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Preface to ”Organic and Hybrid Materials for
Photovoltaic and Photonic Applications”

This book, with a collection of seven original contributions and three literature reviews, offers

select examples of photovoltaic and photonic applications of organic and hybrid materials. The first

review by Prof. Sforazzini G. et al. presents a brief introduction to organic solar cells, discussing the

principles for formation of free charges, and the requirement for a favorable morphology of the active

layer. The second review by Prof. Cabanillas Gonzalez J. et al. discusses the main developments in

the field of organic crystal lasers, describing briefly the photophysics and figures-of-merit of organic

semiconductor micro/nanocrystals in terms of optical gain properties. The third review by Dr Pasini

M. et al. focuses to the use of an emerging class of molecules based on BODIPY in the two main

applications described in this Special Issue. The original contributions address our topic by different

points of view: from chemical development of new materials, photophysical characterisations, and

final applications.

Tersilla Virgili and Mariacecilia Pasini

Editors
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Abstract: Organic solar cells have the potential to become the cheapest form of electricity. Rapid
increase in the power conversion efficiency of organic solar cells (OSCs) has been achieved with
the development of non-fullerene small-molecule acceptors. Next generation photovoltaics based
upon environmentally benign “green solvent” processing of organic semiconductors promise a step-
change in the adaptability and versatility of solar technologies and promote sustainable development.
However, high-performing OSCs are still processed by halogenated (non-environmentally friendly)
solvents, so hindering their large-scale manufacture. In this perspective, we discuss the recent
progress in developing highly efficient OSCs processed from eco-compatible solvents, and highlight
research challenges that should be addressed for the future development of high power conversion
efficiencies devices.

Keywords: organic solar cells; green solvents; non-halogenated solvents; exaction diffusion; photolu-
minescence quenching

1. Introduction

One of the greatest challenges to modern science is the search for new, clean and stable
sources of energy which can provide for the growing requirements of an increasingly pop-
ulated planet. Simultaneously, reducing damage to our natural environmental and halting
man-made climate change is imperative. Indeed, one of the most pressing challenges of
the 21st century is to reduce our net carbon emissions towards net zero to slow the effect of
global warming. Thus, finding ways to generate electricity from sustainable sources and in
a sustainable manner is pivotal to reaching this goal. To date, organic solar cells have shown
an enormous potential as a viable candidate for green energy production. For instance
bulk heterojunction (BHJ) organic photovoltaic (OPV), can be fabricated from solution at
low-temperatures [1,2]. As a result, BHJ OPVs can be produced with a modest energy
consumption [3,4] with respect to the high temperature approaches currently employed to
process inorganic semiconductor materials (such as crystalline silicon). In addition, over
the last decade, there has been substantial progress in the development of OPVs driven by
advances in molecular design, material processing, and device engineering. Power conver-
sion efficiencies (PCE) for the state of the art laboratory-scale devices exceed 18% for single
junction cells [5] and are now approaching commercial viability. Thus, OPV is a promising
technology with the potential to constitute a large portion of the future energy generation
capability, but only if gains are made in performance, lifetime and eco-friendly fabrication.

The validated arrival of OPVs into the array of next-generation green-tech was pro-
moted through tantalisingly attractive cost per power ($/W) values. These values would
be achieved through leveraging the solubility of organic materials to diminish processing
costs and fast production capacity through solution processes. To this date, approximately
30 years later, this plausibility has not been fully realized. However, given today’s public
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awareness on the health impact of product manufacturing, and the consciousness to prevent
further damage to the environment and ecosystems, eco-friendly organic solar cells grant
such attention [6]. Utilization of organic materials can guarantee an economically and envi-
ronmentally sustainable life-cycle of the device if use of halogenated solvents in fabrication
is removed. For instance, organic photovoltaics processed from green solvents demonstrate
great potential for indoor photovoltaic applications, where toxicity should be eliminated.
They can provide a self-suitable power source for Internet-of-Things (IoT) systems under
indoor or low light intensity conditions [7,8]. Whilst crystalline silicon cells show low PCEs
under indoor light, on the contrary, the highly tunable light-absorption properties of OPV
photoactive materials combined with the environmentally friendly fabrication process,
make them promising candidates for indoor applications. For this application, environ-
mentally benign OPV address several inherent weaknesses in PV systems by enhancing
design flexibility, environmental consideration, aesthetic demands and increasing efficiency
under low-light conditions, leading to a smaller system footprint, particularly required
by product designers and architects. Reporting in nature energy, Cui et al. demonstrated
that 26% PCE can be obtained under a light emitting diode illumination [9]. Among a few
studies [10–12]. Cutting et al. reported that the PCE of OPV devices can be increased up to
350% under LED light intensity relative to outdoor conditions [13]. This performance is
significantly higher than that of competing Si-technologies or Perovskite-type cells under
the same irradiance.

Today’s cutting-edge PCE organic solar cells are commonly processed from halo-
genated and halogenated aromatic solvents, such as chloroform (CF) and chlorobenzene
(CB), and might also include additive such as 1,8-diiodooctane (DIO) to achieve favorable
film morphology of the light-harvesting active layer. Despite the worldwide spread of
efforts to reach PCEs comparable to those obtained from halogenated-processed OSCs,
to the best of our knowledge, eco-friendly organic solar cells are not there yet and the
structure-function relationship is not explored or discussed. To date, several reviews have
reported different chemistry aspects of green solvents [14–16] (Figure 1), and the impact
of green solvents on the morphology of the OSC’s active layer [14,17–19]. Underpinning
these structural considerations are the fundamentals of charge generation and collection.
However, discussions on how these morphologies can be inherently linked with charge
generation and recombination are currently lacking.
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In this Perspective, we begin with a brief introduction to OSCs, discussing the prin-
ciples for formation of free charges, and the requirement for a favorable morphology of
the active layer. Then we will discuss the recent advances on the molecular design of
organic semiconductors with enhanced solubility in eco-compatible solvents, and how
the implemented molecular changes affect the film morphology and the efficiency of the
device. Finally, we analyze the PCE in view of the photoluminescence quenching of OSCs
processed with halogenated and non-halogenated solvent. The premise behind donor and
acceptor materials and their role in exciton dissociation, and the boundary conditions that
exciton diffusion lengths require for effective dissociation will also be explained. Finally,
we highlight the critical aspects that should be solved for the future development of OSCs
processed with sustainable solvents.

2. Introduction to OSCs

Organic solar cells with a bulk heterojunction architecture consist of an active layer
with phase-segregated domains of the electron donor and the acceptor components [21].
Such BHJ solar cells are commonly prepared by combining conjugated donor (D) polymers
with electron-accepting (A) molecules. This leads to an interpenetrating network with a
large D-A contact area, where the absorbing site is within a few nanometers of the donor-
acceptor interface. When light is absorbed by the donor (or the acceptor) an ‘exciton’ (LE) is
generated, which can be regarded as an electron-hole pair bound together by electrostatic
interactions. The first step for efficient energy transduction requires dissociation of the
neutral excited state, localized on a donor or acceptor component, into a charge-transfer
exciton that is localized on adjacent donor and acceptor components. and subsequently into
long-lived free charges with a high quantum yield and minimal loss of free energy. Thus,
a potential concern is that the electron and hole must overcome their mutual Coulomb
attraction, V.

V =
e2

4πrεrε0
(1)

where e is the charge of an electron, εr is the dielectric constant of the surrounding medium,
ε0 is the permittivity of vacuum, and r is the electron-hole separation distance. For organic
materials, overcoming this Coulomb attraction is demanding due to both small dielectric
constant (εr ≈ 2–4) and the localized nature of the electronic states involved. As such,
achieving efficient charge photogeneration is a key challenge for solar energy conversion
technologies based upon molecular materials.

The events that occur in organic solar cells upon light illumination can be summarized
as (Figure 2):

i. Local exciton generation;
ii. Exciton diffusion to the donor/acceptor interface within its lifetime;
iii. Exciton dissociation at the D/A interface and charge transfer (CT) state formation;
iv. Separation of the CT state into free carriers;
v. Charge carrier collection in the selective electrodes.
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Bulk heterojunctions utilise pre-deposition solution-based mixing, with the objective
of forming a randomly configured arrangement with length scales of the exciton diffusion
length-order. The convoluted networks do not guarantee a percolating pathway to the
collection points. Whilst largely unpredictable and susceptible to reproduction difficulties,
this approach has become a field-wide standard and BHJs have consistently produced
leading efficiency devices. Until recently only a small number of acceptors have proven
capable of delivering high power conversion efficiencies. In particular until recently
(2015) the fullerenes dominated the landscape. However since, non-fullerene acceptors
(NFA) have delivered advances in cell efficiencies [22]. One of the most efficient systems,
discovered in 2019, relies on the combination of the donor polymer PM6 with the small
molecule NFA Y6 [23].

3. Morphology of the Photoactive Layer

The key to making efficient OSCs is to ensure that the two materials are intermixed at
a length scale less than the exciton diffusion length (typically 5–10 nm) so that every LE
formed can reach an interface to undergo charge transfer. At the same time, the morphology
has to enable charge-carrier transport in the two different phases to minimize recombination
(Figure 3). This morphology is determined by the processing solvent, concentration, miscibility
and crystallinity of D and A, as well as other parameters. Depending on the degree
of miscibility and crystallinity between donor and acceptor, 2D or 3D microstructures
(the pure D and or A phases, and the D/A amorphous intermixed phase) describe the
morphology of the active layer [24]. A certain amount of mixed amorphous phases is
crucial for efficient charge generation, while the phase-separated morphology is known to
be critical for charges to be both stabilized and extracted. The combination of both factors
will determine the final photocurrent of the device. When the donor–acceptor miscibility is
too high (hyper-miscible) it can lead to performance deteriorations due to insufficient phase
separation to allow stabilization of carriers (to avoid recombination). On the other hand,
a miscibility that is too low (hypo-miscible) leads to limitation in charge generation [25].
In this regard, the choice of solvent, which influences the solubility as well as miscibility,
can play a significant role on the morphology. Since organic semiconductors are typically
made from extended aromatic sub-units, most high performing devices are processed from
halogenated solvents (e.g., chloroform, o-dichlorobenzene) which provide good solubility
and thereby miscibility of D and A.
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There have been a lot of successful attempt in device efficiencies and numerous
studies of photoinduced charge separation of fullerene and non-fullerene acceptor based
photoactive layers processed from halogenated solvents [26–30]. Extensive studies of these
systems have led to a detailed understanding of their structure/function relationship in
terms of nonadiabatic electron transfer theory [31]. It has been shown, for example, that
charge photogeneration in most systems is dependent upon sufficient domain size and
miscibility, whilst the use of energetic cascade (due to aggregation) is required to increase
their spatial separation and avoid undesired recombination [24].

The use of halogenated solvents allows, in principle, through good miscibility, the for-
mation of percolation pathways to achieve the electrical ‘wiring’ of charge photogeneration
at the donor/acceptor interface to external device electrodes. Active layers processed from
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green solvents on the other hand, typically do not exhibit high miscibility between the
donor and the acceptor that is present in aromatic halogenated solvents. The mechanism
by which active layers processed from green solvents can overcome the Coulomb attraction
of the photogenerated electron-hole pair, and in particular achieve this with high quantum
efficiency, is central to the development of green organic solar cells.

To date, only a few publications have attempted to use green solvents (Figure 1), and
until recently most non-halogenated solvent processed devices deliver inferior performance
to the halogenated solvent processed ones (Figure 4) [14,32–35]. This is due to either
solubility limitations and/or other morphological aspects, such as interactions of the
solvents and components, as well as the rate of solvent evaporation. These have been
addressed extensively in recent reviews [19]. In this perspective we focus on the implication
of the morphology on charge generation.
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Figure 4. Trends in performance between halogenated and non-halogenated processed organic
solar cells.

One limitation with respect to OSCs efficiency processed from green solvents stems
from the short exciton diffusion length. The problem with morphology due to miscibility is
typically expected to reflect on inefficient exciton dissociation. Efficient device performance
relies upon the photogenerated exciton moving to a donor/acceptor interface so that
exciton dissociation can occur [36,37]. Due to their electrical neutrality, the motion of
excitons is not affected by electric fields, and thus they diffuse through the blend randomly.
In this regard, an important parameter of excitons is the diffusion length: the distance
an exciton can migrate before relaxing back to the ground state [31,38]. Dissociation of
the exciton into charges must therefore occur within this distance. Clearly, this will limit
the extent of phase segregation possible in a bulk heterojunction blend morphology for
efficient device performance. In general, phase segregation on the order of the exciton
diffusion length is desired. Measurements of exciton diffusion length have yielded values of
5-14 nm [37,39,40] for most conjugated polymers and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM), but some recent NFAs exhibit values up to 50 nm long [41].

4. Organic Semiconductors Design towards Green Solvent Processing OSCs

To prepare high performance OSCs using green solvents it is necessary to achieve
a film morphology that is favorable for charge separation and transport. This requires
the coexistence of both intimately mixed D and A regions as well as phase segregated
domains [22,42]. Thus, it is imperative to finely tune the design of semiconductors so as to
allow for a good miscibility, and at the same time to govern the packing of the molecules
in the solid state. However, finding the balance among molecule solubility, material
crystallization and phase separation is not trivial. As solubilizing chains are pivotal for
the processing of the materials, the intermolecular arrangement of the semiconductors is
strongly influenced by them when processed into films. As a result, the electronic properties
of the materials are affected by the choice of the side chains. Moreover, to achieve high
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PCEs the semiconductors constituting the D/A active layer should have complementary
absorption to harvest most of the solar light, whilst at the same time exhibiting favorable
molecular energy levels. Fullerene-based electron acceptors commonly suffer from poor
absorption in the visible and NIR portion of the solar spectrum, tunability of its energy level,
and solubility in polar media. Attempts to improve these chemical and physical properties
by dedicated molecular engineering usually result in materials that underperform with
respect to the classic PCBM. On the other hand, NFA have raised attention due to their
molecular design tailoring, which allows for improvement of both processability and
optoelectronic properties. Nonfullerene acceptors are commonly designed on an acceptor–
donor–acceptor (A–D–A) type structure [23]. NFA backbones consist of electron-donating
fused-polycyclic systems with terminal electron-accepting units, and solubilizing chains
on sides (Figure 5). Such a molecular architecture is responsible for the rapid progress on
the tuning of both molecular electronic properties and processability in non-halogenated
solvents. In this context, two of the most commonly adopted approaches rely on the
introduction of dedicated side chains and the enhancement of the dihedral angle between
the aromatic subunits. Following the increasing interest in NFAs, considerable research
effort has been also devoted to design and synthesis of polymer donors with an improved
solubility in green solvent. Randomizing of copolymer backbone by incorporating a
third monomeric unit to design terpolymer, as well as varying the regioregularity or tuning
the steric interactions of lateral substituents have been proven to be among the most
successful strategies (Figure 5).

An NFA electron acceptor processable from green solvent was synthesized by Hong et al.
by replacing the 2-ethylhexyl side chains of Y6 with longer 2-butyloctyl groups, so as
to design BTP-4F-12. Such a change allowed for a good solubility in non-halogenated
solvents such as o-xylene (o-XY), 1,2,4-trimethylbenzene (TMB), and tetrahydrofuran
(THF), as well as for an improved in-plane intermolecular stacking which facilitates charge
transport. The same group prepared a modified version of PBDB-TF by introducing an
ester-substituted thiophene as a third polymer repeating unit. The resulting polymer,
named T1, exhibits an improved solubility in non-chlorinated solvents due to the twisting
of the backbone induced by steric interactions of its lateral substituents. OSCs fabricated
from blends of BTP-4F-12:T1 processed in THF exhibit PCE of 16.1% which is comparable to
the values obtained for CF-processed devices [34]. Recently, Jia et al. conducted a chemical
modification for Y6 by inserting a second ethylene double bond π-bridge between the
central fuse ring and the terminal indane derivative [43]. The resulting structure BTPV-4F
exhibits an absorption that covers a larger portion of the solar spectrum than the original
Y6, so as to improve its absorption also in the NIR. To render BTPV-4F suitable for non-
halogenated solvents, Qin et al. replaced the 2-ethylhexyl group with 2-butyloctyl side
chains, to design BTPV-4F-eC9 [44]. OSCs made from THF-processed binary blends of
the latter with PTB7-Th exhibit PCEs of 12.77% that are higher than those obtained using
chloroform and 1-chloronaphthalene additive. Chen et al., designed a dissymmetric version
of Y6 by replacing the two fluorine atoms with two of chlorine in one terminal indane
derivative, and by introducing a trifluoromethyl group in the other side of the molecule,
instead of the two fluorine atoms. The corresponding compound, named BTIC-2Cl-γCF3,
exhibits an enhanced solubility in toluene and an ability to form a well-organized packing
network in the solid state. Binary blend of BTIC-2Cl-γCF3 and PBDB-TF processed from
toluene afford devices with power conversion efficiency as high as 16.31% [45].
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In order to increase the solubility of PBDB-T-SF, an analogue of electron donating
polymer PM6, Wang et al. extended the side chains on the donor and acceptor repeat-
ing units from 2-ethylhexyl to 2-butyloctyl in order to design PBSF-D12 and PBSF-A12,
respectively. As a result, the new wide band-gap polymers have a good solubility in
toluene. Films PBSF-D12 exhibit red-shifted absorption spectra due to a high degree of
molecular organization which is beneficial for the charge mobility. Toluene processed
the OSCs based on PBSF-D12:IT-4F exhibited a good photovoltaic performance with a
PCE of 13.4% [46]. Dai et al. conducted modifications for J52-C by replacing the fluorine
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atoms of the benzotriazole unit with hydrogen atoms, methoxy groups, chlorine atoms.
The resulting compounds PE31, PE32, PE33 were tested in THF-processed OSCs made
from binary blends with BTA5. Devices resulting from the unsubstituted polymer PE31
achieved the highest PCE of 10.08%. Such a result is ascribed to a better packing of the
compounds leading to a good level of intermolecular organization. In contrast, due to the
weak crystallinity of the methoxy-substituted polymer PE32, the resulting device shows
the lowest PCE of 7.40% [47]. All polymer solar cells were prepared by Sunsun et al. using
a perylenediimide (PDI)-bithiophene-based polymer acceptor PPDIODT, and PBDT-TS1
as polymer donor. The former polymeric NFA is designed to have large dihedral angles
between its thiophene and PDIs subunit, and to hold a 2-octyldodecyl chain on the PDI
motif. As a result, PPDIODT exhibits a good solubility in various green solvents, such as
toluene and anisole. OSCs fabricated from binary blend of PPDIODT:PBDT-TS1 processed
from anisole have recorded a very good PCE of 6.58% [48]. Polymer donors with enhanced
solubility in non-halogenated solvents were also prepared using siloxane-functionalized
side-chains. Fan et al. designed and synthesized PTzBI-Si, an electron-donating polymer
containing amide-functionalized benzotriazole inclusive of the siloxane-based solubilizing
group. The resulting polymer has good solubility in green solvent such as tetrahydrofuran
(THF), 2-methyl-tetrafuran (2-MeTHF), and cyclopentyl methyl ether (CPME). Moreover,
at the solid state, PTzBI-Si assumes preferentially face-on orientation and forms optimal
morphology so as to facilitate carrier mobility in devices. All-PSCs were fabricated using
binary blends of PTzBI-Si and the polymer acceptor N2200, processed from THF, 2-MeTHf
and CPME, delivering the a slightly higher PCE of 11.0% with the latest solvent [33].

Besides the aforementioned examples, another approach to fabricate OSC from en-
vironmentally benign solvents is to anchor the organic semiconductors onto the surface
of nanoparticles [49,50]. The later enables pre-aggregation of the donor and the accep-
tor domains and achieves phase separation, forming a beneficial BHJ morphology [51].
However this technology is underdeveloped and only a few cases of donor and acceptor
combinations that can use this method have been reported so far [52].

The large number of variable involved in the fabrication of a solar cell, such as the
different chemical structure of the donor and acceptor, the presence of various solubilizing
side groups, the use of different processing techniques, as well as the different nature
of media used to cast the active layer, render it difficult to quickly assess the structure-
property-performance relationships of the devices. Thus, to deepen the origin of the better
performances of halogenated-processed OSCs over their eco-compatible counterpart it is
essential to analyze charge generation.

5. Photoluminescence Assay of Exciton Dissociation

The primary experimental technique employed to assay the efficiency of exciton
dissociation in excitonic D/A blend films is photoluminescence (PL). This is a straight-
forward technique that monitors the yield of emission of excitons in the blend compared
to the pristine material. Quenching of the radiative emission in the blend insinuates
exciton dissociation.

Whilst in halogenated processed active layers domain size smaller than the order
of exciton diffusion length has been achieved, for non-halogenated and green solvent
processed active layers, with hypo-miscible morphology, domains of D and A can be
larger than the exciton diffusion length. Thus, the exciton which is photogenerated in one
domain, cannot completely diffuse to an interface for dissociation, before relaxing back to
the ground state. In this case, only the fraction of excitons generated within the exciton
diffusion length will dissociate to form an interfacial CT state and potentially contribute to
the photocurrent.

This is exemplified in the work by Lanzi et al. who designed and synthetized water-
soluble polythiophenes by introducing hexyl side chains with terminal aminium group
(PT6NEt+), and with pyridine unit (PT6Pir), to be blended together with PCBM. From
photoluminescence studies it was shown that only about 70% of the excitons reach a D/A
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interface to dissociate, thus limiting charge generation [53]. This cannot, in general, be
attributed to unfavorable energetics. Rather, this efficiency loss appears to derive from
the tendency of the blend to form D or A aggregates (large domains) on the length scale
or larger than their exciton diffusion lengths. Such a scenario is consistent with what
has also been observed in D:A blends with high crystalline domains. In this regard it is
anticipated that with the new generation of NFAs which have exceeded previous numbers,
such statements and questions of the processes limiting device efficiency are susceptible
to revision. Indeed, there are a handful of papers using green solvents, which have
investigated the efficiency of exciton diffusion to the interface and thereby its dissociation.
Li et al., reported an all polymer solar cell using perylene diimides PPDIODT blended
with PBDT-TS1, processed from anisole. In these samples, strong PL quenching of the
blend compared to the neat was observed; indicating domain size compatible with exciton
diffusion length [48]. Similar observation was reported for the study of benzotriazole
(BTA)-based p-type polymers (PE31, PE32, PE33, and J52-Cl) when blended with a BTA-
based small molecule BTA5 using THF [47]. It was shown that PE31:BTA5 exhibited the
highest PCE of 10.08%, which correlated with the highest PL quenching, whilst the other
blends had reduced PL quenching; insinuating less optimum morphology of domain size.
One of the most attractive systems reported yet is the PM6:DTY6 blend which shows close
to 100% PL quenching and an efficiency of 16% when processed from xylene. Figure 6a
plots photocurrent at short circuit against photoluminescence quenching. Correlations
between two parameters suggest that the miscibility and molecular organization between
the polymer and the acceptor are a key consideration for optimization of photocurrent
generation and indicative of exciton diffusion limitations.
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Figure 6. (a) Photoluminescence quenching as a function of photocurrent at short circuit, JSC, for a number of fullerene
and non-fullerene acceptor based solar cells processed from non-halogenated solvents [32,35,45,46,48,53–55]. Halogenated
and non-halogenated additives: 1-Methoxynaphthalene (MN), 1-Phenylnaphthalene (PN), 1-Cloronaphthalene (CN),
1,8-Diiodooctane (DIO). (b) A selection of data from panel (a) which exhibit high quenching.

Charge separation in donor/acceptor blend systems can be most simply described
as electron transfer from excitons to generate free charges. In this simple picture, the
efficiency of exciton quenching at the D/A interface should correlate directly with the
yield of photogenerated charges. Whilst the general trend in Figure 6a indicates that the
photocurrent is limited by exciton quenching (due to too large domains), however upon a
closer examination of the systems and categorization of the different class of acceptors, in
Figure 6b we observe photocurrent to be independent of the exciton quenching values in
the NFA based systems.

Indeed the fused-ring NFA materials benefit from higher film crystallinity (due to
better π–π molecular packing) and lower energetic disorder [56]. The higher crystallinity
has synergy in enhancing exciton and of free carrier diffusion length (to reach an interface
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and thereby dissociate) as well as suppressed recombination of free carriers due to crys-
talline pure phases [57,58]. The lower energetic disorder can also aid exciton dissociation.
Excitons are electrically neutral and diffuse through the blend randomly. This diffusion
is typically described as a Forster-type incoherent energy transfer process, which can be
either intramolecular or intermolecular and usually acts to lower the energy of the exciton.
This downhill energy transfer can result in trapping of the exciton in the tail of the inho-
mogeneously broadened density of states, where the trap sites are often associated with
defects and aggregates. At this point, any further exciton migration will rely on thermal
fluctuations. In the new class of NFAs, these defects are typically much smaller; 60 meV
compared to 120 meV in the PCBM systems [59], thus allowing for more excitons to be able
to benefit from thermal fluctuations in order to achieve exciton dissociation at an interface.

Figure 6b implies that, for this materials series, exciton quenching is not the limiting
factor for charge photogeneration: the efficiency of the CT-state dissociation into free
charges is instead. Thus in addition to the exciton dissociation, the degree of miscibility
between the donor and the acceptor still plays a role in CT dissociation and recombination
of the free carriers. It is well established that a 3D morphology consisting of a mixed phase
as well as pure phases is required to initially generate carriers but to also spatially stabilise
the free carriers from one another [24,60]. Thus, in the cases where green solvent prevents
coexistence of intimately mixed as well as aggregated phases, the CT state dissociation
efficiency is either inefficient or requires a new mechanism for generation of free carriers.
Whilst the field is being driven forward in terms of numbers, there is however very limited
fundamental studies, elucidating the loss and working mechanisms in green solvent pro-
cessed organic solar cells. Whilst the initial reports of non-halogenated solvent processed
solar cells is encouraging; however, further and general enhancement warrants a deeper
understanding of the limiting steps.

6. Concluding Remarks

The proceeding sections showcased the constant development of novel materials
rapidly pushing forward the PCEs of OSCs. However, the efficiencies of devices pro-
cessed via eco-compatible solvents have not yet coherently reached the performance of the
OPVs processed by halogenated solvents. To reach the commercialization of OSCs, eco-
compatible solvents have to replace toxic organic solvents. Herein, we reviewed current
state of the art efficiencies of organic solar cells when processed from non-halogenated
solvents. In addition, we discussed the chemical structure and some of the performance-
limiting steps of OSCs processed from eco-compatible solvents. A recurrent theme in the
current literature is the role of morphology for device performance. Many studies and
other reviews have addressed the influence of blend nanomorphology on the device per-
formance. However, studies relating morphology to charge photogeneration remain rather
indirect and very few. Nevertheless, from the few studies, experimental evidence is slowly
accumulating that exciton dissociation is not the limiting photocurrent as exemplified by
PM6:DY6 [35]. However, in order to get an accurate and reliable predictive model to relate
materials’ structures to photovoltaic device performance understanding the limiting steps
in charge generation and recombination is deemed necessary.
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Abstract: Organic semiconductor micro/nanocrystals (OSMCs) have attracted great attention due
to their numerous advantages such us free grain boundaries, minimal defects and traps, molecular
diversity, low cost, flexibility and solution processability. Due to all these characteristics, they are
strong candidates for the next generation of electronic and optoelectronic devices. In this review,
we present a comprehensive overview of these OSMCs, discussing molecular packing, the methods to
control crystallization and their applications to the area of organic solid-state lasers. Special emphasis
is given to OSMC lasers which self-assemble into geometrically defined optical resonators owing
to their attractive prospects for tuning/control of light emission properties through geometrical
resonator design. The most recent developments together with novel strategies for light emission
tuning and effective light extraction are presented.

