7.41 (m, 6H), 7.27–7.19 (m, 2H), 2.42 (t, J = 6.3 Hz, 4H), 2.37 (s, 3H), 2.15
(s, 3H), 1.82 (q, J = 6.3 Hz, 2H).
13C-NMR (75 MHz, MeOD) δ = 173.5, 143.7, 141.5, 135.9, 133.0, 131.5, 131.4, 130.8,
129.7, 129.5, 126.9, 101.6, 28.3, 21.3, 21.1, 9.7.
UV-Vis (CH3CN): λ (nm) = 330 (ε = 26,400 M−1cm−1).
ES-MS (+) (C19H18Cl2N2 + H): calc. 345.0920, found 345.0927

Compound 2:
1H-NMR (300 MHz, MeOD) δ ppm 7.70 (bs, 2H), 7.24 (bs, 2H), 2.89 (bs, 4H), 2.60 (bs,
4H), 2.37 (bs, 6H), 1.94–1.62 (m, 2H), 1.61 (bs, 4H), 1.39 (bs, 4H), 0.96 (bs, 6H).
13C-NMR (75 MHz, MeOD) δ ppm 170.1, 143.5, 141.7, 129.8, 126.9, 79.4, 40.5, 33.1,
30.6, 26.2, 21.3, 20.6, 13.8, 8.9.
UV-Vis (CH3CN): λ (nm) = 324 (ε = 4200 M−1cm−1).
ES-MS (+) (C15H28N2 + H): calc. 237.2325, found 237.2327

Compound 3:
1H-NMR (300 MHz, MeOD) δ 7.68 (d, J = 8.2 Hz, 2H), 7.64–7.57 (m, 2H), 7.55–7.39
(m, 6H), 7.24–7.17 (m, 2H), 2.80–2.51 (m, 4H), 2.35 (s, 3H), 2.09 (s, 3H).
13C-NMR (75 MHz, MeOD) δ = 142.3, 140.2, 134.8, 131.1, 130.2, 130.1, 128.8, 128.4,
128.2, 125.6, 27.7, 20.0, 5.8.
UV-Vis (CH3CN): λ (nm) = 306 (ε = 32,400 M−1cm−1).
ES-EM (+) (C18H16Cl2N2 + H): calc. 331.0763, found 331.0776.

Compound 4:
1H-NMR (400 MHz, MeOD) δ ppm 7.70 (d, J = 7.9 Hz, 2H), 7.26 (d, J = 8.6 Hz, 4H), 7.22 (d,
J = 7.8 Hz, 2H), 7.01 (d, J = 8.6 Hz, 4H), 3.82 (s, 6H), 2.79 (s, 4H), 2.36 (s, 3H), 1.97 (s, 3H).
13C-NMR (100 MHz, MeOD) δ ppm 180.5, 160.5, 143.7, 141.6, 131.9, 129.8, 127.5,
126.9, 115.7, 106.9, 56.0, 29.1, 21.3, 7.3.
UV-Vis (CH3CN): λ (nm) = 328 (ε = 34,560 M−1cm−1).
ES-EM (+) (C20H22N2O2 + H): calc. 323.1754, found 323.1760.
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5. Patents

The synthesis of these compounds was included in a Spanish patent application:
ES2550374A1.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photochem4010007/s1, Figure S1: NMR spectra of 1. Figure S2:
NMR spectra of 3. Figure S3: Spectral irradiance used for the irradiation experiments. Figure S4:
PMMA plates with the prepared formulations of 1–4 at 5%.
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