Keywords: organic molecules; single crystals; molecular packing; lasers; optical resonators

1. Introduction

Since the turn of century, organic semiconductor micro/nanocrystals (OSMCs) [1–7]
have attracted continuous attention as a promising research topic with promising electronic
and optoelectronic applications, including organic field-effect transistors (OFETs) [8–11],
organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs) [12,13], photodetec-
tors (PDs) [14,15], and lasers [16–20]. A huge amount of OSMCs have been developed,
with several assets over their inorganic counterparts, such us a plethora of molecular
structures with diverse properties, low-cost device fabrication, compatibility with stretchy,
flexible, and lightweight moldable substrates, etc. [21]. Consequently, the low thickness,
light weight, foldability, and stretchability of OSMCs make them suitable, for instance,
for flexible or miniaturized organic electronics and optoelectronic applications. On the
other hand, OSMCs offer the possibility to be shaped into diverse molecular assemblies,
which are finely tuned by crystal engineering [22]. Single crystals of high quality offer long
exciton diffusion length and long lifetimes which are attractive for light-to-energy conver-
sion [23,24]. Finally, they present large compatibility with nonexpensive solution-processed
methods which can be easily scaled-up for device fabrication [25]. Different techniques
such as spin-coating, drop-casting or ink-jet printing can be used with organic single crys-
tals for the development of electronic devices. The high purity and low density of defects
in organic single crystals is crucial for the development of high-performance devices and
circuits. To optimize device performance, it is necessary to avoid grain boundaries, defects,
impurities, and dislocations.

OSMCs can be prepared into different micro/nanostructures with controlled fabrica-
tion procedures, enabling for different properties, depending on the nucleation, molecular
packing, and assembly [22]. The formation of OSMCs is determined by regular and
stretched intermolecular packing among neighboring molecules with moderately weak
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noncovalent bonds, such as Van der Waals forces, hydrogen bonds, and the π-π interac-
tions. This affords different packing modes that are decisive in the formation of organic
micro/nanocrystals which highly influence their optoelectronic properties. These inter-
molecular interactions are also easily influenced by the external conditions like the light,
solvents and the temperature.

The study of both crystal growth and engineering for the preparation of high-quality
OSMCs has been widely addressed. An in-depth analysis of the crystal engineering allows
getting a variety of different micro/nanocrystals with various physical properties. Herein,
one of the most important aspects is the chemical versatility and modular nature of organic
materials, allowing for modulation and change in the intermolecular interactions through
subtle changes in the molecular structure. Moreover, physical properties such us melting
point, sublimation temperature, or solubility are also important aspects to consider for
OSMC growth. Thus, many organic semiconductors with diverse molecular structures
have been synthesized and described.

Therefore, taking into account the dimensionality and the shape of the microstruc-
ture/nanostructure, a control of the different properties can be achieved. OSMCs can
be prepared into 1D wires, tubes, 2D-sheets, belts or discs, affording different crystals
morphologies [5,7].

Meanwhile, OSMCs development has not only restricted to achieving randomly
dispersed organic crystals, but also there have been huge efforts in developing methods for
alignment and patterning of OSMCs into ordered arrays, with the goal of obtaining much
better device performance [4,26].

There is an important relation between the molecular structures, packing modes,
crystal morphologies, and optoelectronic properties (Scheme 1), achieving the final and
complex property of the material.
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Scheme 1. Relationships in OSMCs among crystal morphology, molecular structures, packing
structures and photonic properties.

In this review, we firstly introduce the importance of molecular packing in the crystals.
The different noncovalent intermolecular interactions such as hydrogen bonding, π-π stack-
ing, van der Walls forces amongst others, govern the packing arrangement of the molecules,
aside from electronic and optoelectronic properties. Subsequently, we discuss the different
large number of organic crystal growth techniques for controlling the crystallization of
organic semiconductors to get OSMCs. Finally, we discuss the main developments in the
field of organic crystal lasers, describing briefly the photophysics and figures-of-merit of
OSMCs in terms of optical gain properties, the types of crystalline optical resonators more
commonly reported and recent relevant examples of laser cavities based on the different
types of crystal resonators.
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2. Molecular Packing in Crystals

In organic semiconductors absorption and emission of light implicates an electronic
transfer between the highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) which forms and removes an exciton. Optical properties
of these semiconductors differ in solution and in the solid state (Figure 1a). In solution
organic molecules are surrounded by solvent molecules which implies no disruption in
exciton formation, whereas in solid state molecules of the semiconductor are close to each
other involving a direct overlap of the molecular orbitals (MOs) of neighboring molecules,
creating excitonic couplings. One example is the interaction of transition dipole densities,
affecting the optical and electrical properties of the material [27–31].
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As mentioned before semiconductor molecules aggregate by noncovalent, weak in-
termolecular interactions as hydrogen bonds, π-π stacking, Van der Walls forces amongst
others. These forces are the ones that govern the molecular packing the molecule undergoes.
There are four typical packings [32] (Figure 1b,c), the first one consisting of two adjacent
molecules that are arranged completely face to face, called an ideal π stacking (Figure 1b
I), and stands to an H-aggregate in relation to their optical properties. This arrangement
gives the largest intermolecular overlap which leads to a decline in the optical properties
due to the strong π-π overlap; on the other hand, it is the packing that allows for efficient
charge transfer and high mobility alongside the stacking direction. To achieve this packing
is hindered by the high electrostatic repulsion of the neighboring molecules [33]. Generally,
a face-to-face arrangement involves a slight translation along the Y plane between the
two molecules. This situation is referred as a pitched π-stack which is defined by the
pitch (P) angle [34,35] (Figure 1b II, c I). By increasing the pitch angle by 50% or more
slipping, the H-aggregation changes to a J-aggregation and the overlapping of the orbitals
and splitting energies are reduced, providing better emission properties [36–38]. Another
way of achieving this is by moving the stack on the X plane, achieving a rolled π-stack
(Figure 1b III,c II), defined by a rolled (R) angle. When the π-π overlap is decreased, the
exciton created localizes quickly, making the intermolecular vibrations barely participative
in the emission spectra. Contrarily, when the π-π overlap increases the charge transfer (CT)
increases, promoting an intermolecular separation upon electronic de-excitation which
implies a loss of vibronic structure, red-shift and excimer emission features [17]. One
example of the pitched and rolled arrangements is 1,4-bis(R-cyano-4-diphenylaminostyryl)-
2,5-diphenylbenzene(CNDPASDB) [39–41] (Figure 2a) in which the molecules are stacked
but shifted along the X or Y plane. Another arrangement we can encounter is the her-
ringbone (Figure 1b IV,c III) in which one of the molecules is rotated along its long axis
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with an angle (H), getting an edge to face alignment. This packing decreases the π-π
stacking as in the J-aggregates allowing better emission properties. Pentacene and 1,4-
bis(4-methylstyryl)benzene (p-MSB) crystals are examples of a herringbone motif [42–44]
(Figure 2c). The last arrangement we can encounter is the X-aggregation (Figure 1b V,
c IV), when one molecule rotates around the stacking axis but retaining the molecular
planes parallel with each other. It is the arrangement that in theory should give rise to
the strongest fluorescence properties due to the least π-overlapping and large molecular
distance and high carrier mobility, depending on the rotating angle [45–47]. An example
of the X-aggregate takes place in perylene-3,4,9,10-tetracarboxylic tetrabutylester (PTE)
depicted in Figure 2e wherein one molecule is rotated with respect of the other 70.2◦ [48].
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Figure 2. (a–d). Schematic representation of molecular packings. Reproduced with permission from
ref. 50. Copyright 2014, Wiley-VCH. (e) Schematic representation of X-aggregate of PTE molecule.
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Another aspect to bear in mind is the presence of intralayer molecular interactions
which are much weaker than the face-to-face interactions; these interactions produce a
tilting in the molecular layer which can be measured by an angle (L) between the normal
of the bottom crystal plane and the molecular long axis (Figure 2). Depending on the
interactions between the layers there can be a “zig-zag” disposition (Figure 2b,d). Figure
2b for instance displays 9,10-bis((E)-2-(pyrid-2-yl)vinyl)anthracene (BP2VA) molecules
having a pitch or roll packing but with a “zig zag” arrangement between layers [49,50].
In addition, p-MSB crystal has a herringbone motif but with a “zig zag” arrangement
between layers [51].

The different H-, J- and X-aggregate arrangements give raise to changes in the electrical
and optical properties depending on the exciton and splitting energy. (Figure 3). Focusing
on the optical properties, H-aggregates lead to an absorbance blue shift (hypsochromic)
respect to solution concomitant with a low radiative constant (Kr), whereas J-aggregates
absorbance exhibit a red shift (bathochromic) and a high Kr [36,52]. In the case of X-
aggregates generally the absorbance in solution and in the aggregate itself is similar.
As aforementioned H-aggregates often causes quenching in the solid state due to the strong
π-overlap, but in the case of J-aggregate or herringbone packing the π-overlap decreases,
so the optical properties improve. A strategy to achieve good mobility and emission is to
join simultaneously these two, J-aggregate and a herringbone packing, or the use of the
X-aggregates which reduces the π-overlap but maintains the planarity [53–56].
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3. The Growth Techniques for the Preparation of Organic Semiconductor
Micro-/Nanocrystals

The methods used nowadays for inorganic crystal formation are not adequate for
organic single molecules due to the harsh conditions used such as high pressure and
temperature, hard reaction conditions and numerous solvents used [57].

The preparation methods of OSMCs can be classified into three categories: solution,
melting and vapor processing. Solution processing is often used for nonthermally stable
materials whereas melting and vapor processing can be used for materials with high
thermal stability and low solubility[2].

A wide variety of different techniques for controlling the crystallization of OSMCs
have been developed during the last decades [2,3]. A precise control of the crystallization
process is key to achieve high quality crystals, therefore the growth method and conditions
are essential to the morphologies and the molecular arrangements. The morphology and
the stacking of these OSMCs depend on the different conditions in the growth methods.
A control in these growth methods should afford a better crystal quality providing better
device performance.

3.1. Solution-Processing Techniques

These are the most simple and effective approaches to grow organic crystals because
most of organic molecules are soluble in a multitude of organic solvents in a wide range
of temperatures and pressures. The concentration in solution increases upon solvent
evaporation, reaching a point of saturation where molecules self-assemble creating complex
micro/nanocrystalline structures [58–60].

3.1.1. Drop-Casting

The drop-casting method is the most efficient approach to grow OSMCs by self-
assembly of organic molecules. The self-assembly process depends on the intermolecular
interactions between solvent molecules, organic molecules and organic-solvent molecules.
The growth of the crystals with this method requires control of different conditions such as
solvent, concentration, atmosphere and temperature. The growth condition is key to opti-
mize the crystal quality. The method consists of dropping a volume of organic semiconduc-
tor solution onto a substrate and let the solvent evaporate for several hours or days. Precise
control of concentration, temperature, atmosphere and substrate surface enables for the for-
mation of high-quality crystals [61–63]. One example is 9,10-bis(phenylethynyl)anthracene
(BPEA), which led to different crystal phases depending on the solvent used (chloroben-
zene or dichloromethane) because of the evaporation velocity, which is determined by
the interaction between the molecule and the solvent, and whether it is an open system
or a quasi-closed system [64]. Another example is diphenylfluorenone (DPFO): adding a
solution of this molecule in THF to a substrate leads to microfibers, whereas adding more
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solution on top caused microfiber redissolution and subsequent formation of microplates
upon solvent evaporation (Figure 4a–c)[65].
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3.1.2. Dip-Coating

This technique consists of pulling out a substrate that is immersed in a solution of
the organic molecule. This technique allows obtaining organized pattern crystals. Firstly,
molecules crystallize in the substrate due to solvent evaporation. Owing to the concentra-
tion gradient and capillary forces, more molecules from the solution will move to the contact
line depositing more material, crystallizing opposite to the pulling direction. The main
parameter to control is the dip-coating speed which strongly influences the morphologies
of the crystals formed. Nanoribbon arrays were obtained for instance from a solution
of BPEA and triisopropylsilyethynyl pentacene (TIPS-PEN) with this method. Applying
pulling speeds higher than 80 µm s−1 led to individual nanoribbons whereas lowering the
speed below 30 µm s−1 led to a conglomerate of nanoribbons (Figure 4d–f) [4,26].

3.1.3. Solvent Exchange

A commonly used method consists of making the solution saturated or hypersaturated
by adding an antisolvent. Through diffusion of the solvent and antisolvent the molecule
precipitates and self-assembles [66]. In order to implement this method, a few conditions
have to be fulfilled: (i) the organic molecule must be soluble in one solvent and insoluble
in the other; (ii) both solvents ought to be miscible with one another; and (iii) both solvents
should have different densities in order form an interface and avoid rapid mixing which
would lead to fast nucleation [67–70]. An example of this process is depicted in Figure 5a.
This method led to C60 crystals with different plate or rod morphologies by changing the
solvents and solvent ratios of CCl4, m-xylene and isopropanol [71].
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Another interesting example stands for the use of this method to obtain micro-
rings; this technique uses the solvent exchange method along with the interfacial tension
(Figure 5b). Micro-rings are achieved by adding a droplet of a solution of 1,5-diphenyl-
1,4-penta-dien-3-one (DPPDO) (a flexible compound) in ethanol/water into a substrate,
the ethanol evaporation triggers precipitation of the compound on the water droplet.
Nucleation starts preferentially at the drop edge, whereas the water tension and weak
intermolecular interactions enable the wires to bend into micro-rings. In addition, if the
concentration is increased to 10 mmol L−1, microtiles are obtained [72].

3.1.4. Solvent Vapor Diffusion (SVD)

When avoidance of solvent mixing is an obstacle or solvents have same densities,
solvent-vapor diffusion (SVD) can be used. It is a variant of the solvent exchange method
with the difference that the antisolvent is placed outside rather than inside the solution.
Slow evaporation of the antisolvent leads to its gradual diffusion inside solutions to
mix with the solvent, provoking molecular precipitation and self-assembly. This method
reduces the mixing speed of the solvents being able to achieve higher and better qual-
ity crystals [73–75]. High quality 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-amine) 9,9′-
spirobifluorene (spiro-OMeTAD) crystals were developed with this method (Figure 6) [75].
As shown in Figure 6a, the inner vial contains the spiro-OMeTAD solution in DMSO at a con-
centration of 1 mg/mL, whereby the outer contains the nondissolving methanol. When the
diffusion of methanol vapor proceeds slowly to the inner vial at room temperature, it pro-
vokes a sustained reduction of solubility of spiro-OMeTAD in the methanol-enriching
solution, finishing in a supersaturation state that triggers its crystallization (Figure 6b,c).
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Single crystals of diperylene bisimide were also grown through this strategy. In this
case the inner vial contains the solution of the bisimide in toluene and the outer vial
contains methanol as the antisolvent [76].

3.2. Melting Processed Crystals

The melt crystal growth methods, such as Bridgman and Stockbarger, Czochralski,
or floating zone methods, are often used for growing large crystals of inorganic semicon-
ductors, however these methods have also been used for organic single crystal growth
(Figure 7) [77]. Normally, these methods are known as zone refining, zone melting or
zone freezing technique. They have been less employed for growing organic crystals due
to the high vapor pressure and chemical stability of organic molecules around melting
temperatures.
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Figure 7. (a) Bridgman and (b) zone melting method utilized for organic single crystals growth.

This method, however, has some constraints: (i) molecules must have a well-defined
melting point; (ii) large thermal stability at fusion temperature is required; (iii) molecules
must have low chemical activity; and (iv) they must be extremely pure because this
technique is highly sensitive to impurities [57].

Among these requirements, the main challenge concerns with the thermal stability
of the organic compound. In addition, these methods require a large amount of material,
and relatively expensive apparatus. A way to circumvent this problem consists of growing
the crystals between two glass or quartz slides [78]. Thiophene-phenyl-pyrrole (TPP) crys-
tals were grown by this method upon placing the material between two quartz substrates
in a hot stage, obtaining flat crystals that show waveguiding properties (Figure 8a) [79].
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3.3. Vapor Processed Crystals

As mentioned above this method is used primarily for molecules with low solubility
and high thermal stability. It involves phase transitions between solid, liquid and vapor
phases.

3.3.1. Physical Vapor Transport (PVT)

The most common technique is physical vapor transport (PVT). First proposed by Kloc
and Laudise et al. [80,81] became one of the most popular methods for growing organic
crystals. It consists of heating the material, most of the cases under vacuum so that the
boiling point of the material lowers. The sublimated material is then transported to a
lower temperature zone by an inert gas where it crystallizes. By this method impurities
also crystallize in front or behind the crystallization zone. The control parameters in this
technique are carrier gas flow, temperature gradient, and vacuum level (Figure 8b) [82–84].
Doped crystals of BSB-Me with tetracene and pentacene were grown with PVT using just
the doped powder, to obtain crystals thicknesses of less than 400 nm and length of several
millimetres (Figure 8c) [85].
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3.3.2. Microspacing Sublimation

Crystals grown from PVT are of high quality, but the growth requires high vacuum
environment, inert flowing gas, high control of the temperature and expensive apparatus.
In this sense Xutang Tao et al. reported a new method to obtain organic crystals through
sublimation based on microspacing distance, which is low cost and requires less parameter
control (Figure 9) [86]. It consists of heating the organic molecule in a hot stage deposited
in a substrate until sublimation to the upper substrate, separated around 400 µm. The evap-
orated material condenses in droplets on the upper substrate, from which crystals grow.
They obtained high quality crystals of anthracene, perylene, pentacene, pyrene among
others with sizes from 10 to 50 µm [87,88].
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4. Organic Solid Lasers

A laser consists of an optical gain medium located in an optical cavity providing
optical feedback in one, two, or three directions. Light is generated inside the medium
by electrical (electrically-pumped lasers) or optical (optically-pumped lasers) stimuli and
amplified by stimulated emission. Organic π-conjugated materials exhibit very interesting
features as active media in laser devices. They show high room-temperature photolumines-
cence quantum efficiencies (PLQE) [89,90] which translates into large stimulated emission
(SE) cross-section values and their photoluminescence (PL) spectra can be tuned through
chemical functionalization [91]. Moreover, organic lasers can be processed by cost-effective
solution-based methods [92], they have capabilities to confine and guide light due to their
elevated refractive indexes [93] and they possess unique mechanical properties (flexibility
and light weight) leading to new potential market niches for organic laser devices. From a
more intrinsic point of view, organic semiconductors are potential four-level laser systems,
(see scheme in Figure 10a). In this configuration excited states generated by an electrical or
optical perturbation relax efficiently to the lowest excited state. Depending on the nature
of the organic molecule such state can have a local excited [94,95], or intramolecular charge
transfer character [96]. In all cases, fast internal conversion and vibrational cooling leads
to fast pumping of the lowest excited state from which, radiative emission to the upper
vibrational levels of the ground state occurs. Given that these upper vibrational levels are
empty at room temperature, stimulated emission takes place without competition with
resonant ground state absorption. This lack of competition is what endorses conjugated
molecules with unique features for optical gain, thus guaranteeing laser action at low
optical pumping thresholds. Another interesting feature relies on the fact that emission
is displaced from the absorption spectral region by the so-called Stokes shift, minimizing
re-absorption. Furthermore, spectral displacement can be achieved through the realization
of co-crystals based on donor-acceptor moieties which also enable to span the lumines-
cence across the visible [97,98]. A myriad of organic crystals are found to combine high
PLQE and outstanding charge transport [85,99–101], paving the way for the realization of
electrically-pumped lasers, the first demonstration being recently reported in 2019 [102].

A basic example of an organic laser cavity is composed by and organic semiconductor
film located between two metallic or dielectric mirrors or gratings, either in external [103]
or in an integrated microcavity geometry [104]. Other types of organic laser geometries are
mirror-free surface-emitting distributed feedback (DFBs) cavities [105,106] where a grating
is imprinted on (or formed by refractive index variation of) the gain medium, producing
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feedback in one direction. In both cases waveguiding by total internal reflection due to the
difference in refractive indices at the organic layer boundaries is required to confine the
light in the direction perpendicular to the layer.

Organic crystals provide the possibility to merge optical gain and optical feedback
due to the presence of well-defined crystal faces enabling optical confinement through total
internal reflection inside the crystal cavity. Despite the vast number of reports on optical
gain from organic crystal lasers, the majority of them refer to processes which are not
supported by cavity geometrical resonances, (e.g., random lasing or amplified spontaneous
emission (ASE)). ASE does not require optical feedback because light amplification takes
place by a single pass along the optical gain medium. ASE is typical of organic waveguides
(slabs, 1D planar waveguides or optical fibers) [107–112] but can also be supported by
organic crystals [68,113,114]. The ASE output is constituted by a spectrally broader emission
linewidth (~10 nm) corresponding to the amplified waveguided mode along the crystal.
Random lasing is instead associated to multiple scattering effects given raise to closed
loops and optical feedback. This process is often observed in crystals which present
refractive index inhomogeneities including crystal dislocations, different morphology
areas or impurities. These inhomogeneities lead to multiple scattering and formation of
resonances via random walk. They often display multiple lasing modes and their emission
cannot be controlled though crystal design owing to their disorder nature [115–117].

Hereafter, we will address organic crystal lasers constituted by optical microresonators
formed by boundaries of the organic gain medium itself and whose resonances are deter-
mined by the microresonator geometry and the refractive index of the medium. Different
organic crystal microresonators with defined geometries have been reported, ranging from
wires [118,119], fibers [120], rings [121,122], polygonal cavities [123,124], slab crystals [125]
or disks [126].

4.1. 1D Fabry-Perot Resonators

Fabry–Perot (FP) cavities are typical of one-dimensional microstructures such as wires,
fibres and hollow fibres, where photons undergo total internal reflections at the cavity
walls and bounce back and forth at the cavity facets, leading to a periodical interference
pattern (Figure 10b). Light confinement becomes observable when the diameter of the
cavity approaches the wavelength of the light. Dimensions below the wavelength give
raise of strong diffraction effects lowering considerably the confinement efficiency, which is
given by the fractional mode power within the core.

η = 1−
(

2.405 exp
[
− 1

V

])2
V−3 (1)

where V = πd/λ (n2 − n2
0)0.5, d is the wire diameter, and n and n0 stand for the refractive

index of the wire and surrounding medium (air). For n ~ 1.7, characteristic of an organic
medium, and λ = 460 nm, a confinement efficiency of > 85% is expected when r amounts
to 300 nm [127]. Spontaneous emission gives rise to a given spectral distribution I(λ), the
light outcoupled from the Fabry-Perot (FP) resonator being given by:

It = I(λ)
(1− R)2

(1− R)2 + 4Rsin2
( 2π

λ L
) (2)

where R and L stand here for the reflectance at the cavity facets and the length of the cavity
respectively. The light outcoming the FP displays characteristic periodical resonances
arising from longitudinal modes, spectrally separated by ∆ν~c/2 nL. The number of
longitudinal modes that a certain cavity can support is given by the ratio ∆νsp/∆ν, where
∆νsp stands for the spectral bandwidth of spontaneous emission.
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with permission from ref. [128]. Copyright 2020 Wiley-VCH. 
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drical structures. Transverse electric (TE) and transverse magnetic (TM) solutions result 
from these calculations. Whereas microresonators generally support various lasing modes 
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Figure 10. (a) Simplified 4-level laser system diagram involving photoexcitation (1→2), fast relaxation to the lowest excited
state (2→3), spontaneous and stimulated emission (3→4), and ground state recovery (4→1). (b) Optical waveguiding in
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electric field (down). Reproduced with permission from ref. [119]. Copyright 2017 Wiley-VCH. (c) Optical confinement on a
WGM ring resonator (up) and internal distribution of the electric field (down). Reproduced with permission from ref. [128].
Copyright 2020 Wiley-VCH.

4.2. Whispering Gallery Mode Resonators

Whispering gallery mode (WGM) resonances are a tangible phenomenon when re-
ferred to sound waves. Many of us has surely experienced before the capability of curved
walls from arches or domes to propagate sounds as weak as whispers. Like sound, electro-
magnetic waves experience an analogous effect. In curved surfaces based on highly dense
medium, light experiences multiple total internal reflections at the medium-air interface
leading to closed loops where light interferes constructively. The result is a standing wave
pattern distributed along the curved surface (Figure 10c) [122]. WGMs are present in
spheric and hemispheric cavities and cavities with circular surfaces like cylinders, or rings.
Cavities of polygonal shape can also support WGMs. The number of loops that photons
undergo before leaving the cavity is given by the quality factor (Q). This magnitude is
defined as:

Q =
λ

∆λ
(3)

and expresses the capability of the cavity to trap light. Q factors in WGM resonators can be
as high as 1011 although in organic WGM resonators values typically range between 103

and 104 [128]. A direct consequence of a high Q-factor is the concentration of high optical
power in the resonator giving raise to strong-light matter interactions. WGM resonators
can be applied to the development of lasers with low pumping thresholds and very narrow
linewidth. In these cavities the spectrum of the confined light experiences a rippling
ascribed to the multiple confined modes. The spacing between these resonances is inversely
proportional to the cavity diameter within the geometrical approximation:

∆λ =
λ2

(
n− λ dn

dλ

)
L

(4)

A direct implication of EQ.3 and EQ.4 is that the Q factor increases with increasing
the cavity diameter. An exact treatment requires the solution of the spherical or cylin-
drical vectorial electromagnetic boundary problem, i.e., Mie theory or the equivalent for
cylindrical structures. Transverse electric (TE) and transverse magnetic (TM) solutions
result from these calculations. Whereas microresonators generally support various lasing
modes within the spectral range of the gain material, it is possible to achieve single mode
lasing by coupling two such resonators of different sizes [129]. An interesting feature of
WGM cavities is that they have extremely high Q-factors, meaning that photons in these
structures undergo many round trips, which makes them interesting for low threshold
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lasing [130] and highly sensitive transduction of physical or chemical perturbations [131].
Consequently, WGM cavities have received an ever-increasing interest for biosensing
applications [132], imaging in biological media [133], and physical sensing [131].

4.3. Lasers Based on 1D Fabry-Perot Resonators

Organic molecules arranged in one-dimensional structures supported by intermolec-
ular interactions, such as hydrogen bonding, π-π or halogenated bonds display unique
photonic properties in terms of light transport and optical amplification. Structures with
highly defined flat end faces can behave as efficient FP cavities producing the required
feedback to achieve laser action (Figure 11a,b). Crystalline one-dimensional wires are one
example [134–136]. The length and width of the wire as well as the molecular orientation
determine whether the FP cavity is constituted along the wire, or between the lateral faces
of the wire. A clear indication of the resonance direction comes from analysis of wires
with different lengths (L) and the assessment of the inversely proportional relation with
mode spacing (∆λ) given by EQ.4 (Figure 11c,d). Crystalline wires with longitudinal FP
modes (i.e., those yielding from oscillations between the wire end tips) were for instance
reported by Wang et al. based on a methoxyphenyl-hydroxynaphthalen (DMHP) deriva-
tive [119]. Single crystals of this compound obtained with the solvent-exchange method
were composed of molecules arranged in orthorhombic structure with a unit cell composed
of four symmetrically equivalent molecules, growing in one direction. The resulting wires
had lengths ranging from 5 to 100 µm and widths from 50 to 250 nm with very smooth
lateral faces of few nanometers roughness which displayed red emission and PLQEs of
32%. The PL spectrum was decorated by the characteristic periodically displaced modes
attributed to FP cavities and the separation between the modes followed a linear relation
with 1/L. Multimode lasing centered at 720 nm was observed upon pumping with fluences
above the 1.4 µJ cm−2 lasing threshold.
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Figure 11. (a) Scanning electron microscope image of a BP2T-CN crystal wire. (b) Fluorescence
microscope image of same type of wire. The intense luminescence emitted at the wire tips is the result
of effective fluorescence waveguiding. Reproduced with permission from ref. [135]. Copyright 2017
Wiley-VCH. (c) Typical FP modes emitted by S-BF2 nanowires of different lengths. The effect of length
is manifested in an increase in the spacing between the FP modes. (d) Dependence of optical mode
spacing with the wire length. Reproduced with permission ref. [136]. Copyright 2017, American
Chemical Society]. (e) Multimode laser action in DMHP crystal wires. (f) Integrated emission output
and full width half maximum of the emission spectrum as a function of pump fluence showing the
lasing threshold. Reproduced with permission from ref. [119] Copyright 2017 Wiley-VCH.
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Wires with large widths can in some cases support FP cavities defined between
the lateral faces. An example is the work by Fu and co-workers on 1,4-dimethoxy-2,5-
di[4′-(methylthio)styryl]benzene (TDSB) [118]. Single crystals of TDSB arrange into H-
aggregates forming a monoclinic structure. The resulting wires have a characteristic
rectangular shape of 0.5–2 m width and variable lengths up to 100 µm. Herein, the tight
molecular co-facial packing and strong electron-phonon coupling in the TDSB crystals
enhance the oscillator strength of the H-aggregate allowed transition leading to a PLQE
of 81%. Differing from the previous example, the cavity mode spacing arising from
these wires was independent of the wire length but followed a linear inverse dependence
with the cavity width, confirming that the FP cavity is built-in between the wire lateral
faces. Restricting the dimensions of the same wires in the transversal direction can be an
effective tool to design the resonant cavity geometry. This can be achieved for instance with
capillary bridge lithography [123,137]. This method exploits de-wetting of a liquid film
deposited on a substrate by placing the solution in contact with a template of periodically
arranged ribs with their surface modified with heptadecafluorodecyltrimethoxysilane
(Figure 12a–c). Capillary forces drive the solution underneath the pillars where slow
solvent evaporation triggers molecular nucleation leading to crystal patterns which follow
the rib shape. Capillary bridge lithography was employed to obtain TDSB wires of same
crystal structure and rectangular section as those obtained through self-assembling in
solution but of lesser width (0.5 × 0.5 µm) [123]. Detailed analysis of the PL spectra and
mode spacing of wires with different length confirmed that the resonant modes arose from
longitudinal optical oscillations between the wire tips.

FP wires typically exhibit multimode lasing although single mode lasing can be
achieved in short length cavities where the mode spectral separation ∆λ is larger than the
optical gain spectral bandwidth of the organic crystal. Liao et al. reported multimode
lasing in microbelt-shaped crystals of 1,4-dimethoxy-2,5-di[4′-(cyano)styryl]benzene, an
organic compound which displays J-aggregation [138]. Microbelts supported FP resonant
modes between the lateral faces and displayed different mode spacing dependent on the
microbelt width. Some of these crystals with the smallest widths (625 nm) gave rise to
single mode lasing at 531 nm. In principle, single mode lasing is particularly interesting
because it lacks from competition between multiple modes, which a priori would lead to
lowering of the lasing thresholds. Nevertheless, the threshold achieved in these single
mode cavities were somewhat larger than similar multimode cavities, a result which could
be explained by the individual characteristics of the measured microbelt.

Regarding the laser emission characteristics of organic FP resonators, the different
works report laser lines which span from 500–750 nm depending on the compound, with
lasing thresholds which are typically in the 0.1–10 µJ cm−2 range achieved by pumping
with 100–300 fs pulses at 1 kHz repetition rate, (see Table 1 and Figure 13 for a detailed
description). The spectral position of the lasing lines is determined by the gain spectral
bandwidth, which typically corresponds to the bandwidth of the 0–1 vibronic PL peak, and
the cavity modes supported within this bandwidth. Interestingly, in some cases optical
gain from 0–1 and 0–2 can coexist leading to simultaneous lasing at two spectral regions.
Wang et al. demonstrated that short wires of DMHP exhibited multimode lasing centered
at 660 nm whereas long wires exhibited a shift of the peaks towards 720 nm, coinciding
with the 0–1 and 0–2 vibrational PL peaks of DMHP [119]. This effect was explained as due
to the long DMHP absorption tail extending down to the 0–1 PL spectral region. Under
these circumstances, losses by self-absorption at 660 nm become important and lasing can
only be achieved through stimulating the emission from the 0–2 transition, although at
expenses of a significant increase in lasing threshold. Wires of 30.7 µm length exhibited
dual laser emission centered in these two spectral regions.
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lowing five steps: i) physical vapor deposition of the organic film, ii) subsequent coating with PVA 
and SU8, iii) space-selective light irradiation, iv) reactive ion etching of SU8 nonprotected areas 
and v) PVA lift-off. (e) Fluorescence image of different geometries which can be deployed with 
this method. Reproduced with permission from ref. [121]. Copyright 2012 Wiley-VCH. 
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Figure 12. (a) Description of the capillary bridged lithography method. A template composed of ribs
is placed in contact with a liquid film deposited on a substrate. (b) Simulation (left) and fluorescence
image (right) of the liquid undergoing de-wetting. (c) Asymmetric wettability between the substrate
and the ribs drives the liquid underneath the ribs (left). Subsequent solidification leads to crystalline
geometrical patterns which reproduce the template (right). Reproduced with permission from
ref. [123]. Copyright 2017 Wiley-VCH. (d) Mask-assisted photolithography following five steps:
(i) physical vapor deposition of the organic film, (ii) subsequent coating with PVA and SU8, (iii)
space-selective light irradiation, (iv) reactive ion etching of SU8 nonprotected areas and v) PVA
lift-off. (e) Fluorescence image of different geometries which can be deployed with this method.
Reproduced with permission from ref. [121]. Copyright 2012 Wiley-VCH.
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Molecule 
Crystal 

Structure 
Type of 
Cavity  

Dimensions 
(W × L) 

Lasing 
Threshold 
(μJ cm−2) 

Q-factor 
Lasing 

Wavelength 
(nm) 

PLQE 
(%)  Ref 

TDSB 

H-aggregates 
monoclinic, 

space group of 
P 2 1/c 

wires, slab 
FP 

0.5–2µm 
(rectangular 

section) × 10–
30 µm  

0.1  1000 500 81 [118]

DMHP 
orthorhombic, 
space group of 

Pca21 

wires,  
FP 

0.05–0.25 µm 
× 5–100 µm 

1.4  - 660–720 30 [119]

Figure 13. Chemical structures of compounds featuring in Table 1.

4.4. Lasers Based on Whispering Gallery Mode Resonators

Organic molecules with tendency to self-assemble along two crystal growth direc-
tions rather than one preferential direction offer the possibility to achieve 2D and 3D
crystalline geometries with capability to behave as WGM optical resonators [128]. This is
the case for instance of p-distyrylbenzene (DSB) or 1,4-dimethoxy-2,5-di[4′-dimethylamino-
styryl]benzene (DASB). DSB self-assemble into lamellar herringbone aggregates leading
to an orthorhombic lattice with perfect square symmetry, depicting sharp spots in the
selective area diffraction pattern characteristic of a single crystal [124]. The resulting crys-
tals are hexagonal microdisks with edges of 1–5 µm size and thicknesses of about 350 nm
(Figure 14a). These crystals are highly fluorescent with typical PLQEs of 65% arising from
the large oscillator strength of the transition between the upper level in the H-band and the
ground state. The PL spectrum of a single hexagonal disk appears decorated with resonant
modes, their density becoming larger as the size of the hexagon increases. Information into
the exact geometry of these resonances inside the hexagons is inferred from the single crys-
tal fluorescence images and from the refractive index group estimated from mode spacing
analysis, assuming three possible resonance geometries. The fluorescence image of a given
microdisk (Figure 14b) depicts an alternate bright-dark edge, thus confirming that a closed
loop involves only three total internal reflections (3-WGM or 3D-WGM) at alternate faces,
(Figure 14c). Among these two resonance geometries, D3-WGM is more plausible based on
the feasible group refractive index value estimated from EQ.4. The resulting hexagonal
microdisks behave as laser cavities with lasing thresholds as low as 0.79 µJcm-2 and the
possibility to transit from multimode to single mode lasing by shrinking the hexagon edges
from 5 to 1 µm (Figure 14d). More complex octahedron microcrystals were obtained from
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self-assembling of DASB which showed PLQE values of 30%, and visible WGMs in the PL
spectrum which were rationalized as closed loop formed by six total internal reflections at
six different crystal edges [126]. In line with DSB hexagonal disks, DASB octahedrons also
led to multimode lasing with the possibility of achieving single mode lasing by restricting
the cavity size. The Q-factors of these crystals ranged from 1500 to 7900. The Q-factors
of WGM resonators are typically larger than those from FP resonators. This is basically a
consequence of the WGM resonator geometry which facilitates total internal reflections
because light travels more parallel compared with close to normal incidence at the FP ends.
Following this same argument, larger Q-factors are expected from WGM resonators of
smaller curvatures (e.g., polygonal cavities of high order) or of larger sizes [121,139].
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Figure 14. (a) Scanning electron microscope image of a DSB hexagonal disk and (b) corresponding
fluorescence image. The alternate bright edges support the existence of only three reflecting edges.
(c) Possible geometric resonances that the disk can support. (d) Multimode and single mode lasing in
disks of 4.3 µm and 1.2 µm perimeter. Reproduced with permission from ref. [126]. Copyright 2014,
Wiley-VCH.

Control of light emission in these cavities has also been achieved by patterning [121,123]
and solvent-assisted methods [139]. Growth of a OH-substituted 3-[4-(dimethylamino)phenyl]-
1-(2-hy-droxyphenyl)prop-2-en-1-on (HDMAC) into 1D-wires or 2D-microdisks was achieved
through self-assembling from protic or aprotic solvents respectively [139]. The molecules
pack along the [010] and [002] crystal direction with the OH- groups piling along this plane.
Hydrogen bonding of protic solvent molecules at the OH position interferes with [002] growth
leading to 1D wires along the [010] direction. The use of aprotic solvents enables instead the
formation of rectangular microdisks with WGM resonance loops defined by four reflections at
each of the disk faces. TE and TM polarized modes characteristic of WGM resonators were
clearly visible in the PL spectrum. Large resonators of about 55 µm round trip exhibited the
largest Q-factors (~7000). The lowest laser thresholds achieved were 0.4 µJcm−2.
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Control of sizes and shapes in WGM resonators has also been achieved by lithography
methods. Capillary bridged lithography was applied by Honbing Fu and co-workers to
obtain indistinctly WGM and FP resonators [123]. They obtained micro-rings with different
number of WGMs upon tuning the diameter of the pillar template which determines the
ring diameter. Thus, 8, 12 and 16 µm diameter rings were achieved which led to 3, 5 and 7
optical modes in the PL spectra. Multimode lasing was achieved with the lowest threshold
at 0.3 µJcm−2. The validity of this method to achieve small diameter WGM resonators
capable to support single mode lasing remains nevertheless under question due to the
low mechanical resilience of organic crystals which could develop cracks when patterned
into high curvature surfaces. A different patterning method to achieve WGM resonators
of controlled size was reported by Fang et al. based on reactive-ion etching (Figure
12d) [121]. A typical realization consisted of depositing either a 5,5’-bis(4-biphenylyl)-
2,2’-thiophene (BP1T) or a 5,5”-bis(biphenyl-4-yl)-2,2′:5′,2”-bithiophene (BP2T) layer of
nanometer roughness by PVD onto a substrate and spin-coating subsequently two layers of
PVA and SU8 photoresist. The desired motifs were transferred into SU8 by UV lithography
and temperature annealing leading to coated patterns of PVA and irradiated SU8 on
top of the crystalline film. This method required applying baking temperatures below
70 ◦C to avoid organic film cracking. The interstitial film between the motifs was then
removed by reactive ion etching. Finally, the PVA/SU8 capping was lift-off using an
appropriate orthogonal solvent. This method enables the development of a wide range
of polygonal disks with triangular, square, circular, pentagonal, hexagonal or star-shape
sections and of different sizes, (Figure 12e). Although it offers an attractive way to shape
the resonator, perhaps the most interesting result in practical terms is the possibility to
control the resonator size, because the standard self-assembling methods give raise to a
wide distribution of sizes. The best performing WGM resonators were those patterned into
rings showing Q-factors of 2030 and narrower lasing modes respect to polygonal cavities.

An important aspect of optical resonators is the development of strategies to enhance
light outcoupling. In WGM resonators this has been envisaged by means of using external
photonic structures (generally wires). The main challenge here is to avoid interference
of the outcoupling structure on the waveguiding properties of the WGM resonator. Lv
et al. demonstrated that 3-[4-(dimethylamino)phenyl]-1-(2-hydroxy-4-fluorophenyl)-2-
propen-1-one (HDFMAC) self-assembles into thin micro-rings with a width smaller than
the propagating wavelength and very high aspect ratio (250 nm width, 2.5 m height) [122].
This geometry leads to considerably leakage of the transversal electric (TE) mode, polarized
parallel to the substrate, whilst the transverse magnetic (TM) mode locates far away
from the substrate, avoiding substrate-induced propagation losses and enabling light
outcoupling to an external photonic structure.

By changing the proportion of ethanol:dichloromethane in the master solution, HDF-
MAC was observed to assemble into micro-rings tailed with microbelts (Figure 15a,b).
Microbelts outcoupled efficiently the from the resonator. The PL collected from the micro-
belt tip displayed characteristic WGMs and the lasing threshold was weakly altered by the
presence of the microbelt tail (14.2 and 15.9 µJcm−2 without and with microbelt) (Figure
15c,d). A different strategy exploited plasmon-photon coupling to create heterostruc-
tures composed of dye-doped polystyrene microspheres with 4–20 mm diameter with
tangentially connected Ag nanowires of 170 nm diameter (Figure 15e,f) [141]. The surface
plasmon polaritons (SPP) of the nanowires were efficiently launched by the optical modes
confined in the microdisk. High photon-plasmon coupling efficiency between 1 to 3.5%
were achieved as the result of WGM-SPP modes momentum match at the interface due to
the tangential connection between the resonator and the nanowire. Interestingly, the mode
distribution at the nanowire output was strongly dependent of the nanowire length, owing
to the different dampings of modes located at low and high frequencies. This strategy can
serve as a way to exploit the nanowires as frequency filters.
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Figure 15. (a) Micro-ring coupled to a microbelt. (b) Optical simulation of the electric field inside the structure showing
its distribution along the ring and the microbelt. (c) Laser emission detected from the ring and (d) from the microbelt tip.
Reproduced with permission from ref. [122]. Copyright 2019, American Chemical Society. (e) Scanning electron microscopy
images of microdisks coupled to plasmonic Ag wires (scale bar 5 mm) and (f) laser emission output detected from the
nanowire tip. Reproduced with permission from ref. [141]. Copyright 2017, American Chemical Society. (g–l) Fluorescence
image of rhombic COPV2:COPV3 co-crystals with different COPV3 content (scale bars 10 mm) and (m) tuning of laser
emission by FRET in the co-crystals. Reproduced with permission from ref. [140]. Copyright 2018, American Chemical
Society.

Reducing the surface contact of the resonator with the substrate is an interesting
way to favor light outcoupling and reduce optical losses induced by substrate leakage.
Okada et al. demonstrated how the use of silver-coated substrate can favor the formation
of edge on instead of face on crystals [140]. Enhanced optical confinement in this case
enabled to reduce the lasing threshold by a four-fold. In this work, tuning of laser emission
output was also achieved by developing WGM resonators based on rhombic co-crystals
of blue and green emitting COPVs coupled by Förster resonance energy transfer (FRET)
(Figure 15g–l). By tuning the concentration of the blue (donor) and green (acceptor)
compound in the cocrystal, the FRET rate was tuned above or below the lasing rate of
the donor, enabling for green or blue lasing. At a critical donor:acceptor concentration
simultaneous blue and green lasing was observed (Figure 15m).

5. Conclusions

Over the recent few decades, OMSCs have involved increasing attention as a promis-
ing field of knowledge and technology that involves physics, chemistry and materials
science. The chemical versatility and flexible nature of the organic materials afford different
nucleation, molecular packing and assembly between the organic compounds, allowing
a control in the crystal growth. The intrinsic properties, molecular arrangement and the
structure–property relationships of the OSMCs allow various crystal morphologies that can
possess different electronic and optoelectronic properties. The current progress of OSMCs
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includes a wide range of techniques for achieving high quality OSMCs, without grain
boundaries, defects, impurities and dislocations. The optimization of different methods
for the crystal growth such ss solution-processing techniques (drop-casting, dip-coating,
solvent exchange, solvent vapor diffusion) or vapor process crystals (PVT, microspacing
sublimation) allows a control in the crystal morphologies. Solution-based methods are
frequently utilized for organic molecules that exhibit large solubility in a wide range of or-
ganic solvents whereas PVT is the technique of choice for organic compounds that sublime
without decomposition. Consequently, a huge effort in the optimization and exploration
of single-crystals growth techniques have been developed to obtain high purity and di-
verse morphologies in the single crystals. These efforts have boosted the investigations
into light emission and light amplification properties in the recent years. The important
developments done in the field of OSMC lasers will pave the way to integrate them as
basic elements in complex photonic circuits and optical logic gates. Such objectives will
be enabled by exploiting lithography methods developed to control resonator size and
shape. In these complex circuits, light coupling between the optical resonators and other
optical elements will play a crucial role, so new strategies to boost light management
in multicomponent structures will be of interest. OSMCs will also play an important
role on the development of electrically-pumped lasers, owing to their outstanding charge
transport properties. In this respect, a major goal will be the integration of the crystal
on an LED-type sandwich structure with charge injecting electrodes without interfering
with the lasing properties of the OSMC. Exploiting OSMC resonators for low-end opti-
cal pumped lasing (i.e., pumping with cost-efficient LED laser diode sources) is another
promising milestone yet to be accomplished. This pumping scheme already demonstrated
in conjugated-polymer-based DFBs should be on reach in OMSCs given their superior
Q-factor. This result could be of interest for applications in solid state lighting as well as
in the sensing field, where WGM and FP optical resonators are already employed as high
sensitivity platforms to reveal changes in physical parameters or presence of chemical
analytes through the shift of the resonator modes. In summary, OSMCs lasers will continue
to attract attention in the next year due to their fascinating photonic and optoelectronic
properties.
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Abstract: The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-based molecules have emerged
as interesting material for optoelectronic applications. The facile structural modification of BODIPY
core provides an opportunity to fine-tune its photophysical and optoelectronic properties thanks to
the presence of eight reactive sites which allows for the developing of a large number of functionalized
derivatives for various applications. This review will focus on BODIPY application as solid-state
active material in solar cells and in photonic devices. It has been divided into two sections dedicated
to the two different applications. This review provides a concise and precise description of the
experimental results, their interpretation as well as the conclusions that can be drawn. The main
current research outcomes are summarized to guide the readers towards the full exploitation of the
use of this material in optoelectronic applications.

Keywords: BODIPY; optoelectronics; photonics; solar cells; organic dyes

1. Introduction

The rapid appearance of organic optoelectronics as a promising alternative to conven-
tional optoelectronics has been largely achieved through the design and development of
new conjugated systems [1]. The foremost advantage of organic materials is that they are
cheap, lightweight, and flexible and they can offer the opportunity to make the electronics
sector greener through the use of abundant materials and manufacturing methods rely
on fewer, safer, and more abundant raw materials and with cheaper processing based on
solution techniques so the embodied energy for organic devices is expected to be lower
than for their inorganic counterparts usually processed by vacuum and high-temperature
techniques [2–7].

Since its discovery [8], the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) molecule
has been the subject of considerable interest thanks to its chemical stability, easy functional-
ization, and interesting optical and electronic properties combined with low toxicity and
high biocompatibility and it has therefore emerged as a promising platform for multiple
optoelectronic applications [9–12]. This type of structure is commonly described as an
example of a “rigidified” monomethine cyanine dye or, as it has three p-delocalized rings,
one is pyrrole and the others are azafulvene and diazaborinin-type ring systems [13], by
analogy with the all-carbon tricyclic ring can be considered as a boradiazaindacene, and the
numbering of any substituents follows rule setup for the carbon polycycles (see Figure 1).
This dye has also been [14] called “porphyrin’s little sister” and this happy definition has
been so successful that in analogy with porphyrinic systems, the 8-position is often referred
to as the meso site.
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Over the years, several synthetic strategies have been implemented which have
allowed the modulation of the optoelectronic properties of the BODIPY that is assumed
to have two equivalent resonance forms resulting in the forming of two rings named
azafulvene and pyrrole. Pyrrole is aromatic whereas azafulvene is a quinoid-type ring and
it is not possible to distinguish the two forms [13]. Depending on the position and type of
the substituents, it is possible to modify different parameters such as the delocalization of
the π-electrons in the molecule and the supramolecular organization and the morphology of
the solid thin film [15–17]. In this regard, the BODIPY core has eight reactive positions [18]
that can be used to modulate its optical properties [19,20] (Figure 1): the two Boron
positions, the two α-positions, the four β-positions, and the meso-position. The positions α
and β are those which have the greatest influence on the electronic delocalization, while the
other positions, meso and Boron, have a lower impact on electron delocalization but have a
strong impact on the steric hindrance of the molecule. The new class of compounds referred
to as AZA-BODIPY with a nitrogen substituted to a carbon in meso-position [21,22] will
not be discussed in this review.

BODIPY-based materials are playing an increasingly important role in the field of or-
ganic semiconductors as demonstrated by the high number of citations about 11,000 achieved
from 2019 (Google scholar source) of which 5300 in the year 2020.

This review intends to provide an overview of the recent progress on the design and
development of BODIPY-based semiconductor molecules focusing only on molecular mate-
rials since polymeric systems require different treatment (discussion) for their application
as active materials in solar cells and photonic devices [23,24].

This review is divided into two main parts:

(1) BODIPY-based active materials in OPV. Since numerous comprehensive review arti-
cles have focused on the synthetic strategy [25] and general working principles of the
organic photovoltaic (OPV) devices, in this review we focus more on the analysis of
the best results obtained from the first published data in 2009 [26,27] until the last one
in 2020 [28,29].
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(2) BODIPY-based active materials in photonics devices. In particular, we focus on the
work carried out to optimize the lasing performance and photostability in solid-state,
as compared to solutions.

We then conclude with the future perspectives of the use of this promising molecule
for photovoltaic and photonic applications.

2. BODIPY-Based Active Materials in OPV

Renewable energy generated by solar cells is one of the potential solutions to the
problem of maintaining our energy supply. Organic solar cells have the potential to be
part of the next generation of low-cost solar cells. An encouraging state-of-the-art device
has exhibited power conversion efficiencies (PCEs) over 17% [30], which represents a
crucial step toward the commercialization of OPVs. Among the rapid development of
optical-active donor/acceptor materials, interface materials, and device engineering, the
properties of donors and acceptors, such as absorption, energy levels, and bandgaps, play
a vital role in realizing high PCEs. Therefore, the evolution of new photovoltaic materials
with a smaller optical bandgap (Eg) reasonable highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels is crucial to further improve the
PCEs of OPVs [31]. For these reasons, in the last 10 years BODIPY-based molecules have
been of great interest as active materials for photovoltaic devices, thanks to their good
absorbance at low energies (low optical gaps), high molar extinction coefficients, good
chemical-stability, and opportune redox properties [23]. Table 1 summarizes the results in
OPV where a BODIPY-based molecular material has been used as an active layer and the
main parameters of a photovoltaic device are mentioned such as the current density J, the
fill factor (FF), and the power conversion efficiency (PCE), where the FF is a measure of the
quality of the solar cell and it is calculated by comparing the maximum power with the
theoretical one [32].

The BODIPY derivatives have good solubility in common organic solvents, suitable
HOMO-LUMO levels (see Table 1), and as previously mentioned, possible functionalization
at several positions (Figure 1). Despite these interesting features, only recently satisfactory
results with PCE above 5%, have been obtained and they are discussed in detail and
reported in Table 2.

Thanks to the planar core, easy lateral functionalization, and electron-deficient charac-
teristics BODIPY derivative is an ideal acceptor unit [33] for the design of donor–acceptor
D–A type semiconducting architectures [34,35] which is one of the most used approaches
to modulate the optoelectronic properties of organic semiconductors [36–38]. The BODIPY
derivatives have been used both as donors and acceptors in OPV devices, in direct and
inverted architecture [23]. Some of the most interesting results have recently been obtained
using conjugated polyelectrolytes at the interface with the metal cathode [29,39]. This
class of materials allows the engineering of the interface [40,41] between the metal and the
active layer improving the extraction of the charge without complicating the preparation
of the device. In fact, for the preparation of films, it is possible to use solution techniques
thanks to the use of solvents orthogonal to the active layer. It is important to underline that
the parameters that influence the OPV efficiency as mentioned before, are many. It is not
always possible to evaluate the individual contribution because they are often intimately
connected and closely related to the chemical structure and the choice of position, type,
and the number of lateral substituents. In this part of the review on the OPV devices, we
report most of these parameters and we try to analyze their individual contribution. All
the device architectures have been reported in Figure 2.
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2.1. BODIPY Molecules as Electron Acceptor Materials in Organic Solar Cells

The fullerene has been, so far, the most common material used as an acceptor in
an organic solar cell, however in recent years the search for non-fullerene acceptors has
gained significant attention. At the same time, there has also been an increasing effort in
the development of small molecules to be used as active materials for OPVs, due to the
potential control of frontier orbital energy level that they offer [43]. The combination of
these two interests has triggered research for small molecules, non-fullerene acceptors, for
bulk heterojunction (BHJ) OPV.

To the best of our knowledge, only two research groups have reported on the synthesis
of non-fullerene acceptor based on BODIPY.

In 2014, Thayumanavana et al. [44] presented a series of acceptor–donor–acceptor
molecules containing terminal BODIPY unit conjugated through meso-position using a 3-
hexylthiophene linker to thiophebenzodithiophene, cyclopentadithiophene, or dithienopyr-
role (1a, 1b, 1c, Scheme 1). The three molecules have deep LUMO energy levels of−3.79 eV,
−3.82 eV, and −3.74 eV, and good visible absorption, with absorption maxima in thin-film
at 532 nm, 530 nm, and 532 nm, respectively. The molecules have been tested in inverted
solar cells with the architecture ITO/ZnO/P3HT:acceptor (40 nm)/MoO3 (7 nm)/Ag
(100 nm), with a maximum PCE of 1.51% obtained with the molecules containing cyclopen-
tadithiophene.

In 2017, Zhan et al. [45] firstly reported the synthesis of a new acceptor small molecule
based on a diketopyrrole core and two BODIPY lateral moieties (2, Scheme 1). The molecule
has a LUMO of −3.79 eV and is present in a solid-state, an intense plateau-like absorption
with two maxima at 681 nm and 756 nm, which can be attributed to the delocalization of
the LUMO along all the molecule.

The small molecule has been tested as an acceptor in direct OSC with architecture
glass/ITO/PEDOT:PSS/active layer/Ca/Al, using as donor P3HT, p-DTS-(FBTTh2)2, and
PTB7-Th. The best results have been obtained with P3HT in D/A ratio 1:1.5 with a PCE
of 0.888%. To improve the efficiency, the small molecule has been tested also in ternary
blend solar cells with p-DTS-(FBTTh2)2 and P3HT in D1/D2/A ratio 0.5:0.5:1 and a PCE of
2.836% has been obtained.
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2.2. BODIPY Molecules as Donor Materials in Organic Solar Cells

In Table 1, the main works on BODIPY-based molecules as a donor material in the
OPV devices are reported. For each research work, the year of the research publication, the
peak of the absorption and the HOMO and the LUMO position of the new molecule are
reported, together with the main parameters of an organic photovoltaic cell. The works are
listed in chronological order and we observe that the first solar cell with a BODIPY-based
active layer dates back to 2009 with a PCE of 1.7% and that just 6 years later, in 2015, a PCE
of around 5% was achieved.

Table 1. Photophysical and photovoltaic characteristics of bulk heterojunction organic solar cells based on BODIPY small
molecules.

Year AbsFilm
Max

Film [nm]
HOMO [eV] LUMO [eV] Jsc

[mA/cm2]
Voc
[V] FF [%] PCE [%] Reference

2009 572 −5.69 −3.66 4.7 0.866 42 1.7 [27]
2009 646 −5.56 −3.75 4.14 0.753 44 1.34 [26]
2010 649 - - 7.00 0.75 38 2.17 [46]
2011 733 −4.71 −2.57 6.3 - 67 3.7 [47]
2012 580 −5.47 −3.48 8.25 0.988 39.5 3.22 [48]
2012 673 −4.26 −3.75 2.9 0.51 35 0.52 [49]
2012 714 −5.32 −3.86 14.3 0.7 47 4.70 [50]
2014 748 −5.00 −3.59 7 0.68 31 1.50 [51]
2014 733 −5.02 −3.64 6.8 0.67 34.3 1.56 [52]
2014 760 −5.02 3.37 8.9 0.51 34 1.5 [53]
2014 643 −5.31 −3.50 3.39 0.71 27 0.65 [54]
2015 680 −5.3 −2.75 8.42 0.82 55 3.76 [55]
2015 652 * −5.62 −3.52 10.48 0.9 56 5.29 [56]
2015 774 −5.23 −3.72 10.32 0.97 46.5 4.75 [57]
2015 614 −5.48 −3.44 10.20 0.90 55 5.05 [58]
2015 514 * −5.33 −3.86 3.03 0.81 24 0.58 [59]
2015 655–792 −5.01 −3.73 13.39 0.73 37.3 3.6 [60]
2015 761 −5.34 −3.66 8.17 00.85 39 2.70 [61]
2015 696 −5.40 −3.81 7.64 0.73 38 2.12 [62]
2016 748 −5.19 −3.60 6.77 0.78 41 2.15 [63]
2017 627 −4.93 −3.28 13.79 0.768 66.5 7.2 [64]
2017 550 −5.11 −3.65 11.84 0.73 53.8 4.61 [65]
2017 765 −5.26 −3.91 13.9 0.64 65 5.8 [66]
2017 800 −5.23 −3.87 13.3 0.73 63 6.1 [42]
2018 668 −5.06 −3.60 12.98 0.7 62 5.61 [67]
2018 720 * −5.39 −3.74 12.43 ** 0.88 61 6.67 [68]
2018 752 * −5.36 −3.79 14.32 ** 0.95 67 8.98 [68]
2018 550–640 −5.37 −3.46 11.46 ** 0.915 63 6.60 [39]
2019 717 −5.00 −3.42 5.17 0.672 40.8 1.62 [69]
2019 580 −5.28 −3.61 10.9 0.83 60 5.5 [70]
2019 725 −5.16 −3.43 7.72 1 31 2.79 [71]
2019 716 −5.47 −3.76 10.58 0.769 56.4 4.58 [72]
2020 538 −5.35 −3.08 2.27 0.67 27 0.37 [73]

2020 586
672 *

−5.16
−4.99

−3.17
−3.27

13.56
16.24

0.78
0.71

61
66

6.45
7.61 [29]

2020 586* −5.91 −4.09 0.87 0.45 21 1.36 [74]

* In solution: ** After Solvent Vapor Annealing (SVA).

In Table 2, only devices with PCE above 5% are analyzed in detail. The table ranges
from the least to the most efficient device. The parameters reported are the absorption
window, the optical energy gap and the holes mobility of the molecule, and the geometry
of the device with any thermal or solvent annealing treatments.
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Table 2. Photophysical and photovoltaic characteristics of bulk heterojunction organic solar cells based on BODIPY small
molecules with PCE above 5%.

Molecule
[Ref.]

Optical
Energy GAP

[eV]
Treatment PCE [%] FF [%]

Hole
Mobility
[cm2/Vs]

Electron
Mobility
[cm2/Vs]

Abs. Band
[nm]

3
[58] 1.72

- 2.71 38 7.84 × 10−6 -
450–650TA 3.99 48 5.34 × 10−5 -

TA + SVA 5.05 55 8.45 × 10−5 -

4
[56] 1.84

NO 3.48 46 8.5 × 10−6 2.34 × 10−4
350–700Processed

with pyridine
4% v/v

5.29 56 8.15 × 10−5 2.29 × 10−4

5b
[70] 1.59 Vacuum

processed 5.5 60 9.2 × 10−6 - 350–1000

6
[67] 1.74

- 2.74 34 -
- 300–850TA 4.72 57 2.09 × 10−4

TA +SVA 5.61 62 4.37 × 10−4

7
[66] 1.52 TA 5.8 65 0.8 × 10−3 - 400–800

8
[42] 1.32 Vacuum

processed 6.1 63 - - 500–900

9
[39] 1.79

- 2.54 39 5.34 × 10−5 2.35 × 10−4
400–700SVA 6.6 63 1.13 × 10−4 2.45 × 10−4

10
[63] 1.65

- 5.3 52 0.9 × 10−4 3.9 × 10−4
300–800TA 7.2 66.5 2.1 × 10−4 2.8 × 10−4

11a
[29] 1.78

- 3.21 46 - -
300–600SVA 6.45 61 8.89 × 10−5 2.41 × 10−4

11b
[29] 1.58

- 3.76 48 / /
300–700SVA 7.61 66 1.07 × 10−4 2.47 × 10−4

12a
[68] 1.52

- 3.32 41 3.95 × 10−5 2.31 × 10−4
400–800SVA 6.67 61 1.10 × 10−4 2.36 × 10−4

12b
[68] 1.44

- 4.73 45 4.85 × 10−5 2.38 × 10−4
400–800SVA 8.98 67 1.59 × 10−4 2.43 × 10−4

One of the first BODIPY small molecules based OSC with a PCE higher than 5% has
been reported by Jadhav et al. [58] in 2015. The group proposes a new D–A type carbazole
meso-substituted BODIPY small molecule (3, Scheme 1) as donor along with PC71BM as an
electron acceptor in solution-processed BHJ solar cells. The molecule showed an absorption
between 500 and 700 nm, with maxima at 568 and 620 nm and Eg

opt of 1.75 eV. The best BHJ
solar cell, with architecture ITO/PEDOT:PSS/active layer:PC71BM/Al (Figure 2b) shows
a PCE of 2.71% which increases to 3.99% after thermal annealing (TA) and 5.05% after
thermal and solvent vapor annealing (TSVA). The improvement in the efficiency, clearly
induced by the TA and TSVA treatment, seems to be due to the increase in Jsc and the FF
which originated from the enhanced absorption, better active layer nanoscale morphology
(as shown in TEM images reported in Figure 3) and more balanced charge transport.
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In the same year, Coutsolelos et al. [56] proposed a porphyrin-BODIPY-based small
molecule as light-harvesting antenna system in BHJ solar cells (4, Scheme 1). The molecule
consisted of a meso-aryl-substituted free base monocarboxy-porphyrin unit bridged by
a central 1,3,5-triazine moiety to 4-aminophenyl-boron dipyrrin units through their ary-
lamino groups. The absorption spectrum of the antenna system was the sum of the BODIPY
and porphyrin absorption moiety, indicating that their connection through the triazine
bridge does not cause significant electronic interactions between the two parts. In fact, the
spectra showed in solution two main absorption maxima at 422 nm, attributed to the Soret
band of porphyrin and 502 nm, attributed to the BODIPY unit, and other three less intense
maxima (552 nm, 596 nm, and 652 nm) attributed to the Q-bands of the porphyrin unit.

This small molecule was tested in direct BHJ solar cells in blend with PC71BM, with
architecture ITO/PEDOT:PSS/BODIPY:PC71BM/Al (Figure 2a). The optimized device,
with donor/acceptor ratio 1:1 and processed with THF showed a PCE of 3.48% and an FF
of 46%. To improve the performance of the devices, the active layer was processed with
a solvent mixture of 4% v/v of pyridine in THF. The efficiency increased to 5.29%, with
an FF of 56%, with an increase of an order of magnitude of the hole mobility. In this case,
the enhancement can also be attributed to a better morphology and crystallinity of the
active layer as evidenced in AFM images reported in Figure 4, leading to a better charge
generation/separation/mobility/transport.
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The state of aggregation in the materials is another key parameter for understand-
ing the performance of an OPV cell. Recently Leo et al. [70] have studied the effect of
H- and J-aggregation [75] in NIR BODIPY-based small molecules BHJ solar cells. In the
work, two BODIPYs with furan-fused pyrrole core structures, 5a and 5b in Scheme 1,
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possessing respectively H- and J-aggregation in neat film, have been studied. The two
molecules showed similar absorption spectra in solution, while in solid-state 5a preferred
a cofacial H-aggregation and 5b adopted a J-aggregation, as a result, the solid-state spec-
tra are significantly different. Both BODIPYs presented broadened bands with absorp-
tion from 450 to 900 nm. Compared to the solution, the absorption maximum of 5a is
hypsochromically shifted at 580 nm, with a shoulder peak at 417 nm, while 5b showed
bathochromically shifted absorption maximum at 777 nm with a shoulder peak at 630 nm.
The two molecules have been tested in vacuum-deposited BHJ solar cells, with architec-
ture ITO/MH250:W2(hpp)4 (5 nm, 7 wt%)/C70 (15 nm)/BODIPY: C60 (1:2 v/v, 30 nm,
95 ◦C)/BPAPF (5 nm)/BPAPF:NDP9 (40 nm, 10 wt%)/NDP9 (1 nm)/Al (100 nm); where
W2(hpp)4 (tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II))
and MH250 (N,N-bis(fluoren-2-yl)-naphthalenetetracarboxylic diimide(bis-Hfl-NTCDI))
are used as electron transporting layer (ETL), and NDP9 (Novaled AG) doped BPAPF
(9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-fluorene) served as hole transporting
layer (HTL) (Figure 2e). The intrinsic layers adjacent to the n-/p-doped layers worked as
exciton reflection and hole/electron blocking layer. The C70 intrinsic layer also contributed
to the photon absorption and photocurrent generation. The two molecules showed good
performances, in particular, 5b showed an efficiency of 5.5% with an FF of 60%, while 5a
showed a lower efficiency of 4.2% and an FF of 55%. The better performance of 5b may be
attributed to bathochromic shifted absorption, a small driving force of exciton dissociation,
and lower nonradiative voltage loss, compared to 5a.

Fang et al [67] in 2018 reported a novel donor–acceptor–donor (D–A–D) type small
molecules consisting of a BODIPY linked through alkynyl with two benzo[1,2-b:4,5-
b’]dithiophene (BDT) terminal donors for solution-processed BHJ solar cell (6, Scheme 1).
The molecule showed an absorption spectrum, in thin-film, from 300 to 800 nm with a max-
imum at 668 nm and an optical energy gap of 1.46 eV. The small molecule has been tested
as an electron donor in solution-processed BHJ with architecture ITO/PEDOT:PSS/active
layer/Ca/Al. The optimized device with thermal annealing treatment, showed a PCE of
4.72%, with an FF of 57%. In this case, the efficiency can also be increased up to 5.61% with
an FF of 62% when used both thermal annealing and solvent vapor annealing treatment.
The improved efficiency can be attributed to a better morphology and reduced roughness
from 1.136 to 0.659 nm as evidenced by TEM and AFM reported in Figure 5.
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To increase the molecular packing Bulut et al. [66], inspired by Leclerc and his re-
search group, proposed a BODIPY linked to two triazatruxene (TAT) derivatives as pla-
nar end groups (7, Scheme 1). This kind of architecture (TAT–dye–TAT) would lead to
strengthened molecular stacking behavior, while the optical properties were still essen-
tially determined by the central dye. Moreover, the addition of a TAT platform was
able to favor the out-of-plane hole mobility. This small molecule was one of the rare
examples of inverted architecture, in fact, it has been tested with the following geometry
ITO/PEIE(5 nm)/BODIPY:PC71(61)BM/MoO3(7 nm)/Ag(120 nm) (Figure 2c) reaching an
efficiency of 5.8% and FF of 65%. A hole mobility of 0.8 × 10−3 cm2 V−1 s−1 was measured
using hole-only space-charge limited-current (SCLC) devices.

Another successful strategy to increase the efficiency of solar cells has been to increase
the absorption window by developing dyes capable of absorbing in the IR region. A
BODIPY with intense and long-wavelength absorption can be achieved by an extension of
the π-system and an electron-withdrawing group on the meso-position. Li et al. [42] have
developed a BODIPY dye able to combine the absorption in a wide spectral window with
an excellent packing reaching an efficiency of 6.1%, with an FF of 63%. The synthesized
material was a NIR furan fused BODIPY with a CF3 group in meso-position (8, Scheme 1).
The small molecule showed an absorption spanning from 500 nm to 900 nm and absorption
maxima at 712 nm and 800 nm in the solid-state. The choice of methoxyl group on the
peripheral phenyl rings influenced the packing behavior and a brickwork-type arrangement
in the neat film is observed, comprising an alternating arrangement of a unit consisting
of two antiparallel molecules. Consequently, 8 had a J-aggregation character, moreover,
charge transport in OSCs benefits from aggregation, leading to higher overall PCE through
improved Jsc and FF, even though Voc (open circuit Voltage) may decrease slightly. The
new BODIPY derivatives have been tested as an electron donor in vacuum processed n-i-p
BHJ solar cells, with the architecture reported in Figure 2e ITO/MH250:W2(hpp)4 7 wt%
(5 nm)/C70 (15 nm)/8:C60 (40 nm)/BPAPF (5 nm)/BPAPF:NDP9 10 wt% (40 nm)/NDP9
(1 nm)/Al (100 nm). W2(hpp)4 and NDP9 were n- and p-dopants and MH250/BPAPF was
an electron/hole transporting material. The maximum PCE of 6.1% has been obtained after
thermal annealing at 100 ◦C. The high EQE and Jsc (Short circuit current density) of the
device indicate that the photogenerated excitons are efficiently separated into free charge
carriers. AFM analysis confirmed that 8 and C60 were well intermixed, providing enough
D/A interfaces for exciton dissociation. The molecule has been tested also in tandem with
solar cells, in combination with the green absorber DCV5T-Me. In this case, the tandem
solar cell has achieved an efficiency of 9.9% and FF of 59%.

Sankar et al. [39] have proposed a corrole-BODIPY derivative as an electron donor
in solution-processed BHJ. The molecule consisted of a central Ga(III) corrole with two
peripheral BODIPY units (9, Scheme 1). The two strong absorption bands of the molecule
in thin films centered at 432 and 516 nm are attributed to the Soret bands of corrole and
BODIPY and the broadband between 550–640 nm, is attributed to Q-bands typical of
corrole-based systems [76]. The molecule has been tested as an electron donor in BHJ
with structure ITO/PEDOT:PSS/BODIPY:PC71BM/PFN/Al, where poly[9,9-bis(3′-(N,N-
dimethylamino)propyl)-2,7-fluorene] (PFN) is used as the cathode interlayer (Figure 2b).
The optimized device, with active layer as cast, had an efficiency of 2.54% and FF of 39%,
while the optimized device a, with solvent vapor annealing treatment, showed an efficiency
of 6.60 and FF of 63%. As shown in Figure 6, better phase separation was found for the
SVA-treated active layer compared to the as-cast active layer, forming more bicontinuous
interpenetrating networks, which was beneficial for charge-transport efficiency, leading to
improved Jsc and FF.
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In 2017, R. Srinivasa Rao et al. [63] reached one of the highest efficiencies in BODIPY-
based solar cells. The groups synthesized a BODIPY molecule decorated with dithiaful-
valene wings with a broad absorption profile from 350 to 780 nm and extending up to
the near IR region (10, Scheme 1). The solution process BHJ device, with architecture
ITO/PEDOT:PSS/active layer/Ca/Al (Figure 2b) was prepared with the active layer ob-
tained as cast and reached, after thermal annealing 7.2% of PCE with a FF of 66.5% stressing
once again the importance of controlling the nano-scale aggregation. The authors have
reached this excellent result for a series of positive factors such as the large absorption
window, suitable HOMO and LUMO energy levels, excellent affinity with the acceptor,
and an optimal nanomorphology (Figure 7).

53



Molecules 2021, 26, 153

1 
 

 
 

 
 

 
 
 

Figure 7. (a) The light J–V characteristics of bulk hetero junction (BHJ) organic solar cells fabricated with “as cast” and
“annealed” 10:PC71BM blend photoactive layers and (b) the efficiency histogram of both categories of devices. Reproduced
from Ref. [63] with permission from The Royal Society of Chemistry.

Recently, Yang et al. [29] have designed and synthesized two carbazole–BODIPY-
based dyes by Knoevenagel reaction, the first bearing one carbazole unit in position 3, the
second bearing two carbazole unit, in position 3 and 5 respectively (11a and 11b, Scheme 1).
The introduction of carbazole donating unit in D–A organic semiconductors, lowering
the HOMO energy level, resulted in a high open-circuit voltage in OSCs in addition,
remarkably red-shifted absorption spectra and better hole transport are reported. The
molecules showed classic absorption spectra for BODIPY, with the maxima at 586 nm and
672 nm in DCM solution and broadening and red shift in thin films due to aggregation.
The molecules have been tested in solution-processed BHJ solar cells with architecture
ITO/PEDOT:PSS/active layer:PC71BM/PFN/Al (Figure 2b), using a conjugated polar
polymer for charge regulation at the active layer/electrode interface as previously reported
by Sankar and co-worker. In this way the BHJ solar cell reached after solvent vapor
annealing, the efficiency of 6.45% and 7.61% and FF of 61% and 66% respectively for the
molecules with one carbazole and two carbazole units. Once again, an enhanced crystalline
nature and reduced π–π stacking distance for the 11b:PC71BM active layer may induce
better nanoscale phase separation and may be beneficial for charge transport and collection.
These observations may be the reason for the higher FF and greater PCE of the OSCs based
on the latter.

The highest efficiency for BODIPY small molecule-based OSC was obtained by Bucher
and co-worker [68] in 2018. The group designed and synthesized two small molecules
comprised of a central BODIPY core, surrounded with two diketopyrrolopyrrole (DPP) and
two porphyrin side units, differing only from each other in the aromatic bridge between
BODIPY and porphyrins: in one case phenylene (12a, Scheme 2) was used, in the other
case thienyl (12b, Scheme 1). In both cases, complementary absorption properties of the
three units allowed a wide solar photons harvest and, as matter of fact, the small molecules
showed a panchromatic absorption spectrum from 400 nm to 800 nm in the thin film and
an optical Eg of 1.52 and 1.44 eV respectively for 12a and 12b. The OSC, with architecture
ITO/PEDOT:PSS/BODIPY:PC71BM/PFN/Al (Figure 2b), where the BODIPY is the 12a
molecule, after solvent vapor annealing, presents a PCE of 6.67% and FF of 61%, while with
the molecule 12b has a record efficiency, after SVA, of 8.98% and a FF of 67%. The different
performances in OSC might be attributed to the different morphology in the blend, as
reported in Figure 8 where the presence of nanofibril and phase separation has increased
the charge transport in the layer and subsequently the PCE of the device.

54



Molecules 2021, 26, 153
Molecules 2021, 26, x FOR PEER REVIEW 13 of 31 
 

 

 
Scheme 2. Chemical structure of BODIPY-based molecules as active materials in solid-state photonic devices. Molecule 22 
reproduced from Ref. [77] with permission from 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. 
Molecule 26 reproduced from Ref. [78] with permission from 2014 Turpion Ltd. 

Scheme 2. Chemical structure of BODIPY-based molecules as active materials in solid-state photonic devices. Molecule
22 reproduced from Ref. [77] with permission from 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.
Molecule 26 reproduced from Ref. [78] with permission from 2014 Turpion Ltd.
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From the results reported in Table 2, it is evident that in a solar cell the parameters to
be taken into consideration are manifold and all closely connected to each other. Among
them, two proved to be particularly important for the development of this class of materials,
the absorption spectral window that must clearly be as wide as possible and the active
layer morphology. The latter strongly affects the efficiency of exciton dissociation, the
charges mobility, and their recombination. For this reason, it is worth to stress the thermal
treatments importance and the solvent annealing. We have shown that for the same
material, once TA and SVA have been made, the solar cell efficiency can often be doubled.

3. Photonic Applications

Photonics play an important role in driving innovation in an increasing number of
fields. The application of photonics spreads across several sectors: from optical data
communications to imaging, lighting, and displays; from the manufacturing sector to
life sciences, health care, security, and safety. In this context, organic semiconductors are
promising candidates to fulfill the capacity of photonics and deliver on their promises.
Among all the organic molecules BODIPY derivatives seem to have all the requisites to be
effectively used as active materials in photonics. As previously mentioned BODIPY is char-
acterized by a high photoluminescence quantum yield and, it can be easily functionalized
on several different sites allowing a fine modulation of its photophysical properties.

BODIPY derivatives have been found to be suitable materials for the development
of tunable organic lasers. Diluted solutions of those organic dyes have been exploited as
lasing media with excellent results, comparable and even better than most common and
largely used dyes such as coumarin, rhodamine, and polymethine [9,79]. Despite these
results, there have been only a few studies centered on the solid-state; this was probably
related to two main reasons: in the solid-state the quantum yield is usually lower than in
solutions and BODIPY complexes seem to be particularly affected by the composition and
structure of the polymer matrices in which they generally need to be dispersed to maintain
the most of their properties.

For this reason, in view of a possible optimization of the use of this material in this
review, we focus on their performances as solid-state depending on different groups or
atoms substitutions (the chemical structures of the BODIPY-based molecules have been
reported in Scheme 2).

3.1. Fluorescence Emission Optimization in BODIPY Derivatives

In solid-state BODIPY derivatives, the fluorescence is normally strongly quenched
mainly due to intermolecular interactions. This is strongly detrimental for photonics
applications. The suppression of intermolecular interactions proved to be a useful and
valid strategy for decreasing quenching and increasing quantum yield [10]. In the next
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section, the main researches performed to control interactions between BODIPY molecules
and to tune materials emission properties have been reported.

The first method to reduce intermolecular close packing (π-π interactions) is to intro-
duce a bulky group playing as a “spacer” [80,81]. Following this strategy, BODIPY-based
emissive compounds have been synthesized by substitution with bulky spacers such as
bulky tert-butyl substituents on the meso-phenyl groups [82], bulky arylsily groups [83],
or adamantyl group in the 3 and 5 positions of the BODIPY core [84].

A second, different approach is to attach the planar BODIPY core to a twisted or
nonplanar scaffold. As an example, a Λ-shaped Tröger’s base (Figure 9) skeleton was
introduced in the BODIPY core [85]. The new-synthesized dye displayed an intense
fluorescence, indicating that quenching caused by aggregation, was suppressed.
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A further factor that directly influences the intensity of the fluorescence is the inter-
system crossing process between the singlet and the triplet states. This process can be
eliminated by making the dyes skeleton more rigid [86] leading, however, to a tighter pack-
ing and so to detrimental interchain interactions. A delicate balance between these 2 effects
is required. Swamy et al. [87] showed that the molecular free rotation and aggregation-
induced fluorescence quenching of BODIPYs can be successfully suppressed by lowering
the flexibility of the molecules with a series of appropriate substitutions in the dye.

Aggregation is not always detrimental to the fluorescence quantum yield. In par-
ticular, J-aggregation can have a fundamental role and be responsible for red-shifted
emission. Taking advantage of this feature, Manzano et al. [88] designed new O-BODIPY
derivatives with spontaneous formation of stable J-aggregates and characterized by a con-
formational rigidity due to the presence of the B-spiranic structure and the disposition of
the B-diacyloxyl substituent and the meso-aryl group. So, by controlling the J-aggregation
process, it was possible to tune dyes properties, allowing the excitation of efficient and
tunable laser emission of both the monomeric and J-aggregated forms. Moreover, by
playing with the conformational rigidity of the system, the fluorescence quantum yield
was improved, by reducing quenching due to H-aggregates. The authors observed highly
efficient and stable red-shifted laser emission from J-aggregates in pure organic solvents
and solid-state crystals. Figure 10 shows the emission properties of two representative
dyes: 1b with J-aggregation capability and 2e with monomeric units. We observe that,
after UV light excitation, both crystals display fluorescence emission, but efficiencies and
spectral profiles are very different. This is related to the different molecular arrangement:
2e exhibits a single emission corresponding to the monomer, while in 1b we have a second
long-wavelength emission, assigned to the corresponding J-aggregated form.
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Figure 10. (a) Structure of compounds 1b and 2e. (b) Fluorescence images and spectra of solid crystals of representative
compounds 1b and 2e were recorded under excitation at 450–490 nm with a fluorescence microscope. Reproduced from
Ref. [88] with permission from 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

The impact of aggregation on luminescence was further investigated by Bozdemir
et al. [89] studying the emission variation related to different distributions of crystalline
and amorphous regions while the range of states produced by system self-assembly (from
extended aggregates to other different structures) and influenced by side-group structure
was investigated by Musser et al. [90]. In another work, the effect of spiro-structures in
J-aggregate formation was studied. It was found that spiro-bicyclic structure has an efficient
role in preventing face-to-face π-stacking interactions, which is frequently observed in
solid-state BODIPYs, and as a consequence, it can be used as a strategy to enhance the
emission intensity [91].

3.2. BODIPY Derivatives as Lasing Dyes

Fluorescent BODIPY derivatives emitted from the green spectral region, above 500 nm,
to the near infra-red (NIR) range between 650 and 900 nm; furthermore, functionalization on
the 8 meso-position shifted the emission wavelength in the blue spectral region. Therefore,
this rather young class of dye materials presents a broad and tunable emission spanning
from the blue to the NIR. Here below we describe three research studies where the BODIPY
derivative was in solution because we consider them as important landmarks to understand
the following studies in solid-state.

In 2010, Gómez-Durán and co-workers [92] synthesized a new dye by incorporating
a propargylamine group at the meso-position of the BODIPY core (13, Scheme 2). This
incorporation leads to a hypsochromic shift of the absorption and fluorescence bands to
the blue part of the visible region. The new BODIPY structure exhibits a fluorescence
quantum yield up to 0.94 and a laser emission tunable between 455 and 515 nm depending
on the solvent. Even if the new dye photostability is still quite-low, this work represents an
important benchmark for the capability of tuning BODIPY laser emission.

In 2013, Esnal et al. [93] published a work where they presented BODIPY derivatives
with unprecedented laser efficiencies and good photostabilities. In their study, they de-
veloped a series of meso-substituted BODIPY dyes. Starting from the core structure A
(Figure 11a), they increased efficiency by adding methyl groups at positions 3 and 5 and
they changed the laser emission region by changing the heteroatom at position 8 (N, S, O,
P, and H) (14, Scheme 2). As shown in Figure 11b, the laser efficiency and the emission
wavelength depend on the heteroatom incorporated at position 8. Moreover, the laser
emission efficiency is greatly improved by incorporation of methyl groups at positions
3 and 5 and in some dyes can reach also a value higher than 70%.
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Figure 11. (a) BODIPY core structure. (b) The efficiency of the laser emission of the different dyes
meso-substituted and 3,5-meso-substituted in ethyl acetate solution. The numbers under the peaks
identify the corresponding dye. Reproduced from Ref. [93] with permission from 2013 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany.

The last important step was made by the work performed by Belmonte-Vázquez
et al. [94], who developed a new family of benzofuran-fused BODIPY dyes (15, Scheme 2)
reaching very high fluorescence and laser efficiencies (almost 100% and >40%, respec-
tively); moreover, they obtained emission with a deep shift to the red edge related to the
promotion of excited state aggregates at high concentrations (Figure 12). The efficiency and
photostability of these new BODIPYs made it possible to overcome the limits of most of
the commercially available dyes (such as cyanines or oxazines) in the same spectral region.
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The transition from measuring lasing emission in solutions to have the same in solid-
state was not straightforward. In principle, many are the advantages of using polymeric
materials as a solid “environment” for lasing dyes: they are optically homogeneous,
characterized by good chemical compatibility with organic dyes, and, as it is for solvents,
they can be used to control medium polarity and viscoelasticity. On the other hand, these
materials are limited by photodegradation processes. To optimize lasing properties and
photostability, many new materials based on organic compounds have been synthesized
and characterized by the photophysical point of view. In general, BODIPY-based dyes
used for solid-state lasing must be dispersed in matrices. This allows for the avoidance
of quenching linked to oxidation and in some cases to protect them or slow down the
oxidation phenomena.

A key factor in the choice of matrices is also the presence of polar groups (their
polarity) which has been shown to have a strong impact [95] on both the stability and
efficiency of the films. Studies have been carried out to analyze the dependence of laser
properties on several experimental parameters as a dye, pumping repetition rate, the
composition of the matrix hosting the dye. Lasing performances have been evaluated by
measuring the energy conversion efficiency, given by the ratio between the energy of the
laser output and the energy of the pump laser impinging on the sample surface, the laser
emission spectrum, and the photostability, which gives us the evolution of the laser output
as a function of the number of pump pulses in the same position of the sample at a selected
repetition rate.

In the beginning, measurements for laser characterization were performed on a “rod”
sample of the dye matrix. As described by Costela et al. [96], the solid laser samples were
constituted by cylindrical rods of around 10 mm diameter and 5–10 mm length (shown
in Figure 13). In their work, Costela et al. studied the commercial BODIPY derivatives
pyrromethene 567 (PM567, 16 in Scheme 2) dissolved in copolymers of MMA with different
monomer compositions. After transversely pumping at 534 nm at 5.5 mJ, the lasing
efficiency was measured up to 30% with a good photostability.
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In the following decade, many studies were performed by changing the BODIPY
derivative used as a laser dye (summarized in Table 3).
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Table 3. Summary of laser parameters and dyes in the reported publications on bulk solid-state
samples 1.

Molecule Efficiency λLASER
[nm]

λEXC
[nm]

Power
[mJ] Reference

16 up to 30% 559–564 534 5.5 [96]
16 up to 36% 561–564 532 5.5 [95]
17 up to 42% 576–579 532 5.5 [95]
18 25% 563 532 5.5 [97]
19 up to 48% 559–609 532 5 [98]
20 up to 45% 530–615 515 or 532 5 [99]
21 29% 522 355 5.5 [100]
22 up to 30% 565–615 532 5.5 [101]
23 56% 568 532 5 [102]
24 53% 588 532 5 [103]

1 Efficiency: energy conversion efficiency. λLASER: peak of the laser emission. λEXC: pump excitation (transversal).
Power: pump power/pulse.

In 2007, the work of Garcίa et al. [95] revealed that laser efficiency of commercial
BODIPY derivatives PM567 and PM597 (16 and 17, Scheme 2) in organic polymeric matrixes
was deeply increased by the incorporation of fluorine atoms in the structure of the organic
matrixes increasing both photostability and efficiency providing useful information on the
potential of the choice of different materials as photostable laser media. They reached up
to a 36% and 42% laser efficiency for PM567 and PM597, respectively and they obtained a
high laser photostability; thus, paving the way for the development of industrial oriented
laser applications of organic solid-state materials for telecommunication, instrumentation,
and display technologies.

In the same year, Amat-Guerri’s team [97] established an easy synthetic method for
the synthesis of asymmetric 3-amino- and 3-acetamido-BODIPY dyes from 2,3,4-trialkyl-
substituted pyrroles (18, Scheme 2). They obtained materials with good laser emission
properties mostly in ethanol solutions but also in solid-state, with an efficiency of up to
48% and 25%, respectively.

A few years later, Costela et al. [98], worked on a simple protocol to synthesized
BODIPY with tunable absorption and emission bands in the visible and NIR spectral range.
Starting from the commercial PM597 dye, the novel dyes were built by changing the group
present at the meso-position: the 8-methyl group was substituted with 8-hydrogen (19a,
Scheme 2), 8-acetoxymethyl 19b, Scheme 2), or 8-p-acetoxymethylphenyl (19c, Scheme 2)
groups. The differences induced by those changes were studied; a tunable laser action was
observed and the novel analogs showed a high (up to 48%) and photostable laser emission:
these results have been so good to consider the new dyes as benchmarks in the extended
spectral region (from the green-yellow to red range).

Tunability of laser emission in solid-state was extended even more by Pérez-Ojeda
et al., who in 2011 published a work with the synthesis and study of diiodinated BODYPY
derivatives [99] (20, Scheme 2) both in solution and incorporated into polymeric matrices.
They modulated the position of the emission band by choosing the type of substituent
attached to the BODIPY core. They found high laser efficiency and photostability of
the dyes exhibiting laser emission from 530 nm to 625 nm (see Figure 14) with notable
efficiencies, up to 55% in solutions and 45% in PMMA. Moreover, the laser action of these
novel BODIPY derivatives were improved in comparison with the lasing properties of
commercially available BODIPY dyes (such as PM567, PM597, and PM650), which when
incorporated into PMMA, showed lasing efficiencies of 28%, 40%, and 13%, respectively.
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permission from 2011 Optical Society of America.

The same group combining the results obtained on fluorinated matrices [95] and on
the development of BODIPY dies reported efficient and stable laser emission from BODIPY
dye incorporated into polymeric matrixes after high UV pumping excitations [100]. In their
study, they synthesized 8-propyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (21, Scheme 2),
which was then incorporated into PMM), which mimics ethyl acetate solvent, and copoly-
mers with various volumetric proportions of monomers MMA and 2-trifluoromethyl
methacrylate (TFMA). Under pumping at 355 nm, lasing efficiencies up to 29% were mea-
sured (similar to those obtained in solutions). Moreover, 21 showed photostability higher
than what was usually achieved with commercial dyes emitting in the same spectral region,
for example, Coumarin 540A. The results pointed out the potential of these class of novel
dyes as they are characterized by a relatively easy synthetic buildup with a large variety of
possible substituents that can be used to tune the range of solid-state dye lasers to the blue
region of the visible range.

Regarding the enhancement of laser properties of BODIPY derivatives with respect
to their commercially available analogs, a second work was published in 2012 by Durán-
Sampedro et al. [77]. In the article, the novel chlorinated BODIPYs (22, Scheme 2) exhibited
enhanced laser action in solution and the solid phase. Pumped at 532 nm, the chlorinated
BODIPY derivatives showed high efficiency (up to 30%) and photostable laser emission
centered between 565 and 615 nm. Fluorescence QY was increased by introducing elec-
tron acceptor chlorine substituents in the 3- and 5-positions. As a consequence, lasing
properties are enhanced both in a liquid solution and in the solid phase. This is related to
the improvement in the photophysical properties of the molecules and in particular for
their dipole moments. In fact, the dipole orientations are modified to match pump laser
polarization, leading to significant enhancement of system efficiencies.

Up to now, we have reported studies performed in the conventional two-mirror lasers
with a thick (bulky) sample. Nevertheless, from 2000, there has been significant work
to develop organic thin film (TF) lasers based on dye-doped polymers. It was clear that
TF lasers have great potential applications as coherent light sources to be integrated into
optoelectronic devices, spectroscopy, and sensors.

In 2013, Durán-Sampedro et al. [78], implemented newly synthesized BODIPY in
distributed feedback (DFB) lasers, the most common resonator type for organic thin-
film lasers. They developed O -BODIPYs from commercial dyes by replacing fluorines
with electron acceptor carboxylate groups (23, Scheme 2). They found that in solid-state
samples the O-BODIPY derivatives with electron acceptor carboxylate groups with PMMA
as matrices, lasing efficiencies were higher than what measured in the corresponding
commercial dyes, with the best result up to 56%. A similar outcome was reported also in
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DFB lasers: in O-BODIPY dyes, laser thresholds were lower than what was found in the
parent dyes, and moreover, lasing intensities were up to one order of magnitude higher.

One year after, the same group synthesized a new library of BODIPY derivatives [101]
with different Boron-substituent groups (alkynyl, cyano, vinyl, aryl, and alkyl) (24, Scheme 2).
They prepared both bulk solid-state samples (Table 3) and TFs (Table 4) of the new dyes
incorporated in organic matrices. Even in this case, the new classes of BODIPY showed
better performances than the parent dyes. In bulk solid-state, good lasing efficiencies (up
to 53%) were gained; while in TFs, the authors found lower laser thresholds and greater
lasing intensities, up to three orders of magnitude higher as shown in Figure 15.

Table 4. Summary of laser parameters and dyes in the reported publications on thin films 1.

Molecule λLASER
[nm]

λEXC
[nm]

Threshold
[MW/cm2] Reference

23 570 532 1.7 × 10−3 [78]
24 588 532 20 × 10−3 [101]
25 680 580 0.34 [102]
26 562–566 532 3 [103]
27 557 532 10–20 [104]
28 569 532 17 × 10−3 [105]
29 562–566 532 3 [106]

1 λLASER: peak of the laser emission; λEXC: pump excitation.
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Figure 15. (a) Absorption (dashed line), fluorescence (λexc = 500 nm, dotted line), and laser spectra
(solid line) of derivative 24 (23 mm) doped in PMMA. (b) DFB output intensity as a function of pump
intensity from thin films of commercial PM597 (17, Scheme 2) 19 mm (filled circles) and derivative
24 (23 mm; hollow circles) doped in PMMA. Inset: sketch of DFB laser. The arrows represent
in-plane feedback owing to second-order diffraction (solid arrows) and outcoupled laser emission
owing to first-order diffraction (dashed arrow). Reproduced from Ref. [101] with permission from
2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

In 2014, an interesting work was published on the relationship between small modifi-
cations in the material used as a matrix in DFB laser and laser performances of different

63



Molecules 2021, 26, 153

dyes [102]. The authors slightly modified the commercially available PAZO-Na azobenzene
and they used the obtained new materials (carboxylic acid and different salts) as matrices
for several common laser dyes: rhodamine, DCM, kiton red, pyrromethene, pyridine, LDS,
and exalite. They found that even small modifications in PAZO-Na deeply affect laser
stability and efficiency, which are strongly improved due to changes in polarity, refractive
index, and morphology of the polymer matrix used. In particular, for PAZO-H, laser gener-
ation with the commercial BODIPY dye PM650 (25 Scheme 2), has been detected, which
was attributed to the lower polarity of the matrix while with other PAZO-Na derivatives
no lasing was measured with the same dyes. This indicates that in BODIPY dyes, lasing
can be easily optimized by changing matrix parameters such as polarity.

In 2014, also Kuznetsova et al. [103] exploited how modifications of the matrix im-
pacted dye lasing efficiency and other parameters. In their research, they incorporated
different BODIPY complexes (26, Scheme 2) into bulk PMMA matrix and matrix modified
with the addition of polyhedral silsesquioxane particles. The interesting result was that
modification of the matrices affected only slightly the spectral features but instead, it
significantly improved the lasing efficiency and threshold. As an example, it has been
reported that in a modified matrix a simple BODIPY derivative (3,3′,5,5′-tetramethyl-4,4′-
diethyl-2,2-dipyrromethene difluoroborate, BODIPY1) shows a maximum efficiency up to
90% while 70% in the unmodified matrix.

Further encouraging results obtained by implementing the laser media have been
reported in 2016 by Kuznetsova et al. [104] by incorporating alkyl BODIPY derivatives
(27, Scheme 2) into three component silicate demonstrated the possibility of developing
solid-state laser media working in the visible range between 550 and 564 nm and with a
laser efficiency of 12%.

Ray et al. [77] finely tuned photophysical properties of stabilized N-BODIPYs (28,
Scheme 2) thanks to the proper substitution of the fluorine linked to boron atom with
electron-poor diamine moieties. Specifically, they demonstrated stabilized N-BODIPYs
based on electron-poor amine moieties based on sulfonylated amines with both low flexi-
bility and low steric hindrance, and electron-rich BODIPY cores were able to give rise to
bright fluorophores even in the solid crystalline state, with notable lasing capacities in the
liquid phase (surpassing 60% laser efficiencies) and when doped into polymers, improving
the laser performance of their commercial counterpart PM567.

A series of BODIPYs with different substituted compounds was studied by Kuznetsova
et al. In their work [78], they investigated how ligand structures and optical properties were
related. They founded that alkyl-, cycloalkyl-, phenyl-, benzyl-, and meso-propargylamino
substituted difluoroborates BODIPYs were photostable and laser active in liquid and
solid-state in the spectral range between 475 and 687 nm. In particular, in solid-state, two
derivatives, 29a and 29b (Scheme 2) with ethanyl and methyl groups (with and without
phenyl group, respectively) showed very good performances: in PMMA they gained a laser
efficiency up to 38% in PMMA and up to 58% in 8MMA-PMMA with a quite low threshold.

3.3. BODIPY as Active Layer in Optical Microcavity

In 2017, Cookson et al. [105] used BODIPY-Br (30, Scheme 2) to demonstrate polariton
condensation in optical cavities. As shown in Figure 16, the dye was dispersed in a
transparent polymeric matrix and then incorporated into a microcavity.

BODIPY-Br is characterized by relatively high photoluminescence (PL) quantum yield
and optical amplification at 589 nm after pumping at 500 nm (see Figure 17). The work
showed strong evidence of nonlinear PL with increasing excitation density, associated
with a high linewidth narrowing and a continuous blueshift. This shift was assigned to
polariton interactions with other polaritons and the exciton reservoir.
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Figure 17. (a) The normalized absorption (black) and fluorescence spectrum (red) of BODIPY-Br dispersed in a transparent
polystyrene matrix. The chemical structure is shown in the insert. (b) Amplified spontaneous emission from a 186 nm thick
film of the BODIPY-Br (39, Scheme 2) dispersed in a polystyrene matrix and deposited on a quartz substrate. A threshold is
observed at a pump fluence of 104 µJ cm−2 with a peak forming at 589 nm (dashed–dotted line). The dotted line indicates
the polariton emission from the microcavity, while the large dashed line indicates the fluorescence emission peak shown in
(a). Reproduced from Ref. [105] with permission from 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

This work demonstrated the capability of achieving condensation at room temper-
ature, in a dilute molecular system. This result opens the possibility to select polariton
condensation wavelengths for the development of future optoelectronic devices, as hybrid
organic-inorganic polariton laser diodes. There are many different molecular dyes that can
be embedded in a microcavity to have polariton condensation at different wavelengths
covering the visible and the NIR range.

In 2019, Sannikov et al. [106] developed a material system with polariton lasing at
room temperature over a broad spectral range. The system is based on molecule BODIPY-
G1 (Scheme 2), which is a derivative presenting high extinction coefficients and high PL
quantum yield. The dye is dispersed in a polystyrene matrix and used as the active layer
in a strongly coupled microcavity. The authors found that by engineering a thickness
gradient across the microcavities (see Figure 18a), it was possible to gain a broad range
of exciton–photon detuning conditions. As shown in Figure 18b, in this configuration,
BODIPY-G1 microcavity can undergo polariton lasing over a broad range (around 33 nm)
of wavelengths in the green-yellow spectral range, with a highly monochromatic emission
line of 0.1 nm.
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Figure 18. (left) Schematic representation of the wedged dye-filled microcavity and the excitation
and detection configuration. (right) The colored solid-square data points indicate the wavelength
(photon energy, right axis) where polariton lasing was observed versus the corresponding exciton–
photon detuning. The black open circles indicate the corresponding bare cavity mode for each realization.
Polariton lasing spans the green-yellow part of the visible spectrum as indicated with a black solid line
on the CIE 1931 chromaticity diagram, bottom left inset. Reproduced from Ref. [106] with permission
from 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

In conclusion, we have shown that a lot of work has been done on the achievement
of lasing from BODIPY solutions or from “bulky” solid-state rods, but just in 2013 Durán-
Sampedro [78] reported the use of a BODIPY thin film as an active layer in a photonic
device as a Distributed Feedback Laser. Few other groups, since then, have implemented
the use of thin films in photonic devices like DFB or microcavities lasers demonstrating the
good properties of this material and its versatility.

4. Conclusions and Perspectives

The development of new organic semiconductor materials is certainly one of the pillars
on which the possibility of bringing advanced technologies to the market and consequently
making them accessible to all rests.

Since its discovery BODIPY molecule has shown great versatility thanks to the pos-
sibility of easy functionalization in different positions, fine modulation of optoelectronic
properties, and good stability moreover it was possible its application in biochemical
labeling chemosensors and fluorescent switches. Only recently BODIPY has emerged
as effective building blocks for OPV and photonic applications and both these areas are
indisputably at the basis of sustainable development.

In the last 5 years, essential improvements have been obtained in both applications
thanks to the study of the effect of substituents and matrices for its dispersion.

This review explores the recent progress (2009–2020) in the field of solid-state BODIPY-
based semiconducting molecules for photonics and OPVs applications. The review is
divided into sections and provides a concise and precise description of the experimental
results, their interpretation as well as the conclusions that can be drawn. After the first
introductory section, in Section 2, we report the best results obtained in solar cells by
focusing on devices with an efficiency greater than 5% and taking into consideration
their use as an acceptor and as a donor molecule. In Section 3, we highlight the best
results obtained in photonic applications such as lasing in DFB structures or microcavities.
The chemical structure and the main optoelectronic properties, as well as their device
performances and, where possible, their morphological properties are deeply investigated
and summarized in Tables 1–3 evidencing that the most promising results were mostly
achieved in the past 2–3 years.

Despite all advantages of using BODIPY-based chromophores, there are several chal-
lenges, which require more attention. For example, the effect of substituents on the Boron
positions on the BODIPY properties has been only marginally investigated. These substi-
tutions can allow to improve the stability of the material and to modulate the absorption

66



Molecules 2021, 26, 153

and emission spectra towards the NIR spectral window. The development of hybrid sys-
tems with 2D materials could give a valuable contribution to the development of new
multifunctional materials [107,108].

Finally, it is necessary to combine the sustainable aspect of the material, whose biocom-
patibility has already been demonstrated, with sustainable synthetic strategy and solubility
in green solvents.

We hope that this review will provide a useful tool for the design and understanding
of the structure–property relationship of BODIPY chromophores to facilitate their use in
the optoelectronic research area.
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Abbreviations
BDT Benzo[1,2-b:4,5-b’]dithiophene
BHJ Bulk-HeteroJunction solar cells
BPAPF 9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-fluorene
D–A Donor–Acceptor
DCM Dichloromethane
DFB Distributed Feedback laser
DPP Diketopyrrolopyrrole
ETL Electron Transporting Layer (ETL)
FF Fill Factor
HOMO Highest Occupied Molecular Orbital
HTL Hole Transporting Layer
ITO Indium Tin Oxide
Jsc Short-circuit current Density
LUMO Lowest Unoccupied Molecular Orbital
MH250 N,N-bis(fluoren-2-yl)-naphthalenetetracarboxylic diimide(bis-Hfl-NTCDI)
MMA Methyl Methacrylate
MoO3 Molibdenum Oxide
NDP9 Organic p-type dopant of Novaled GmbH
NIR Near InfraRed
OPV Organic PhotoVoltaic
OSC Organic Solar Cell
P3HT Poly(3-hexylthiophene-2,5-diyl)

PAZO-Na
Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-
Ethanediyl, sodium salt]

PCE Power Conversion Efficiency

p-DTS-(FBTTh2)2

7,7′-[4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-2,6-
diyl]bis[6-Fluoro-4-(5′-hexyl-[2,2′-bithiophen]-5-
yl)benzo[c][1,2,5]thiadiazole]

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PEIE Polyethylenimine ethoxylated
PFN Poly[9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene
PL Photoluminescence
PMMA Poly(methyl methacrylate)

PTB7-Th
Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-
fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})

SCLC Space-Charge Limited-Current
SVA Solvent Vapor Annealing
TA Thermal Annealing
TAT Triazatruxene
TF Thin film
TFMA 2-trifluoromethyl methacrylate
TSVA Thermal and Solvent Annealing
Voc Open Circuit Voltage

W2(hpp)4
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidinato)ditungsten (II)

ZnO Zinc Oxide
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Abstract: Conjugated polymers with ionic pendant groups (CPEs) are receiving increasing attention
as solution-processed interfacial materials for organic solar cells (OSCs). Various anionic CPEs
have been successfully used, on top of ITO (Indium Tin Oxide) electrodes, as solution-processed
anode interlayers (AILs) for conventional devices with direct geometry. However, the development
of CPE AILs for OSC devices with inverted geometry is an important topic that still needs to
be addressed. Here, we have designed three anionic CPEs bearing alkyl-potassium-sulfonate side
chains. Their functional behavior as anode interlayers has been investigated in P3HT:PC61BM (poly(3-
hexylthiophene): [6,6]-phenyl C61 butyric acid methyl ester) devices with an inverted geometry,
using a hole collecting silver electrode evaporated on top. Our results reveal that to obtain effective
anode modification, the CPEs’ conjugated backbone has to be tailored to grant self-doping and to
have a good energy-level match with the photoactive layer. Furthermore, the sulfonate moieties not
only ensure the solubility in polar orthogonal solvents, induce self-doping via a right choice of the
conjugated backbone, but also play a role in the gaining of hole selectivity of the top silver electrode.

Keywords: conjugated polyelectrolytes; inverted organic solar cells; anode interfacial layers

1. Introduction

The use of interfacial layer materials to improve the charge selectivity and minimize
the energy barrier of electrodes plays a central role in promoting their performance and
stability in organic electronic devices, such as organic solar cells (OSCs) [1–3]. In view of
the technological need to attain fully solution-processed devices, most of the attention has
been addressed in the search of efficient interfacial materials with good solubility in polar
solvents, included water, which allows deposition from orthogonal solvents to the active
layers [4–6]. Conjugated polyelectrolytes (CPEs), composed of a conjugated backbone
with side-chains bearing ionic functional groups, have emerged as a promising class of
interfacial materials with their proven ability to improving photovoltaic (PV) performances
through solution processing [7–10]. CPEs combine several advantages including: solubility
in aqueous/alcoholic solvents, orthogonality to organic solvents used for the deposition
of the active layers, robust film formation, and chemical flexibility in tailoring both the
conjugated backbone as well as the polar/ionic lateral functionalities. Most of the CPEs
developed so far are effective in reducing the electrode work function [11–13] and might
behave as electron transport layers [14,15]. Therefore there is a huge library of CPEs in the
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literature that have been investigated as cathode interfacial layers to facilitate the electron
collection at the cathode in OSCs [16–21]. There is, however, also a growing number of
CPEs that have been reported to behave as promising anode interfacial layers to facilitate
hole extraction at the ITO electrode [22–30]. These CPEs were demonstrated to be a valid
alternative to the common PEDOT:PSS, not only for the good PV performances, but also
because most of these materials are pH-neutral, which is an advantage to avoid possible
device instabilities induced by the acidic nature of PEDOT:PSS [31,32].

From the studies so far, some guidelines have been reported for the design of the
CPEs where their application as anode modifiers were highlighted. It was shown that upon
oxidative p-doping, a fluorene-based CPE with anionic sulfonate side groups deposited on
top of an ITO electrode behaved as an efficient AIL in OSCs [23]. The p-doping not only
favored the hole transport through the inter-layer, but it was shown to be a viable tool to
enhance the ITO anode work function [23]. When combining anionic sulfonate side groups
to polymer chains containing more electron rich moieties than fluorene, p-type self-doping
effects can occur [33,34]. Self-doping was found to induce similar beneficial effects for the
hole transport and ITO anode work function modifications [22,24,35], and it was identified
as an important characteristic to achieve efficient AIL materials [24–26,28,36].

In spite of the successful incorporation of various CPEs as anode modifiers into
devices, mainly devices with direct geometry were reported. Nevertheless, the devices
with inverted geometry are better suited to envisage the scale-up towards industrial
compatible fabrication processes. Therefore, the application of CPE materials as anode
modifiers in inverted OSC devices is an important topic to be addressed.

The capability of a CPE to engineer the anode interface, established in direct geometry,
is not necessarily transposable to inverted devices. For example, most of the efficient
CPE anode modifiers reported in the literature are quite hydrophilic and need water to be
dissolved. This can be an issue for inverted geometry, where the CPE film is deposited
on top of the highly hydrophobic active layer surface. This implies that the tailoring of
the chemical structure of CPEs to improve their reaction with the active layer is important
when considering the inverted device geometry. Another aspect that may vary with the
device geometry is the interaction between the interlayer and the electrode which is not
necessarily identical when depositing the interlayer on top of the electrode, as is the case
for direct geometry, or when evaporating a metal electrode on top of the interlayer, as is
the case for inverted geometry.

In this work, we have designed three anionic conjugated copolymers bearing alkyl-
potassium sulfonate side groups, namely P1, P2, and P3 (see Figure 1), and their application
as anode interfacial layers for OSCS devices with inverted geometry have been investigated.
The devices are prepared using standard P3HT:PC61BM as an active layer. We have
started with a well-known CPE, P1 [34] in Figure 1, which is reported to have good
results when applied in OSCs devices with direct geometry [22,27,31]. P1 is a pH-neutral
CPE that showed self-doping characteristics, in particular in the presence of a proton
source, good hole conductivity comparable to PEDOT:PSS, and effective engineering of
the ITO anode work function [34,37]. P1 is hydrophilic owing to the high number of
polar groups per monomeric unit and needs water to be dissolved. In order to grant
self-doping characteristics, but obtain an alcohol-processable material which guarantees
better wettability of the active layer, we have designed a novel copolymer, P2, Figure 1,
with the same backbone and type of alkyl- sulfonate substituents of P1 but with a reduced
number of side chains per monomeric unit. Finally, for comparison, we have prepared
and tested P3, in Figure 1, a CPE bearing similar potassium sulfonate alkyl groups as P1
and P2 but with a different conjugated backbone based on a fluorenic unit, known to be
un-fitted for self-doping [34,38–40]. In the P3 copolymer, the side chains have been tailored
to favor the interaction with the active layer by alternating alkyl-potassium sulfonate and
non-polar alkyl side chains. By comparing the results obtained with the three CPEs we
tried to elucidate the role that pendant sulfonate groups play in the AIL functionality of this
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class of polymers, demonstrating that sulfonate anionic CPEs could be a valid approach to
obtain solution-processable anode interlayers for inverted OSCs devices.
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2. Experimental
2.1. Synthetic Methods

General information for synthesis: All glassware was oven-dried. Unless specifically
mentioned, all chemicals are commercially available and were used as received. The dialysis
membrane (MWCO: 3500–5000 Da) was purchased from Membrane Filtration Products Inc.
1H-NMR spectra were recorded at 600 MHz in D2O.

4-Bis-potassium butanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene (1): 4H-cyclopenta-
[2,1-b;3,4-b’]-dithiophene (CPDT, 670 mg, 3.76 mmol, 1.0 equivalent), and tetrabutylam-
monium bromide (60.6 mg, 0.188 mmol, 0.05 equivalent), were dissolved in anhydrous
DMSO (18.4 mL), and the solution was degassed by bubbling Ar for 5 min. 50% KOH in
H2O (4.2 g) was added via syringe, followed by the addition of 1,4-butanesultone (924 µL,
9.02 mmol, 2.4 equivalent). After stirring at room temperature for 3 h, the reaction mixture
was poured into acetone (100 mL) and the yellowish precipitate was collected by filtration
and washed with acetone. The crude was used in the next step without further purification.
1H-NMR (D2O) δ: 7.35 (d, J = 4.8 Hz, 2H), 7.14 (d, J = 4.8 Hz, 2H), 2.72 (t, J = 8.1 Hz, 4H),
1.98 (t, J = 7.8 Hz, 4H), 1.55 (m, broad, 4H), 0.98 (m, broad,4H).

2,6-Dibromo-4-bis-potassium butanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b′]-dithiophene (2):
The crude product 1 was suspended in DMF (15 mL), and H2O (~2 mL) was added
while stirring until dissolved. NBS (1.67 g, 9.4 mmol, 2.5 equivalent) was added in dark
conditions by shielding the flask with aluminum foil. The brown solution was stirred at
room temperature for 1 h, and poured into acetone. The yellowish precipitate was collected
by filtration, and washed with acetone (2 g, 80% yield). 1H-NMR (D2O) δ: 7.03 (s, 2H), 2.6
(m, broad, 4H), 1.69 (m, broad, 4H), 1.43 (m, broad, 4H), 0.77 (m, broad, 4H).

Polymer P1: A mixture of compound 2 (79 mg, 0.115 mol, 1 equivalent), 2,1,3-
Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (45 mg, 0.115 mmol, 1 equivalent),
and tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (2.6 mg, 2% mol) was added in
a pre-degassed Schlenk flask, followed by three vacuum/nitrogen cycles. Then degassed
DMF (1 mL) and degassed potassium carbonate aqueous solution (0.25 mL) were added.
The mixture was stirred at 110 ◦C for 3 h. The reaction mixture was poured in acetone and
the dark blue precipitate was collected by filtration and washed with copious amounts of
acetone. The precipitate was all dissolved in deionized H2O and transferred into a dialysis
tube (MWCO: 3500–5000). The dialysis tube was placed in a large beaker with H2O stirring
for 3 days, and the H2O was changed every 12 h. Evaporation of the H2O provided the title
product, a dark blue solid (55 mg, 72%), after drying under vacuum overnight. The NMR
of the polymer in D2O showed only non-informative broad peaks, due to the presence of
paramagnetic radical cations [34] (see Scheme S1 in Supplementary Materials).
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Synthesis of 4-Potassium butanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene (3):
4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene (CPDT, 300 mg, 1.68 mmol, 1.0 equivalent) and
tetrabutylammonium bromide (27 mg, 0.084 mmol, 0.05 equivalent) were dissolved in
anhydrous DMSO (8.2 mL), and the solution was degassed by bubbling with Ar for
5 min. 50% KOH in H2O (1.8 g) was added via syringe, followed by the addition of 1,4-
butanesultone (924 µL, 9.02 mmol, 1.2 equivalent). After stirring at room temperature for
3 h, the reaction mixture was poured into acetone (50 mL) and the yellowish precipitate
was collected by filtration and washed with acetone. The crude was used in the next step
without further purification. 1H-NMR (D2O) δ: 7.05 (d, J = 4.8 Hz, 2H), 6.95 (d, J = 2.9 Hz,
2H), 3.42(t, J = 6.9 Hz, 1H) 2.73 (t, J = 7.8 Hz, 2H), 1.63 (m, broad, 2H), 1.56 (m, broad, 2H),
1.3 (m, broad,2H).

Synthesis of 2,6-Dibromo-4-potassium butanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene
(4): The crude product 3 was suspended in DMF (6.7 mL), and H2O (~1 mL) was added
while stirring until dissolved. NBS (747 g, 4.2 mmol, 2.5 equivalent) was added in dark
conditions by shielding the flask with aluminum foil. The brown solution was stirred at
room temperature for 1 h and poured into acetone. The yellowish precipitate was collected
by filtration, and washed with acetone (640 mg, 75% yield). 1H-NMR (D2O) δ: 7.23 (s, 2H),
3.74 (t, broad, 1H), 2.80 (m, broad, 2H), 2.60–2.50 (m, broad, 2H), 1.85–1.80 (m, broad, 2H),
1.55–1.45 (m, broad, 2H).

Synthesis of polymer P2: A mixture of compound 3 (117 mg, 0.230 mol, 1 equivalent),
2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (89 mg, 0.230 mmol, 1 equivalent),
and tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (5.2 mg, 2% mol) was added in
a pre-degassed Schlenk flask, followed by three vacuum/nitrogen cycles. Then degassed
DMF (2.2 mL) and degassed potassium carbonate aqueous solution (0.55 mL) were added.
The mixture was stirred at 110 ◦C for 3 h. The reaction mixture was poured in acetone and
the dark blue precipitate was collected by filtration and washed with copious amounts of
acetone. The precipitate was all dissolved in deionized H2O and transferred into a dialysis
tube (MWCO: 3500–5000). The dialysis tube was placed in a large beaker with H2O stirring
for 3 days, and the H2O was changed every 12 h. Evaporation of H2O provided the title
product, a dark blue solid (65 mg, 60%), after drying under vacuum overnight. The NMR
of the polymer in D2O showed only non-informative broad peaks, due to the presence of
paramagnetic radical cations (see Scheme S2 in Supplementary Materials) [34].

2.2. Device Fabrication and Photovoltaic Characterization

Direct geometry devices fabrication: Solar cells were assembled with the conventional
structure Glass/ITO/PEDOT:PSS or AIL/P3HT:PC61BM/Ag. Glass ITO (Kintec, Hong
Kong) 15 Ω/sq substrates were mechanically cleaned with peeling tape and paper with
acetone and then were washed in a sonic bath at 50 ◦C for 10 min sequentially with water,
acetone, and isopropanol. After drying with compressed nitrogen flow, 10 min plasma
treatment in the air was used to enhance the ITO wettability for the next deposition.
PEDOT:PSS (Al VP 8030 from Heraus, Hanau, Germany) was filtered on a 0.45 µm nylon
filter and spin-coated in the air at 2500 rpm for 50 s. P1 (5 mg/mL in H2O:MeOH 1:1), P2,
and P3 (1 mg/mL in EtOH) were spin-coated at 2000 rpm and 4000 rpm for 60 s. Finally,
the substrates were stored in a glovebox and annealed at 110 ◦C for 10 min. The device
assembly was then performed in the glovebox. The active layer was composed of a
blend dissolved at 1:0.8 wt/wt of P3HT:PC61BM solution in 1,2-dichlorobenzene at a total
concentration of 27 mg/mL. The P3HT was purchased from Plextronics (Pittsburgh, PA,
USA, Plexcore 0S2100, Mn: 62602; Mw: 119010, 99% regioregularity) and PC61BM (99.5 %
purity) was purchased from Solenne BV. The solution was stirred for 12 h on a hotplate in a
glovebox at 60 ◦C. The active layer was spin-coated from the warm solution at 1000 rpm
for 60 s, which resulted in a thickness of 130 nm; then, the active layer film was slow dried
under a glass petri dish for 1 h. Finally, a 100 nm-thick aluminum electrode was evaporated
on the top of the device through a shadow mask under a pressure of 2 × 10−6 mbar.
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The deposition rate was 0.5 nm/s. There were six devices on a single substrate, each with
an active area of 6.1 mm2.

Inverted geometry devices fabrication: Solar cells were assembled with the conven-
tional structure Glass/ITO/PEIE/active layer/AIL/Ag. Glass ITO (Kintec, Hong Kong)
15 Ω/sq substrates were mechanically cleaned with peeling tape and paper with acetone
and then were washed in a sonic bath at 50 ◦C for 10 min sequentially with water, acetone,
and isopropanol. After drying with compressed nitrogen flow, ITO was treated under
UV light from a solar simulator for 20 s to remove O2 species adsorbed on its surface.
Polyethylenimine ethoxylated (PEIE) 0.4% w/w in 2-Metoxyethanole solution was spin-
coated in N2 at 5000 rpm for 60 s. PEIE film was then washed with H2O to remove excess
polymers (200 µL were deposited for 10 s on substrate and then removed at 4000 rpm for
60 s). The P3HT:PC61BM active layer was prepared upon blending the two components at a
1:0.8 weight ratio in 1,2-dichlorobenzene, at a total concentration of 27 mg/mL. The solution
was stirred for 12 h on a hotplate in glovebox at 60 ◦C; the active layer was spin-coated from
the warm solution at 1000 rpm for 60 s, which results in a thickness of 130 nm; the films
were then covered with a glass petri dish to perform slow drying for an hour and then
treated at 120 ◦C for 10 min. The PTB7-Th was purchased from Cal-Os (batch number 6) and
PC71BM from Solenne BV (99.5% purity). The PTB7-Th:PC71BM active layer was prepared
by dissolving the two components at a 1:1.5 weight ratio in chlorobenzene, with a solute
concentration of 25 mg/mL. This solution was stirred overnight at 65 ◦C. Next, 10 min
after adding 2% v/v of 4-methoxybenzaldehyde to the solution, the blend was spin coated
at 1200 rpm, permitting the obtaining of films with thickness of 100 nm. The samples were
left at room temperature for 10 min and then annealed for 20 min at 60 ◦C. The AILs were
deposited on top of the active layers by dissolving P2 or P3 in ethanol at a concentration
of 1 mg/mL, and 20 µL of this solution was dropped on a device rotating at 4000 rpm for
60 s. P1 was dissolved in H2O:Methanol (1:1) at a concentration of 5 mg/mL, and 20µL of
this solution was dropped on a device rotating at 4000 rpm for 60 s. Finally, a 100 nm-thick
silver electrode was evaporated on the top of the device through a shadow mask under a
pressure of 2 × 10−6 mbar. The deposition rate was 0.3 nm/s. A device without any AIL
and a device with an evaporate MoOx AIL were prepared for comparison. The thickness
of the MoOx layer was 10 nm, achieved with a deposition rate of 0.1 nm/s. There were six
devices on a single substrate, each with an active area of 6.1 mm2.

Device characterization and measurements: The devices were characterized through
current density–voltage and external quantum efficiency characterization. Current density–
voltage measurements were performed directly in the glovebox where the solar cells were
assembled, with a Keithley 2602 source meter, under an AM 1.5G solar simulator (ABET
2000). The incident power, measured with a calibrated photodiode (Si cell + KG5 filter),
was 100 mW/cm2. The EQE spectral responses were recorded by dispersing an Xe lamp
through a monochromator, using an Si solar cell with a calibrated spectral response to
measure the incident light power intensity at each wavelength. The devices were taken
outside the glovebox for the EQE measurements, after mounting them on a sealed cell to
avoid moisture and oxygen exposure. For the aging measurement, the devices were stored
in air and measured in glovebox.

3. Results and Discussion

The chemical structures of the three copolymers P1, P2, and P3, are shown in Figure 1.
The polymers were synthesized via Suzuki cross-coupling and their purifications were
performed according to the literature. The selected experimental procedures were chosen
according to the literature [41,42]; P1 was prepared according to the procedure described
by Mai et al. [34] starting from the commercially available 2,1,3-Benzothiadiazole-4,7-
bis(boronic acid pinacol ester) and 2,6-dibromo-4,4-bis-potassium butanylsulfonate-4H-
cyclopenta-[2,1-b;3,4-b’]-dithiophene. The same procedure was applied to P2, starting
from the newly synthesized 2,6-dibromo-4-potassium butanylsulfonate-4H-cyclopenta-
[2,1-b;3,4-b’]-dithiophene, while P3 was synthetized according to the literature [39,40]
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(synthesis details and characterizations are provided in the Supplementary Materials).
GPC measurements confirmed the structure of the synthetized polymers, however they
only provided an indicative estimation of the real value of the molecular weight due to
solubility problems and structural difference with the polystyrene used as standard [43].

Cyclic voltammetry and optical spectroscopy were used to assess the electronic prop-
erties of the copolymers and to estimate their HOMO and LUMO energy levels. See Table 1
and the Supplementary Materials.

Table 1. Optical properties and HOMO and LUMO energy levels of P1, P2, and P3.

Polymer λmax (nm) λonset (nm) Eg
a (eV) HOMO (eV) LUMO (eV) Eg

b (eV)

P1 630 898 1.38 −4.87 −3.31 1.56
P2 719 947 1.31 −4.83 −3.13 1.50
P3 389 426 2.91 −5.50 −2.2 3.23

a Estimated from the onset wavelength of the optical absorption in the solid state film (Figure 3a). b Calculated
from the HOMO and LUMO level.

The HOMO and LUMO levels of P1, P2, and P3 were obtained from the onsets of the
oxidation and reduction potential [44], respectively, and are reported in Table 1 together
with UV−vis spectroscopic data. The deviation between the optical and electrochemical
results are in quite satisfactory agreement, as previously described in literature [45].

The energy levels of P2 are similar to P1, consistently with the same conjugated
backbone and lateral substituents. P3 shows a variation of the HOMO and LUMO which is
coherent to its polyfluorene backbone [39,40]. Importantly, as previously reported [46–49]
the functionalization with the polar side chains does not interfere with the conjugated
π-orbitals of the polyfluorene backbone and thus leads to no modification in the position
of the HOMO and LUMO levels.

The different concentration in the copolymers of the sulfonated groups and alkyl
chains is a tool to obtain different hydrophilic/hydrophobic characteristics: P1 is the
most hydrophilic owing to its two sulfonate groups per monomeric unit. The presence of
only one polar side chain in P2 and the presence of two long alkyl chains in P3 are two
approaches to reduce the CPEs hydrophilicity/polarity. This trend is confirmed by contact
angle measurements on top of the P1, P2, and P3 films using glycerol as a polar solvent.
As shown in Figure S10 in the Supplementary Materials, the contact angles were found
to be respectively 36◦ for P1, 49◦ for P2, and 68 ◦ for P3. Such reduction in the wettability
to polar solvent going from P1 to P3 suggests that thanks to our design we were able to
finely modulate the different hydrophilic/hydrophobic characteristics of the polymers and
consequently the interaction with the a-polar active layer.

As a consequence, P1 has a good solubility in water but it is not soluble in pristine
methanol or ethanol. P2 shows an overall poor solubility in water/alcohol solvents but its
dispersion in ethanol at low concentrations, 1 mg/mL, leads to stable suspensions which
are suitable for film deposition by spin casting. P3 can be also dissolved and deposited
from ethanol at low concentrations (1 mg/mL). A good solubility in alcohol is particularly
important with a view to preparing devices in an inverted configuration where a thin CPE
film should be deposited on top of the hydrophobic active layer surface.

3.1. Self-Doping Behaviour

The self-doping behavior of P1, P2, and P3 was investigated by electron paramagnetic
resonance (EPR) measurements in aqueous solutions, see Figure 2b. A strong EPR symmet-
ric signal consistent with the presence of unpaired electrons is observed for both P1 and P2,
with peak to peak linewidths and calculated g values respectively of 0.28 mT and 1.9955 for
P1 and 0.25 mT and 1.99314 for P2, which are the typical signatures of polaron formation
in conjugated polymers [34,36]. It is important to underline that the values of the integrals
are comparable and therefore the signal of the P2 polymer is more intense than that of the
P1 polymer. Moreover, as it is well known, EPR is an intrinsically quantitative technique,
since the EPR signals are due to the number of the excited spins [50]. As a consequence, at

78



Molecules 2021, 26, 763

the same temperature and experimental conditions, EPR signal heights and, even more so
double integrals, are comparable.
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Figure 2. (a) Energy level of the materials used to fabricate inverted solar cells in this contribution; and (b) electron
paramagnetic resonance (EPR) spectra of P1, P2, and P3 in aqueous solution.

With regard to P3, no evidence of polaronic features is detected in the EPR spectrum.
Polarons formation was previously reported for a P1-type CPE in aqueous solution and
it was explained by a self-doping mechanism [33,34] in presence of a proton source like
water [51]. Similarly, the polaronic features in the P2 EPR spectrum indicate that self-
doping in solution is occurring also when the PCPDTBT backbone is bearing only one
alkylsulfonate lateral group per monomeric unit. On the other side, the absence of polarons
in the P3 EPR spectrum is consistent with the fact that self-doping can only take place in
CPEs with a relatively low ionization potential, as is the case for P1 and P2, but not for
polyfluorene-based CPEs such as P3 which have a high ionization potential/deep HOMO
energy level. The UV/Vis-NIR absorption spectra of P1, P2, and P3 films are reported in
Figure 3a. The spectrum of P1 exhibits two main bands centered at 405 nm and 660 nm
that are peculiar for polymers with conjugated ciclopentadithiophene-benzothiadiazole
(PCPDTBT) backbones and a weak and broad band peaked at 1140 nm which could be
ascribed to the formation of polarons (radical cations) which are stabilized by the pendant
sulfonate groups [34]. As shown in Figure 3a, a similar band is observed upon doping a
pristine PCPDTBT film through exposure to I2 vapors. This confirms a polaronic transition
assignment for the NIR absorption feature of the P1 film absorption spectrum. The P2
spectrum exhibits two main absorption bands, peaking respectively at 410 and 715 nm,
which are similarly assigned to the PCPDTBT backbone transitions. The P2 D-A (donor-
acceptor) band at 715 nm has a broad tail in the NIR region which could arise from light
scattering effects. A scattering tail is also observed in the absorption spectrum of a P2 dilute
solution, indicating that P2 is partially aggregated even in diluted solution (0.1 mg/mL in
ethanol or water, see Figure S2 in Supplementary Materials). The granular morphology
in the solid state, evident from the atomic force microscopy (AFM) images reported in
Figure S3, confirms the presence of aggregation and it is consistent to significant light
scattering from P2 films. As a matter of fact, the P2 polarons spectral features, already
evidenced by EPR spectra, are probably covered by the mentioned scattering, in the P2
film absorption spectrum. Consequently, we can reasonably suppose that, similar to the
well-known P1, self-doping is maintained also in P2 films. The P3 film shows a π-π*
transition peak at 365 nm as expected for a polyfluorene backbone. No polaronic features
are detected, which is consistent to the previously discussed absence of self-doping in
solution for this fluorene-based CPE.
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Figure 3. (a) UV/Vis-NIR absorption spectra of P1, P2, and P3 films and (b) IR absorption spectra of P2 and P3 films with a
pristine PCPDTBT film during its p-doping through I2 vapor exposure.

The self-doping of CPEs films can be monitored by IR (Infra-Red) absorption spec-
troscopy. The absorption spectral signatures of polaronic charged states in conjugated
polymers consist of both electronic transitions and IR vibrational modes, the so-called
IRAV bands [52,53]. Figure 3b displays the IR absorption spectral pattern of P1 and P2,
with a pristine and I2-doped PCPDTBT for comparison. The P1 and P2 IR spectra show
two intense and broad peaks at 1035 and 1165 cm−1. These bands are attributed to the
symmetric and antisymmetric stretching modes of the SO3

− groups [54]. In P3, which has
the same alkylsulfonate side chains, similar intense SO3

− stretching bands are observed
(Figure S13, Supplementary Materials). Both P1 and P2 polymers show a weak band at
1285 cm−1, that is not observed in the P3 spectrum of Figure S3. This suggests that an
alkylsulfonate vibrational mode cannot account for this feature. Interestingly, this weak
band does not match the pristine PCPDTBT IR spectrum but instead has a close similarity to
one of the IRAV bands growing up upon p-doping PCPDTBT with I2 vapors. On the basis
of these considerations, we suggest that the band observed at 1285 cm−1 in the IR spectra
of P1 and P2 is an IRAV band of the conjugated backbone arising from polaronic charged
defects. These features support our previous conjecture that self-doping is maintained also
in the P2 films. To sum up, both P1 and P2 display self-doping behavior, whereas P3 does
not. We will show in the following paragraphs that self-doping is one of the important
characteristics of anionic CPEs for attaining effective interfacial anode modification in
OSCs devices with inverted geometry.

3.2. OSCs Devices Characterization

Direct geometry device: We have characterized the copolymers’ interlayers in de-
vices with direct geometry, made with a P3HT:PC61BM active layer, taking a standard
PEDOT:PSS anode modifier as a reference. The devices architecture and PV characteristics
are reported in the Supplementary Materials, Figure S14 and Table S2, while the devices’
assembly procedures are given in the experimental section. The P1 devices exhibited the
best PV performances with a power conversion efficiency (PCE) of 2.17, with comparable
PV characteristics to the PEDOT:PSS reference device (see Table S1). A similar trend was
already reported by the Bazan group using a P1-type CPE interlayer in P3HT:PC61BM
devices [27]. Interestingly, the relatively high fill factor obtained using P1 (0.58), brings sup-

80



Molecules 2021, 26, 763

port for an effective hole extraction when using P1. This can be ascribed to a combination
of factors, including the good matching among the HOMO energy levels of P1 and P3HT,
which is preventing a barrier formation to hole extraction; and the self-doping of P1,
which is known to induce beneficial effects for the hole transport and for the engineering of
the ITO electrode work function [22]. With regard to P2, a reduction of the PV performances
were observed (PCE 1.39%). P2 has the same backbone/electronic features than P1 but
lower processability, owing to the previously mentioned low solubility and aggregates
formation in solution, that affects its film forming properties as confirmed by the presence
of thick aggregates with granular morphology in the AFM images (see Figure S3). Such fea-
tures can account for the lower performances obtained with P2 instead of P1. Using P3 as
anode interlayer, there is a drastic drop of the PV performances, similarly to the previously
reported pristine anionic CPE AILs, with a high energy gap and no self-doping, as P3 [23].
Kelvin probe measurements were used to investigate how the copolymers’ interlayers
modify the ITO electrode work function (see Figure S15 in the Supplementary Materials).
While the effective work function of the ITO electrode decreased from 4.8 eV to 4.7 eV with
the P3 interlayer, an increase to 5.02 eV and 4.98 eV was observed respectively with P1 and
P2, as expected for self-doped anionic CPEs [23]. Hence, the hole selectivity of the ITO
electrode increases when using P1 and P2, facilitating charge extraction, but it is reduced
with P3.

Inverted geometry device: In order to investigate the key characteristics that anionic
CPEs should have to obtain solution-processable anode interlayers for inverted OSC
devices, we have tested P1, P2, and P3 interlayers in P3HT:PC61BM-based devices, with a
device architecture displayed in Figure 4. PEIE thin film was used as cathode interlayer on
top of the ITO electrode. This non-conjugated amino-containing polymer interlayer affords
good stability and efficient performance when applied in fullerene-based polymeric solar
cells [55,56]. For this study, PEIE offers the advantage of being scarcely affected by the air
soaking treatments herein reported. In inverted geometry the interlayers are deposited on
top of the hydrophobic active-layer surface and to increase the wettability we used ethanol
for the AILs processing; this was possible for P2 and P3, but not for P1 which needs a
water/ethanol mixture to be dissolved and processed. The details of the devices’ assembly
procedures are given in the experimental section. The PV characteristics are reported in
Figure 4, Figure S16 in the Supplementary Materials, and Table 2.
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The typical current density–voltage (J–V) curves of the devices featuring the polymeric
interlayers P1, P2, and P3 are depicted in Figure 4b; we have taken for comparison a device
with a state-of-the-art evaporated MoOx interlayer (MoOx/Ag) and a device prepared
without any AIL (Ag). The PV characteristics are summarized in Table 2. The devices with
the copolymer interlayers showed poor performances, with PCEs around 0.3–0.25%, similar
to the Ag devices and about one order of magnitude lower than the reference MoOx/Ag
devices, with a PCE around 2.5%. In one of our previous works we have highlighted
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that the air exposure of devices with polar polymers interfacial layers improved their
performances [57]. Interestingly, after a short air soaking treatment of 15 min, a significant
enhancement of the PV performances was observed in the P2 and P3 devices, see Figure 4c
and Table 2. Namely, the devices made with P2 reached the best performances, comparable
to the reference MoOx/Ag device, with a PCE of 2.62%; in P3 devices, the PCE was
1.9%. In contrast to the P2 and P3 devices and irrespective to air exposure, P1-based
devices showed the same poor performances of the Ag devices, prepared without any AIL.
Such poor P1 functionality in inverted devices might arise from the strong hydrophilic
character of P1, leading to scarce adhesion and film formation on top of the hydrophobic
P3HT:PC61BM active layer.

Table 2. Summary of the photovoltaic parameters a using pristine Ag or MoOx, P1, P2, and P3 AILs before and after an air
exposure treatment of 15 min.

Device Voc (V) a FF a Jsc (mA/cm2) a PCE (%) a Rs
b (Ωcm2) Rsh

c (kΩcm2)

Before air exposure treatment

Ag 0.13 0.365 6.91 0.33 ± 0.01 9.19 1.70
MoOx 0.56 0.645 6.86 2.48 ± 0.2 6.85 123.0

P1 0.13 0.356 6.67 0.31 ± 0.01 9.17 2.26
P2 0.12 0.355 6.30 0.28 ± 0.01 8.21 1.37
P3 0.12 0.349 6.20 0.26 ± 0.01 9.99 0.79

After air exposure treatment (15 min)

Ag 0.13 0.382 6.54 0.33 ± 0.01 9.86 1.71
MoOx 0.56 0.693 6.83 2.63 ± 0.12 6.87 174.9

P1 0.13 0.382 6.64 0.33 ± 0.01 9.94 3.49
P2 0.51 0.653 7.86 2.62 ± 0.15 7.20 31.03
P3 0.48 0.527 7.54 1.90 ± 0.2 9.42 64.46

a average values across 12 devices; b Rs are calculated from the light J–V curve inverse slope at voltages around the VOC; c Rsh are calculated
from the dark J–V curves at voltages around VOC = 0.

The active layer (AL) coverage by the copolymer interlayers was analyzed by AFM.
As shown in Figure 5, the surface morphology after P1 deposition is similar to the AL
substrate, thus suggesting a bad AL coverage by the P1 interlayer. On the other hand,
after P2 and P3 deposition, the morphology and roughness are significantly different.
RMS values are reported in Figure 5 and are consistent with the presence of P2 and P3 on
top of the active layer.

Molecules 2021, 26, x FOR PEER REVIEW 11 of 18 

 

 

substrate, thus suggesting a bad AL coverage by the P1 interlayer. On the other hand, 
after P2 and P3 deposition, the morphology and roughness are significantly different. 
RMS values are reported in Figure 5 and are consistent with the presence of P2 and P3 on 
top of the active layer.  

 
Figure 5. Surface topographic AFM images of (a) active layer; (b) active layer/P1; (c) active layer/P2; and (d) active lay-
er/P3 deposition. RMS values: 8.5 nm, 8.2 nm, 10.9 nm, 10.6 nm for (a–d), respectively. The active layer and CPE deposi-
tions were carried out in the devices assembly conditions. 

To confirm the adhesion of our polar CPEs to the active layer, we measured the 
water contact angles prior to and after the interlayers deposition. As reported in the 
Supplementary Materials, Figure S12, the AL water contact angle reduces respectively 
from 107° to 96° and 102° after the P2 and P3 interlayers deposition. Such increase of 
hydrophilicity arises from the adhesion of the P2 and P3 polar polymers on top of the AL 
hydrophobic surface. Interestingly, by spin casting P1 the water contact angle remained 
the same (at 107° as for the active layer) revealing a scarce/absent adhesion of P1 on the 
active layer. This explains the identical PV characteristics observed for the P1 device and 
the control Ag device.  

The above observations highlight an important requirement that an AIL CPE for 
solution-processed inverted solar cells has to satisfy: a correct balance between the hy-
drophilic and hydrophobic parts. This ensures a good adhesion to the active layers while 
maintaining solution processing from orthogonal solvents, which is a key for devices 
multi-stacking fabrication.  

As depicted in Table 2, the pristine Ag devices exhibit quite low VOC, poor FF, rela-
tively high Rs, and low Rp. Such features are the typical fingerprints of the bad hole se-
lectivity of a silver electrode. As a matter of fact, the Ag work function was reported at 
–4.3 eV, while the P3HT HOMO energy level was around −5 eV. As such, there is a bad 
electrode-organic band alignment, leading to a barrier to hole extraction. 

The insertion of the P2 or P3 interlayers in the devices, combined with an air soaking 
treatment (15 min), induces a significant enhancement of the VOC and FF parameters as 
compared to the pristine Ag. This testifies the ability of the P2 and P3 interlayers to im-
prove the hole collecting character of the top Ag electrode. As depicted, the VOC and FF 
parameters of the P2 and P3 devices are reaching values close to the ones obtained with 
the state-of-the-art MoOx interlayer. This behavior evidences an overall effective modi-
fication of the silver electrode-active layer band alignment by the insertion of these co-
polymers interlayers. However, P2 appears to be a more effective anode modifier than 
P3, as self-doping occurs in P2 but not in P3. Self-doping should favor the hole transport 
within the P2 interlayer, leading to beneficial effects for hole extraction in the devices. 
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Figure 5. Surface topographic AFM images of (a) active layer; (b) active layer/P1; (c) active layer/P2; and (d) active
layer/P3 deposition. RMS values: 8.5 nm, 8.2 nm, 10.9 nm, 10.6 nm for (a–d), respectively. The active layer and CPE
depositions were carried out in the devices assembly conditions.

To confirm the adhesion of our polar CPEs to the active layer, we measured the
water contact angles prior to and after the interlayers deposition. As reported in the
Supplementary Materials, Figure S12, the AL water contact angle reduces respectively
from 107◦ to 96◦ and 102◦ after the P2 and P3 interlayers deposition. Such increase of
hydrophilicity arises from the adhesion of the P2 and P3 polar polymers on top of the AL
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hydrophobic surface. Interestingly, by spin casting P1 the water contact angle remained
the same (at 107◦ as for the active layer) revealing a scarce/absent adhesion of P1 on the
active layer. This explains the identical PV characteristics observed for the P1 device and
the control Ag device.

The above observations highlight an important requirement that an AIL CPE for
solution-processed inverted solar cells has to satisfy: a correct balance between the hy-
drophilic and hydrophobic parts. This ensures a good adhesion to the active layers while
maintaining solution processing from orthogonal solvents, which is a key for devices
multi-stacking fabrication.

As depicted in Table 2, the pristine Ag devices exhibit quite low VOC, poor FF, relatively
high Rs, and low Rp. Such features are the typical fingerprints of the bad hole selectivity of a
silver electrode. As a matter of fact, the Ag work function was reported at –4.3 eV, while the
P3HT HOMO energy level was around −5 eV. As such, there is a bad electrode-organic
band alignment, leading to a barrier to hole extraction.

The insertion of the P2 or P3 interlayers in the devices, combined with an air soaking
treatment (15 min), induces a significant enhancement of the VOC and FF parameters
as compared to the pristine Ag. This testifies the ability of the P2 and P3 interlayers to
improve the hole collecting character of the top Ag electrode. As depicted, the VOC and
FF parameters of the P2 and P3 devices are reaching values close to the ones obtained
with the state-of-the-art MoOx interlayer. This behavior evidences an overall effective
modification of the silver electrode-active layer band alignment by the insertion of these
copolymers interlayers. However, P2 appears to be a more effective anode modifier than
P3, as self-doping occurs in P2 but not in P3. Self-doping should favor the hole transport
within the P2 interlayer, leading to beneficial effects for hole extraction in the devices.
Besides self-doping, P2 exhibits a better energy level alignment to the P3HT AL component
than P3, see Figure 2. This reduces the barrier to hole collection at the AL/CPE interface
when using P2 rather than P3 [25].

The above comparison of P2 and P3 AILs clearly highlights that the choice of the
conjugated backbone is a key in the development of effective AILs for inverted solar
cells. To favor hole collection at the top silver electrode, the conjugated backbone should
be designed to grant self-doping and provide a good band energy alignment at the AL–
AIL interface.

Interestingly, in direct geometry, P3 did not function as anode interlayer. In inverted
geometry, even if P3 is a less effective AIL than P2, due to the mentioned absence of self-
doping and poor band alignment the P3 interlayer is able to induce a good hole collecting
character to the top Ag electrode. Since both P3 and P2 have alkylsulfonate side groups,
but different conjugated backbones, we deduce that the sulfonate side groups are playing a
role in the anode engineering of the inverted solar cells.

It should be noticed that the ability of the sulfonate groups to impart a hole collection
character to the top electrode could be not necessarily relate to this peculiar side group,
but just to its inherent hydrophilicity. A hydrophilic material close to an Ag electrode upon
air exposure may induce a shift from the vacuum of the Ag electrode work function via an
oxidation mechanism [58].

In an attempt to clarify this issue, we have monitored, within a time scale of few days,
the evolution of the J–V curves and PV characteristics of our devices versus their time of
storage under air atmosphere. As depicted in Figure 6, with the P2 and P3 interlayers,
most of the gain in hole selectivity of the top electrode is obtained rather quickly, at the
very beginning of air exposure (“day 0” here corresponds to the previous 15 min air
treatment). The Ag control device exhibits a completely different behavior upon aging
under ambient atmosphere. At the very beginning of air exposure, the PV characteristics
are not substantially affected. For longer times, a steady and continuous gain in hole
selectivity of the top Ag electrode is observed. Such effect is ascribed to the formation
of a thin oxide layer at the inner Ag surface, shifting the electrode work function to
−5 eV [58]. It is known that this is a gradual process, driven by the slow diffusion of
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oxygen from the edges of the electrode [59]. For this reason, the gain in hole selectivity in
the reference Ag devices is not completed in a few days [58,59]. By inserting the P2 and
P3 interlayers, a faster process could be envisaged, owing to the hydrophilic nature of the
CPEs which is attracting moisture at the buried silver. Moisture, in fact, provides a medium
for adsorption of gases and the subsequent formation of an oxide layer [60,61]. However,
a gradual oxidation process would be anyhow expected [18], which is by far different from
the P2 and P3 trend depicted in Figure 6. For this reason, the formation of an Ag2O layer is
not enough to explain the functional behavior of the P2 and P3 anode interlayers. This was
indeed confirmed by monitoring the P2 device PV performances after 15 min storage
under different ambient conditions, see the J–V curves in Figure 7 and corresponding PV
parameters in the Supplementary Materials. We have found that a N2 atmosphere, without
oxygen but with a moisture content as in ambient air (50% RH), is identically effective
for the PV performances as a standard air soaking treatment. Therefore, it is moisture
rather than oxygen which plays a role in the P2 and P3 functional behavior. As shown in
Figure 7b, by exposing the devices back to dry N2 atmosphere and/or by drying them up
by vacuum treatments, the anode modification is very stable and almost no reversibility
is observed.
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Figure 7. J–V curves of inverted devices stored for 15 min in different atmosphere conditions; (a) moisture exposure in air
or in N2 atmosphere with a similar moisture content to air (50 % RH): Air and wet N2; first measure and dry N2 correspond
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To summarize, the above results indicate that the mechanism that explains the common
ability of P2 and P3 in modifying the top anode electrode is related to the combined effect
of the sulfonate side groups and water molecules. Note that in fact water is a proton source
able to dope this class of polymers, as recently reported by Bazan and coworkers [51].

The importance of sulfonate groups in the engineering of the top Ag electrode was
also confirmed by using a PTB7-Th-based active layer (see the Supplementary Materials).
Here, the non-optimal alignment of the levels between the PTB7-Th and AIL led to PV poor
performance, but similarly to P3HT-based devices, a quite relevant gain in hole selectivity
was also observed.

According to the above discussion, it has been identified that the choice of the polar
group is another extremely important factor in the design of the AILs. We infer that the
sulfonate moieties not only assure the solubility in polar orthogonal solvents, inducing
self-doping via a right choice of the conjugated backbone, but also play a role for the anode
engineering in inverted solar cells.

However, a simple picture that may possibly explain this mechanism is proposed
in the following Figure 8. In the presence of moisture/water, SO3

− anions get partially
solvated and therefore the ionic pair with the alkaline metal K+ is weakened, gaining
the freedom to better interact with the silver surface. Moisture may also facilitate the
orientation of the sulfonate groups towards the metal interface by sweeping the voltage
(electric field) in the device. As a result, dipoles oriented towards the inner silver electrode
should be formed, shifting from vacuum the silver electrode work function. As a result,
the hole collecting character of the top electrode is improved.
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4. Conclusions

In this work we have conducted a study about the unexplored application of sul-
fonate anionic CPE solution-processable anode interlayer materials in inverted organic
photovoltaics. Based on the results obtained in our study it is possible to establish a
good understanding of AIL structure–property–PV performance relationships for inverted
devices applications. In fact, by designing and investigating the functional behavior of
three different polymers P1, P2, and P3 bearing a different number of sulfonate groups
and modifications of their conjugated backbone, we could assess the important material
features that should be taken in account for the development of effective AIL CPE materials
for inverted OSC devices. First, it is mandatory to develop anionic CPEs with good wetta-
bility to the active layer and this can be achieved by the correct balancing of hydrophilic
and hydrophobic substituents. Second, similarly to conventional direct geometry devices,
the conjugate backbone should be suitably designed to ensure the self-doping of the CPE
materials and grant a good energy level match with the photoactive layer. Finally, the choice
of the polar groups is another important factor in the design of the AILs. The sulfonate
moieties not only assure the solubility in polar orthogonal solvents, induce self-doping via
a right choice of the conjugated backbone, but also play, combined with moisture exposure,
a role for the anode engineering in inverted solar cells. Moisture annealing is a simple,
easily accessible, and low cost procedure and could be a valuable alternative to electrical
or thermal annealing. However a more comprehensive understanding of the importance
of sulfonate for the self-doping mechanism of CPEs and its effect on charge transport and
mobility is required to improve the use and design of this class of polymers. We believe
that our insight could give a valuable contribution to the advancement in the development
of engineering all polymeric solution-processable inverted solar cells.

Supplementary Materials: The following are available online, H-NMR spectra, GPC spectra, IR and UV-
Vis absorption spectra, AFM images, contact angle, Kelvin probe and photovoltaic characterizations.

Author Contributions: E.L. and B.M.S. contributed equally to this work with the OPV preparation
and characterization and the synthesis of materials respectively; G.S. performed AFM images; S.M.-S.
and M.G. were responsible for EPR measurements; B.V. was responsible for CV; R.S. contributed to
PV measurements; F.G. contributed to discussion of the results; M.P. and S.L. designed the idea plan,
discussed the data and prepared the manuscript. All authors have read and agreed to the published
version of the manuscript.

86



Molecules 2021, 26, 763

Funding: This work was carried out with the financial support of Regione Lombardia Project
“Piattaforma tecnologica per lo sviluppo di sonde innovative in ambito biomedicale” (ID 244356).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable

Data Availability Statement: Data is contained within the article and supplementary material.

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

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

References
1. Steim, R.; Kogler, F.R.; Brabec, C.J. Interface materials for organic solar cells. J. Mater. Chem. 2010, 20, 2499–2512. [CrossRef]
2. Yip, H.-L.; Jen, A.K.-Y. Recent advances in solution-processed interfacial materials for efficient and stable polymer solar cells.

Energy Environ. Sci. 2012, 5, 5994–6011. [CrossRef]
3. Corzo, D.; Bihar, E.; Alexandre, E.B.; Rosas-Villalva, D.; Baran, D. Ink Engineering of Transport Layers for 9.5% Efficient

All-Printed Semitransparent Nonfullerene Solar Cells. Adv. Funct. Mater. 2020, 2005763. [CrossRef]
4. Chueh, C.-C.; Li, C.-Z.; Jen, A.K.-Y. Recent progress and perspective in solution-processed Interfacial materials for efficient and

stable polymer and organometal perovskite solar cells. Energy Environ. Sci. 2015, 8, 1160–1189. [CrossRef]
5. Jiang, Y.; Peng, H.; Mai, R.; Meng, Y.; Rong, Q.; Cabanetos, C.; Nian, L.; Roncali, J.; Zhou, G.; Liu, J.; et al. Alcohol-soluble anode

modifier for highly efficient inverted solar cells with oligo-oxyethylene chains. Org. Electron. 2019, 68, 200–204. [CrossRef]
6. Liu, Z.; Ouyang, X.; Peng, R.; Bai, Y.; Mi, D.; Jiang, W.; Facchetti, A.; Ge, Z. Efficient polymer solar cells based on the synergy

effect of a novel non-conjugated small-molecule electrolyte and polar solvent. J. Mater. Chem. A 2016, 4, 2530–2536. [CrossRef]
7. Seo, J.H.; Gutacker, A.; Sun, Y.; Wu, H.-B.; Huang, F.; Cao, Y.; Scherf, U.; Heeger, A.J.; Bazan, G.C. Improved High-Efficiency

Organic Solar Cells via Incorporation of a Conjugated Polyelectrolyte Interlayer. J. Am. Chem. Soc. 2011, 133, 8416–8419.
[CrossRef]

8. He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y. Enhanced power-conversion efficiency in polymer solar cells using an inverted
device structure. Nat. Photon. 2012, 6, 591–595. [CrossRef]

9. Torimtubun, A.A.A.; Sánchez, J.G.; Pallarès, J.; Marsal, L.F. A cathode interface engineering approach for the comprehensive
study of indoor performance enhancement in organic photovoltaics. Sustain. Energy Fuels 2020, 4, 3378–3387. [CrossRef]

10. Nam, M.; Baek, S.; Ko, D. Unraveling optimal interfacial conditions for highly efficient and reproducible organic photovoltaics
under low light levels. Appl. Surf. Sci. 2020, 526, 146632. [CrossRef]

11. Oh, S.-H.; Na, S.-I.; Jo, J.; Lim, B.; Vak, D.; Kim, D.-Y. Water-Soluble Polyfluorenes as an Interfacial Layer Leading to Cathode-
Independent High Performance of Organic Solar Cells. Adv. Funct. Mater. 2010, 20, 1977–1983. [CrossRef]

12. He, Z.; Zhong, C.; Huang, X.; Wong, W.-Y.; Wu, H.; Chen, L.; Su, S.; Cao, Y. Simultaneous Enhancement of Open-Circuit Voltage,
Short-Circuit Current Density, and Fill Factor in Polymer Solar Cells. Adv. Mater. 2011, 23, 4636–4643. [CrossRef] [PubMed]

13. Lee, B.H.; Jung, I.H.; Woo, H.Y.; Shim, H.-K.; Kim, G.; Lee, K. Multi-Charged Conjugated Polyelectrolytes as a Versatile Work
Function Modifier for Organic Electronic Devices. Adv. Funct. Mater. 2013, 24, 1100–1108. [CrossRef]

14. Hu, L.; Wu, F.; Li, C.; Hu, A.; Hu, X.; Zhang, Y.; Chen, L.; Chen, Y. Alcohol-Soluble n-Type Conjugated Polyelectrolyte as Electron
Transport Layer for Polymer Solar Cells. Macromolecules 2015, 48, 5578–5586. [CrossRef]

15. Hu, Z.; Chen, Z.; Zhang, K.; Zheng, N.; Xie, R.; Liu, X.; Yang, X.; Huang, F.; Cao, Y. Self-Doped N-Type Water/Alcohol
Soluble-Conjugated Polymers with Tailored Backbones and Polar Groups for Highly Efficient Polymer Solar Cells. Sol. RRL 2017,
1, 1700055. [CrossRef]

16. Kesters, J.; Ghoos, T.; Penxten, H.; Drijkoningen, J.; Vangerven, T.; Lyons, D.M.; Verreet, B.; Aernouts, T.; Lutsen, L.; Vanderzande,
D.; et al. Imidazolium-Substituted Polythiophenes as Efficient Electron Transport Materials Improving Photovoltaic Performance.
Adv. Energy Mater. 2013, 3, 1180–1185. [CrossRef]

17. Liu, Y.; Page, Z.A.; Russell, T.P.; Emrick, T. Finely Tuned Polymer Interlayers Enhance Solar Cell Efficiency. Angew. Chem. Int. Ed.
2015, 54, 11485–11489. [CrossRef]

18. Carulli, F.; Scavia, G.; Lassi, E.; Pasini, M.; Galeotti, F.; Brovelli, S.; Giovanella, U.; Luzzati, S. A bifunctional conjugated
polyelectrolyte for the interfacial engineering of polymer solar cells. J. Colloid Interface Sci. 2019, 538, 611–619. [CrossRef]

19. Zhang, W.; Li, Y.; Zhu, L.; Liu, X.; Song, C.; Li, X.; Sun, X.; Zhang, W. A PTB7-based narrow band-gap conjugated polyelectrolyte
as an efficient cathode interlayer in PTB7-based polymer solar cells. Chem. Commun. 2017, 53, 2005–2008. [CrossRef]

20. Carulli, F.; Mróz, W.; Lassi, E.; Sandionigi, C.; Squeo, B.M.; Meazza, L.; Scavia, G.; Luzzati, S.; Pasini, M.; Giovanella, U.; et al.
Effect of the introduction of an alcohol-soluble conjugated polyelectrolyte as cathode interlayer in solution-processed organic
light-emitting diodes and photovoltaic devices. Chem. Pap. 2018, 72, 1753–1759. [CrossRef]

21. Squeo, B.M.; Carulli, F.; Lassi, E.; Galeotti, F.; Giovanella, U.; Luzzati, S.; Pasini, M. Benzothiadiazole-based conjugated
polyelectrolytes for interfacial engineering in optoelectronic devices. Pure Appl. Chem. 2019, 91, 477–488. [CrossRef]

22. Zhou, H.; Zhang, Y.; Mai, C.-K.; Collins, S.D.; Nguyen, T.; Bazan, G.C.; Heeger, A.J. Conductive Conjugated Polyelectrolyte as
Hole-Transporting Layer for Organic Bulk Heterojunction Solar Cells. Adv. Mater. 2013, 26, 780–785. [CrossRef] [PubMed]

87



Molecules 2021, 26, 763

23. Lee, B.H.; Lee, J.-H.; Jeong, S.Y.; Park, S.B.; Lee, S.H.; Lee, K. Broad Work-Function Tunability of p-Type Conjugated Polyelec-
trolytes for Efficient Organic Solar Cells. Adv. Energy Mater. 2014, 5, 1401653. [CrossRef]

24. Cui, Y.; Jia, G.; Zhu, J.; Kang, Q.; Yao, H.; Lu, L.; Xu, B.; Hou, J. The Critical Role of Anode Work Function in Non-Fullerene
Organic Solar Cells Unveiled by Counterion-Size-Controlled Self-Doping Conjugated Polymers. Chem. Mater. 2018, 30, 1078–1084.
[CrossRef]

25. Cui, Y.; Xu, B.; Yang, B.; Yao, H.; Li, S.; Hou, J. A Novel pH Neutral Self-Doped Polymer for Anode Interfacial Layer in Efficient
Polymer Solar Cells. Macromolecules 2016, 49, 8126–8133. [CrossRef]

26. Jo, J.W.; Jung, J.W.; Bae, S.; Ko, M.J.; Kim, H.; Jo, W.H.; Jen, A.K.-Y.; Son, H.J. Development of Self-Doped Conjugated Polyelec-
trolytes with Controlled Work Functions and Application to Hole Transport Layer Materials for High-Performance Organic Solar
Cells. Adv. Mater. Interfaces 2016, 3, 1500703. [CrossRef]

27. Moon, S.; Khadtare, S.; Wong, M.; Han, S.-H.; Bazan, G.C.; Choi, H. Hole transport layer based on conjugated polyelectrolytes for
polymer solar cells. J. Colloid Interface Sci. 2018, 518, 21–26. [CrossRef]

28. Xie, Q.; Zhang, J.; Xu, H.; Liao, X.; Chen, Y.; Li, Y.; Chen, L. Self-doped polymer with fluorinated phenylene as hole transport
layer for efficient polymer solar cells. Org. Electron. 2018, 61, 207–214. [CrossRef]

29. Xu, H.; Zou, H.; Zhou, D.; Zeng, G.; Chen, L.; Liao, X.; Chen, Y. Printable Hole Transport Layer for 1.0 cm2 Organic Solar Cells.
ACS Appl. Mater. Interfaces 2020, 12, 52028–52037. [CrossRef]

30. Xu, H.; Yuan, F.; Zhou, D.; Liao, X.; Chen, L.; Chen, Y. Hole transport layers for organic solar cells: Recent progress and prospects.
J. Mater. Chem. A 2020, 8, 11478–11492. [CrossRef]

31. Zhou, H.; Zhang, Y.; Mai, C.-K.; Seifter, J.; Nguyen, T.; Bazan, G.C.; Heeger, A.J. Solution-Processed pH-Neutral Conjugated
Polyelectrolyte Improves Interfacial Contact in Organic Solar Cells. ACS Nano 2014, 9, 371–377. [CrossRef] [PubMed]

32. Choi, H.; Mai, C.-K.; Kim, H.-B.; Jeong, J.; Song, S.; Bazan, G.C.; Kim, J.Y.; Heeger, A.J. Conjugated polyelectrolyte hole transport
layer for inverted-type perovskite solar cells. Nat. Commun. 2015, 6, 7348. [CrossRef] [PubMed]

33. Patil, A.; Ikenoue, Y.; Basescu, N.; Colaneri, N.; Chen, J.; Wudl, F.; Heeger, A. Self-doped conducting polymers. Synth. Met. 1987,
20, 151–159. [CrossRef]

34. Mai, C.-K.; Zhou, H.; Zhang, Y.; Henson, Z.B.; Nguyen, T.-Q.; Heeger, A.J.; Bazan, G.C. Facile Doping of Anionic Narrow-Band-
Gap Conjugated Polyelectrolytes During Dialysis. Angew. Chem. Int. Ed. 2013, 52, 12874–12878. [CrossRef] [PubMed]

35. Li, S.; Wan, L.; Chen, L.; Deng, C.; Tao, L.; Lu, Z.; Zhang, W.; Fang, J.; Song, W. Self-Doping a Hole-Transporting Layer Based
on a Conjugated Polyelectrolyte Enables Efficient and Stable Inverted Perovskite Solar Cells. ACS Appl. Energy Mater. 2020, 3,
11724–11731. [CrossRef]

36. Xu, H.; Fu, X.; Cheng, X.; Huang, L.; Zhou, D.; Chen, L.; Chen, Y. Highly and homogeneously conductive conjugated polyelec-
trolyte hole transport layers for efficient organic solar cells. J. Mater. Chem. A 2017, 5, 14689–14696. [CrossRef]

37. Cui, Q.; Bazan, G.C. Narrow Band Gap Conjugated Polyelectrolytes. Accounts Chem. Res. 2018, 51, 202–211. [CrossRef]
38. Pace, G.; Tu, G.; Fratini, E.; Massip, S.; Huck, W.T.; Baglioni, P.; Friend, R.H. Poly(9,9-dioctylfluorene)-Based Conjugated

Polyelectrolyte: Extended π-Electron Conjugation Induced by Complexation with a Surfactant Zwitterion. Adv. Mater. 2010, 22,
2073–2077. [CrossRef]

39. Zhu, X.; Xie, Y.; Li, X.; Qiao, X.; Wang, L.; Tu, G. Anionic conjugated polyelectrolyte–wetting properties with an emission layer
and free ion migration when serving as a cathode interface layer in polymer light emitting diodes (PLEDs). J. Mater. Chem. 2012,
22, 15490. [CrossRef]

40. Stay, D.; Lonergan, M.C. Varying Anionic Functional Group Density in Sulfonate-Functionalized Polyfluorenes by a One-Phase
Suzuki Polycondensation. Macromolecules 2013, 46, 4361–4369. [CrossRef]

41. Murugesan, V.; De Bettignies, R.; Mercier, R.; Guillerez, S.; Perrin, L. Synthesis and characterizations of benzotriazole based
donor–acceptor copolymers for organic photovoltaic applications. Synth. Met. 2012, 162, 1037–1045. [CrossRef]

42. Pasini, M.; Destri, S.; Porzio, W.; Botta, C.; Giovanella, U. Electroluminescent poly(fluorene-co-thiophene-S,S-dioxide): Synthesis,
characterisation and structure–property relationships. J. Mater. Chem. 2003, 13, 807–813. [CrossRef]

43. Tian, Y.; Kuzimenkova, M.V.; Halle, J.; Wojdyr, M.; Mendaza, A.D.D.Z.; Larsson, P.-O.; Müller, C.; Scheblykin, I.G. Molecular
Weight Determination by Counting Molecules. J. Phys. Chem. Lett. 2015, 6, 923–927. [CrossRef] [PubMed]

44. Iosip, M.; Destri, S.; Pasini, M.; Porzio, W.; Pernstich, K.; Batlogg, B. New dithieno [3,2-b:2′,3′-d]thiophene oligomers as promising
materials for organic field-effect transistor applications. Synth. Met. 2004, 146, 251–257. [CrossRef]

45. Vercelli, B.; Pasini, M.; Berlin, A.; Casado, J.; Navarrete, J.T.L.; Ortiz, R.P.; Zotti, G. Phenyl- and Thienyl-Ended Symmetric Azome-
thines and Azines as Model Compounds for n-Channel Organic Field-Effect Transistors: An Electrochemical and Computational
Study. J. Phys. Chem. C 2014, 118, 3984–3993. [CrossRef]

46. Castelli, A.; Meinardi, F.; Pasini, M.; Galeotti, F.; Pinchetti, V.; Lorenzon, M.; Manna, L.; Moreels, I.; Giovanella, U.; Brovelli,
S. High-Efficiency All-Solution-Processed Light-Emitting Diodes Based on Anisotropic Colloidal Heterostructures with Polar
Polymer Injecting Layers. Nano Lett. 2015, 15, 5455–5464. [CrossRef] [PubMed]

47. Zalar, P.; Nguyen, T.-Q. Charge Injection Mechanism in PLEDs and Charge Transport in Conjugated Polyelectrolytes. In Conjugated
Polyelectrolytes; John Wiley & Sons: Hoboken, NJ, USA, 2013; pp. 315–344.

48. Cho, N.S.; Hwang, D.-H.; Lee, J.I.; Jung, B.J.; Shim, H.-K. Synthesis and Color Tuning of New Fluorene-Based Copolymers.
Macromolecules 2002, 35, 1224–1228. [CrossRef]

88



Molecules 2021, 26, 763

49. Prosa, M.; Benvenuti, E.; Pasini, M.; Giovanella, U.; Bolognesi, M.; Meazza, L.; Galeotti, F.; Muccini, M.; Toffanin, S. Organic
Light-Emitting Transistors with Simultaneous Enhancement of Optical Power and External Quantum Efficiency via Conjugated
Polar Polymer Interlayers. ACS Appl. Mater. Interfaces 2018, 10, 25580–25588. [CrossRef]

50. Mrakic-Sposta, S.; Gussoni, M.; Montorsi, M.; Porcelli, S.; Vezzoli, A. Assessment of a Standardized ROS Production Profile
in Humans by Electron Paramagnetic Resonance. Available online: https://www.hindawi.com/journals/omcl/2012/973927/
(accessed on 18 January 2021).

51. Cao, D.X.; Leifert, D.; Brus, V.V.; Wong, M.S.; Phan, H.; Yurash, B.; Koch, N.; Bazan, G.C.; Nguyen, T.-Q. The importance of
sulfonate to the self-doping mechanism of the water-soluble conjugated polyelectrolyte PCPDTBT-SO3K. Mater. Chem. Front.
2020, 4, 3556–3566. [CrossRef]

52. Etemad, S.; Pron, A.; Heeger, A.J.; MacDiarmid, A.G.; Mele, E.J.; Rice, M.J. Infrared-active vibrational modes of charged solitons
in (CH)x and (CD)x. Phys. Rev. B 1981, 23, 5137–5141. [CrossRef]

53. Anderson, M.; Ramanan, C.; Fontanesi, C.; Frick, A.; Surana, S.; Cheyns, D.; Furno, M.; Keller, T.; Allard, S.; Scherf, U.; et al.
Displacement of polarons by vibrational modes in doped conjugated polymers. Phys. Rev. Mater. 2017, 1, 055604. [CrossRef]

54. Ohno, K.; Mandai, Y.; Matsuura, H. Vibrational spectra and molecular conformation of taurine and its related compounds.
J. Mol. Struct. 1992, 268, 41–50. [CrossRef]

55. Yeo, J.-S.; Kang, M.; Jung, Y.-S.; Kang, R.; Lee, S.-H.; Heo, Y.-J.; Jin, S.-H.; Kim, D.-Y.; Na, S.-I. In-depth considerations for better
polyelectrolytes as interfacial materials in polymer solar cells. Nano Energy 2016, 21, 26–38. [CrossRef]

56. Zhou, Y.; Fuentes-Hernandez, C.; Shim, J.; Meyer, J.; Giordano, A.J.; Li, H.; Winget, P.; Papadopoulos, T.; Cheun, H.; Kim, J.; et al.
A Universal Method to Produce Low-Work Function Electrodes for Organic Electronics. Science 2012, 336, 327–332. [CrossRef]

57. Giovanella, U.; Pasini, M.; Lorenzon, M.; Galeotti, F.; Lucchi, C.; Meinardi, F.; Luzzati, S.; Dubertret, B.; Brovelli, S. Efficient
Solution-Processed Nanoplatelet-Based Light-Emitting Diodes with High Operational Stability in Air. Nano Lett. 2018, 18,
3441–3448. [CrossRef]

58. Lloyd, M.T.; Olson, D.C.; Lu, P.; Fang, E.; Moore, D.L.; White, M.S.; Reese, M.O.; Ginley, D.S.; Hsu, J.W.P. Impact of contact
evolution on the shelf life of organic solar cells. J. Mater. Chem. 2009, 19, 7638–7642. [CrossRef]

59. Savva, A.; Burgués-Ceballos, I.; Papazoglou, G.; Choulis, S.A. High-Performance Inverted Organic Photovoltaics Without
Hole-Selective Contact. ACS Appl. Mater. Interfaces 2015, 7, 24608–24615. [CrossRef]

60. Graedel, T. Corrosion Mechanisms for Silver Exposed to the Atmosphere. J. Electrochem. Soc. 1992, 139, 1963–1970. [CrossRef]
61. Yoon, Y.; Angel, J.D.; Hansen, D.C. Atmospheric Corrosion of Silver in Outdoor Environments and Modified Accelerated

Corrosion Chambers. Corrosion 2016, 72, 1424–1432. [CrossRef]

89





molecules

Article

Molecular Engineering Enhances the Charge Carriers
Transport in Wide Band-Gap Polymer Donors Based
Polymer Solar Cells

Siyang Liu 1, Shuwang Yi 2, Peiling Qing 1, Weijun Li 1, Bin Gu 1, Zhicai He 2 and
Bin Zhang 1,3,*

1 School of Materials Science and Engineering, Baise University, Baise 533000, China;
ray-lsy@hotmail.com (S.L.); plqing110@163.com (P.Q.); liweijun_bsu@163.com (W.L.);
18276637865@163.com (B.G.)

2 Institute of Polymer Optoelectronic Materials and Devices, State Key Laboratory of Luminescent Materials
and Devices, South China University of Technology, Guangzhou 510640, China;
shuwangyi399@sina.com (S.Y.); zhicaihe@scut.edu.cn (Z.H.)

3 Jiangsu Engineering Laboratory of Light-Electricity-Heat Energy-Converting Materials and Applications,
School of Materials Science and Engineering, Changzhou University, Changzhou 213164, China

* Correspondence: msbinzhang@outlook.com; Tel.: +86-776-284-8131

Academic Editors: Tersilla Virgili and Mariacecilia Pasini
Received: 10 August 2020; Accepted: 4 September 2020; Published: 8 September 2020

Abstract: The novel and appropriate molecular design for polymer donors are playing an
important role in realizing high-efficiency and high stable polymer solar cells (PSCs). In this work,
four conjugated polymers (PIDT-O, PIDTT-O, PIDT-S and PIDTT-S) with indacenodithiophene
(IDT) and indacenodithieno [3,2-b]thiophene (IDTT) as the donor units, and alkoxy-substituted
benzoxadiazole and benzothiadiazole derivatives as the acceptor units have been designed and
synthesized. Taking advantages of the molecular engineering on polymer backbones, these four
polymers showed differently photophysical and photovoltaic properties. They exhibited wide optical
bandgaps of 1.88, 1.87, 1.89 and 1.91 eV and quite impressive hole mobilities of 6.01 × 10−4, 7.72 × 10−4,
1.83 × 10−3, and 1.29 × 10−3 cm2 V−1 s−1 for PIDT-O, PIDTT-O, PIDT-S and PIDTT-S, respectively.
Through the photovoltaic test via using PIDT-O, PIDTT-O, PIDT-S and PIDTT-S as donor materials and
[6,6]-phenyl-C-71-butyric acid methyl ester (PC71BM) as acceptor materials, all the PSCs presented the
high open circuit voltages (Vocs) over 0.85 V, whereas the PIDT-S and PIDTT-S based devices showed
higher power conversion efficiencies (PCEs) of 5.09% and 4.43%, respectively. Interestingly, the solvent
vapor annealing (SVA) treatment on active layers could improve the fill factors (FFs) extensively for
these four polymers. For PIDT-S and PIDTT-S, the SVA process improved the FFs exceeding 71%, and
ultimately the PCEs were increased to 6.05%, and 6.12%, respectively. Therefore, this kind of wide
band-gap polymers are potentially candidates as efficient electron-donating materials for constructing
high-performance PSCs.

Keywords: molecular engineering; polymer donors; high hole mobility; polymer solar cells

1. Introduction

The unique advantages of polymer solar cells (PSCs), such as mechanical flexibility,
semi-transparency and large-scale production, mean they are the most promising next-generation
photovoltaic technologies in the future [1]. Recently, the highest power conversion efficiency (PCE of
>18% has been achieved, which is potentially possible for commercial application [2].

In order to optimize the generation of electricity in PSCs, various methods are used in
PSCs, including the development of new active materials and device engineering. Generally,
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bulk-heterojunction (BHJ) structure is a widely utilized device technique, which comprises at least
two types of semiconducting components in photoactive layer, where the electron donors (D) support
the electrons, and electron acceptors (A) transport electrons. To obtain high-performance PSCs,
the formation of interpenetrating networks between donor and acceptor domains, within nano-scale
sizes and the connectivity among these two phases, deposit the significant influences on the charge
carrier transport, recombination and collection in BHJ solar cell [3–5]. Furthermore, an electron donor
is usually a conjugated polymer, while the acceptor is often a fullerene derivatives, small molecules and
polymers. Among these materials, they take part in light absorption, exciton generation and exciton
dissociation. Furthermore, they also play a role in transporting charge carriers through respective
electrodes to the external circuit. In this regard, the development on the donors and acceptors are
essential in adjusting the optical, electrical, and photovoltaic properties in PSCs.

At present, one of the important acceptors, used in PSCs, are fullerene derivatives, such as
[6,6]-phenyl-C-61-butyric acid methyl ester (PC61BM), [6,6]-phenyl-C-71-butyric acid methyl ester
(PC71BM), and 1′,1′′,4′,4′′-tetrahydro-di [1,4] methanonaphthaleno [5,6] fullerene-C60 (ICBA) [6].
Fullerenes and their derivatives exhibit ultrafast electron transfer from conjugated polymers by their
versatile isotropic electron transport properties. This is due to their large conjugated spheres and
electron-deficient centre. This characteristic can facilitate charge separation by delocalizing charges,
low internal reorganization energy for electron transfer. The large spherical size of fullerenes increases
tolerance to disorder and elimination of disturbances by the presence of donor polymer. In addition,
it helps electrons find effective tunnel out of the mixed phase regions, and the entropy effects decrease
the Coulomb barrier for charge separation [7,8]. Overall, fullerene and its derivatives are useful
electron-accepting materials in achieving high-efficiency PSCs.

With the development of polymer donors, the PSCs combine a wide band-gap polymer donor
and a narrow band-gap fullerene acceptor, and have great potential in achieving relatively good
performance [9]. The design strategy for polymer donors that match with small-molecule acceptors
requires: (1) Suitable energy levels, which could be finely adjusted by introducing heteroatoms or
functional groups, and offering a channel for charge carriers transport among the small-molecule
acceptors [10]; (2) the side chain or backbone modification provides moderate solubility, together with
proper hole mobility, aggregation properties and prior molecular orientation for the optimal phase
separation [11–13]; and (3) a broad and complementary absorption spectrum for harvesting much
more sunlight. Hence, the proper design on molecular structure would realize the high-performance
polymer donors for PSCs.

Molecular conformation has proven that polymer backbone planarity could affect energy levels,
BHJ morphology, energetic disorder and charge transport dramatically. To control the molecular
structure, noncovalent intramolecular interactions that favor a certain intramolecular conformation
could be the suitable way for molecular structure design. In particular, sulphur-oxygen interaction
is known to increase conjugated backbone planarity in a D-A copolymer, leading to high charge
carrier mobility and device performance [14]. Instead of simply decreasing rotatable single bonds
between units, the use of these conformational strategies may provide excellent control over organic
semiconducting properties, and allow for more facile approaches to controlling molecular structure.
For instance, Kim et al. introduced the ortho-hydrogen to promote a more planar conjugated backbone
by sulphur-oxygen interactions, leading to the improvement on morphology and degradation [15].
Ma and co-workers optimized two BHJ polymers’ structures to realize the high charge carrier mobility,
long lifetime, and great free-carrier diffusion length [16]. Zhang et al. also achieved a high PCE of 9.0%
using a conjugated polymer as donor, with a non-fullerene ITIC as the acceptor, with a remarkably low
energy loss of 0.53 V, but without any negative impacts on the morphology of the blend films [17].
Liang et al. summarized that the silicon, germanium, sulfur and nitrogen as bridge atoms can change
the degree of coplanarity between consecutive backbone units, and more effectively, by flattening the
π-conjugated molecular framework to tailor the physical properties of IDT based p-type materials [18].
Currently, PSCs are focused on materials synthesis and device engineering, where both of these efforts
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are dedicated to further improve the photovoltaic performance. However, few investigations have been
performed to explore the fundamental properties of polymer materials, which is extremely important
and helpful in understanding the relationship between materials and device performance, as well as
potentially providing guidelines to design novel materials and device architecture.

In this work, we designed and synthesized four planar D-A copolymers (PIDT-O, PIDTT-O,
PIDT-S, PIDTT-S) based on the indacenodithiophene (IDT), indacenodithieno [3,2-b]thiophene (IDTT),
alkoxy-substituted benzoxadiazole and benzothiadiazole derivatives [19–22]. These four polymers
displayed wide band-gap properties with optical bandgap around 1.9 eV. Through the photovoltaic
characterization via using these polymers as donors and PC71BM as acceptor, it was found that
the alkoxy-substituted benzothiadiazole based polymers (PIDT-S and PIDTT-S) showed higher
hole mobilities than the alkoxy-substituted benzoxadiazole based polymers (PIDT-O and PIDTT-O).
Under the association of solvent annealing in device engineering, both of PIDT-S and PIDTT-S gave
the final PCEs exceeding 6.0%, while the other two polymers of PIDT-O and PIDTT-O showed
lower PCEs around 4%. We found that such an imbalance between photovoltaic performance and
charge carrier transport properties can be attributed toward the hole mobilities and blend film
morphologies. Therefore, it is believed that these results will be beneficial for understanding the charge
transport-morphology-performance relationship for efficient and stable PSCs.

2. Results and Discussion

2.1. Synthesis

To understand the synthesis distinctly, the detailed synthetic routes of PIDT-O, PIDTT-O,
PIDT-S and PIDTT-S are shown in Scheme 1. All polymers were synthesized by the general Stille
polycondensation reaction in the presence of active Pd2(dba)3 as the catalyst and tri-o-tolylphopine as
the ligand. All reactions were performed in 120 ◦C, and then the crude polymers were purified via
the Soxhlet extraction through the methanol, acetone, hexane and chloroform, respectively. Finally,
the final chloroform solution from Soxhlet extraction was precipitated in dry methanol again to attain
the target polymers. All of the polymers displayed the red solid, and showed high solubility in
the general organic solvents, such as dichloromethane, chloroform, tetrahydrofuran, toluene and
chlorobenzene. In order to get the molecular weights of PIDT-O, PIDTT-O, PIDT-S and PIDTT-S,
we used the Gel Permeation Chromatography (GPC) characterization with tetrahydrofuran as the
eluent and polystyrene as the internal standards to test number-averaged molecular weights (Mns) and
weight-averaged molecular weights (Mws). It was found that the Mns and Mws were 26,300, 43,700,
26,800, 49,400 and 45,000, 91,200, 53,400, 120,100, with the polydispersity index (PDIs) of 1.71, 2.09, 1.99
and 2.34 for PIDT-O, PIDTT-O, PIDT-S and PIDTT-S, respectively. (Table 1) From the test of molecular
weights, we can see that all of the polymers show very high molecular weights, which are significantly
beneficial for the solution-processible technique in PSCs.

Table 1. Molecular weights and thermal properties for the polymers.

Polymers Mn Mw PDI Td (◦C)

PIDT-O 26,300 45,000 1.71 337
PIDTT-O 43,700 91,200 2.09 343
PIDT-S 26,800 53,400 1.99 335

PIDTT-S 49,400 120,100 2.34 362
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2.2. Thermal Properties

To evaluate thermal stability, the thermal gravimetric analysis (TGA) under N2 was used to study
the thermal properties of PIDT-O, PIDTT-O, PIDT-S and PIDTT-S, and the related TG curves and
data were presented in Figure 1 and Table 1, respectively. As shown in Figure 1, the degradation
temperature (Td) at 5% weight loss for PIDT-O, PIDTT-O, PIDT-S and PIDTT-S are 337, 343, 335,
and 362 ◦C, respectively. It is noted that all of these four polymers display the very high thermal
stability, which is potentially beneficial for the PSCs.
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2.3. UV-vis Absorption and Electrochemical Properties

The UV-vis absorption spectra of PIDT-O, PIDTT-O, PIDT-S and PIDTT-S in chloroform and in
solid film were shown in Figure 2a,b, and the corresponding data were summarized in Table 2. All of
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them display the similar absorption spectra with two major absorption bands. The absorption spectra
in chloroform shows two peaks at 439 and 573 nm for PIDT-O, 453 and 574 nm for PIDTT-O, 447 and
556 nm for PIDT-S, and 453 and 553 nm for PIDTT-S, respectively. The absorption peaks in short
wavelength (<450 nm) are assigned to the π-π* transition of the conjugated rigid polymers, whereas the
absorption peaks in the range of 530–610 nm are attributed to the intramolecular charge transfer (ICT)
transition [23]. In the film state, all the polymers show almost the same features of absorption as that
in solution, except PIDT-O and PIDTT-O have one more shoulder peak at 600 and 598 nm, respectively.
From the Figure 2b, the absorption spectra in the film state also show two distinct peaks ranged from
350 to 700 nm. Compared with the absorption in the solution, the absorption in the solid state gives
the obvious red shift. This may be attributed to the stronger intermolecular interactions between the
planar π-conjugated skeletons [24]. Accordingly, this interaction between conjugated backbones could
influence solubility and miscibility of bulk-heterojunction blends in solution state, but also affect π-π
stacking and crystallization in solid-state films. Finally, the PIDT-O, PIDTT-O, PIDT-S and PIDTT-S
show the absorption onsets of 660, 661, 655 and 650 nm with the optical band gaps of 1.88, 1.87, 1.89,
and 1.91 eV, respectively, which indicate that they are wide band-gap polymers.
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Table 2. Optical and electrochemical properties of PIDT-O, PIDTT-O, PIDT-S and PIDTT-S.

Polymers λabs, Solution
(nm)

λabs, Film
(nm)

λabs, Onset
(nm)

Eg, Opt
(eV) Eox (eV) Ered (eV) EHOMO

(eV)
ELUMO

(eV)

PIDT-O 439,573 426,570,600 660 1.88 0.92 −0.85 −5.34 −3.57
PIDTT-O 453,574 438,564,598 661 1.87 0.84 −0.79 −5.26 −3.63
PIDT-S 447,556 436,558 655 1.89 0.87 −0.89 −5.29 −3.53

PIDTT-S 453,553 448,556 650 1.91 0.85 −0.78 −5.25 −3.64
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The electrochemical properties of PIDT-O, PIDTT-O, PIDT-S and PIDTT-S were characterized
by cyclic voltammetry (CV) in dry acetonitrile. The oxiditative/reductive potentials (Eox and Ered)
were calibrated from CV curves with the ferrocene/ferrocenium (Fc/Fc+) as the internal standard
and the tetra-n-butyl ammonium hexafluorophosphate (TBAF, 0.1 M) as the supporting electrolyte.
The corresponding CV curves were shown in Figure 2c and the detailed data were summarized in
Table 2. From Figure 2c, it displays the obviously reversible oxidation curves with Eoxs of 0.92 V for
PIDT-O, 0.84 V for PIDTT-O, 0.87 V for PIDT-S, and 0.85 V for PIDTT-S, respectively. Furthermore,
the reversible reduction curves with Ereds of −0.85 V for PIDT-O, −0.79 V for PIDTT-O, −0.89 V for
PIDT-S, and −0.78 V for PIDTT-S, respectively, are also recorded. The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels were calculated
according to the empirical formula of EHOMO = −e(Eox + 4.8 − E1/2, (Fc/Fc

+
)) and ELUMO = −e(Ered + 4.8 −

E1/2, (Fc/Fc
+

)), where the E1/2, (Fc/Fc+) was recorded as 0.38 V. Therefore, the HOMOs of PIDT-O, PIDTT-O,
PIDT-S and PIDTT-S are −5.34, −5.26, −5.29 and −5.25 eV and the LUMOs are −3.57, −3.63, −3.53 and
−3.64 eV, respectively. Interestingly, the PIDTT-O and PIDTT-S have the similar LUMO levels, while the
LUMO levels of PIDT-O and PIDT-S are also close to each other, because they contain the same IDTT
and IDT units in the polymer backbones, respectively. In addition, the HOMO levels of these polymers
have the same features. The PIDT-O and PIDT-S show the lower HOMOs than PIDTT-O and PIDTT-S.
This is because that the IDTT unit in PIDTT-O and PIDTT-S exists the higher conjugation length than
IDT unit in the PIDT-O and PIDT-S, which are in good agreement with the published results [19–23].
It is well-known that the open circuit voltage (Voc) is related to the energy level difference between
the donor’s HOMO and the acceptor’s LUMO [22]. Based on the HOMO energy levels of PIDT-O,
PIDTT-O, PIDT-S and PIDTT-S here, it can be predicted that the photovoltaic performance in PSCs
would lead to the high Voc values.

2.4. Hole Mobilities

To study the charge-transport properties of the PIDT-O, PIDTT-O, PIDT-S and PIDTT-S,
the space-charge-limited current (SCLC) method was performed to investigate thoroughly the hole
mobility of neat polymers. The hole mobilities (µh) from Mott-Gurney equation was measured based on
the hole-only devices with the devices structure of ITO/PEDOT: PSS/polymer donor (100 nm)/MoO3/Al,
where the current density−voltage (J-V) curves from hole-only devices were presented in Figure 3 and
the related data were summarized in Table 3. As shown in Figure 3, it displays the typical J-V curves
of the hole-only devices and the corresponding data are summarized in Table 2. It is found that these
four polymer donors exhibit the µhs of 6.01 × 10−4 for PIDT-O, 7.72 × 10−4 for PIDTT-O, 1.83 × 10−3 for
PIDT-S, and 1.29 × 10−3 cm2 V−1 s−1 for PIDTT-S, respectively. It is clear that the PIDT-S and PIDTT-S
based devices show the relatively higher hole mobilities than PIDT-O and PIDTT-O based counterparts.
These higher hole mobility values in PIDT-S and PIDTT-S are possibly resulted from the stronger
S-based noncovalent conformational interaction between polymer chains [18,25]. This result implies
that the PIDT-S and PIDTT-S based bulk-heterojunction PSCs would support the better hole-transport
performance and ultimately lead to the higher photovoltaic properties.

Table 3. Summary of the hole mobilities of the neat polymers.

Polymers Thickness (nm) Hole Mobility (cm2 V−1 s−1)

PIDT-O 100 6.01 × 10−4

PIDTT-O 100 7.72 × 10−4

PIDT-S 100 1.83 × 10−3

PIDTT-S 100 1.29 × 10−3
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2.5. Photovoltaic Properties

To investigate the photovoltaic performance, the BHJ PSCs with PIDT-O, PIDTT-O, PIDT-S and
PIDTT-S as electron donors were explored in detail, whereby the fullerene derivative PC71BM was
used as the electron acceptor. The relatively conventional devices were assembled with a configuration
of ITO/PEDOT: PSS (40 nm)/active layer (80–100 nm)/PFN (5 nm)/Al (100 nm) as presented in Figure 4a.
The donor/acceptor (D/A) weight ratio was 1:2 for all the BHJ PSCs. The energy diagrams of the
acceptor PC71CM was shown in Figure 4b with HOMO and LUMO levels of −5.9, and −33.9 eV,
respectively. The difference of LUMOs between the donor and acceptor materials is near above 0.3 eV,
which is sufficient for charge separation [26,27]. Through photovoltaic characterization, the J-V curves
were recorded in Figure 4c and the corresponding data were summarized in Table 4. It is noted that
the devices without any other post-treatment show lower PCEs of 2.41%, 2.89%, 5.09% and 4.43% for
PIDT-O, PIDTT-O, PIDT-S, and PIDTT-S, respectively. Based on these devices, all of them give the
high Vocs over 0.85 V ascribing to their lower HOMO energy levels. Compared with the PIDT-O and
PIDTT-O based devices, the ones based on PIDT-S and PIDTT-S display the higher PCEs, possibly
resulting from their higher hole mobilities than PIDT-O and PIDTT-O. The higher hole mobilities would
supply the better hole transport channel and suppress the negative charge carriers recombination in
the BHJ systems.

Table 4. Photovoltaic performances of PSCs based on PIDT-O, PIDTT-O, PIDT-S and PIDTT-S under
the illumination of AM 1.5 G, 100 mW cm−2.

Polymers Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

PIDT-O 0.88 5.22 52.39 2.41
PIDT-O SVA a 0.88 7.22 64.83 4.12

PIDTT-O 0.85 7.56 45.02 2.89
PIDTT-O SVA 0.85 8.64 55.22 4.06

PIDT-S 0.88 9.58 60.42 5.09
PIDT-S SVA 0.86 9.76 72.04 6.05

PIDTT-S 0.88 8.89 56.66 4.43
PIDTT-S SVA 0.86 9.92 71.79 6.12

a: SVA means THF assisted solvent vapor annealing.
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Besides, in order to improve the photovoltaic performance, we used solvent vapor annealing (SVA,
TFH) technique to promote the miscibility and molecular orientation in the active layer. As shown in
Figure 4c and Table 4, after THF SVA, all of the PIDT-O, PIDTT-O, PIDT-S and PIDTT-S based devices
exhibit the higher PCEs of 4.12%, 4.06%, 6.05%, and 6.12%, respectively. In particular, the fill factors
(FFs) realize the greater increase from 52.39%, 45.02%, 60.42% and 56.66% to 64.83%, 55.22%, 72.04%
and 71.79% for PIDT-O, PIDTT-O, PIDT-S, and PIDTT-S, respectively. We can see that the PIDT-S and
PIDTT-S based devices show the better enhancement in FFs exceeding to 71%, which indicate that the
nano-scale phase separation would be improved tremendously after THF SVA [28–30]. Interestingly,
when the SVA was used, there is rare change in Vocs, whereas the Jsc values realize a little improvement
to 7.22, 8.64. 9.76, and 9.92 mA cm−2 for PIDT-O, PIDTT-O, PIDT-S and PIDTT-S, respectively.

The external quantum efficiency (EQE) spectra of the conventional and SVA optimized devices
for PIDT-O, PIDTT-O, PIDT-S and PIDTT-S as polymer donors were shown in Figure 4d. The devices
show the effective photo response in the range from 300 to 700 nm region, which is associated with the
UV-vis absorption spectra in the neat films. It is clear that the absorption of donors plays a significant
role in the photocurrent spectra. Compared with PIDT-O and PIDTT-O based devices, those of PIDT-S
and PIDTT-S based PSCs present the stronger photocurrent responses from 300 to 700 nm, implying
the more efficient charge separation and photo harvesting, which are consistent with the higher Jscs
and PCEs.

2.6. Atomic Force Microscopy Topographies

In the view of photovoltaic performance, based on PIDT-O, PIDTT-O, PIDT-S and PIDTT-S, it is
obvious that the PIDT-S and PIDTT-S based devices exhibit the higher FF values than those based on
PIDT-O and PIDTT-O. One of the reasons for these high FFs is possibly because the PIDT-S and PIDTT-S
based blend films would form the better nano-scale phase separation than PIDT-O and PIDTT-O, and
realize the optimal bi-continuous D/A phases. Hence, the morphology of the D/A phases is crucial to
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the performance of photovoltaic devices. Here, the atomic force microscopy (AFM) was employed to
investigate the surface topographies of the active layers with the polymers as the donors and PC71BM
as acceptor [31]. The AFM images of these blend films were shown in Figure 5. It illustrates that the
PIDT-O and PIDTT-O based blend films show the very rougher surface with the root mean square
(RMS) roughness values of 9.14 and 4.56 nm, respectively. Even though, the RMS roughness also stays
very high for PIDT-O and PIDTT-O-based blend films after SVA. Comparably, the PIDT-S and PIDTT-S
give the very flat topographies with the 1.22 and 0.45 nm, respectively. Based on the AFM topography
characterization, we can see that the PIDT-O and PIDTT-O based active layers would form the vigorous
phase separation and lead to lower photovoltaic performance, which is in good agreement with the
results from the PSCs characterization.
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3. Experimental Section

3.1. Characterization and Instrumentation

To characterize the polymer structure, the 1H NMR spectra were tested by using Bruker
(500 MHz) DRX spectrometer (Bruker, Karlsruhe, Germany) with tetramethylsilane (TMS) as
the internal reference. Through utilizing the linear polystyrene (PS) as internal standards and
tetrahydrofuran (THF, J&K Corp., Beijing, China) as eluent, the number-averaged molecular weight
(Mn) and weight-averaged molecular weight (Mw) of the final polymers were measured on Waters
gel permeation chromatography (GPC). The thermal gravimetric analysis (TGA) was performed on
the TG 209 F3 Tarsus (NETZSCHC, Selb, Germany). Cyclic voltammetry (CV) measurement was
employed on a PARSTAT2273 electrochemical workstation electrochemical workstation (Princeton
Instruments, Trenton, NJ, United States) in the anhydrous acetonitrile under the nitrogen protection
with a tetrabutylammonium hexafluorophosphates (Bu4NPF6, 0.1 mol L−1) solution as electrolyte,
accompanied by using a standard three electrodes cell with a Pt wire counter electrode, a platinum
(Pt) working electrode, against saturated calomel electrode (SCE) as reference electrode. In the CV
measurement, the ferrocene/ferrocenium (Fc/Fc+) was utilized as the internal reference. To get the
UV-vis absorption, it is performed on a SHIMADZU UV-2700 spectrophotometer (SHIMADZU, Kyoto,
Japan). To obtain the topography images of polymer: [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM, purchased from ADS Corp., Cambria, CA, United States) based active layers, we used the
atomic force microscopy (AFM) under the tapping-mode on a Veeco Nanoscope V scanning probe
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microscope to test topographies. The film thickness was measured on a Dektak XT step profiler (Bruker,
Billerica, MA, United States).

3.2. Device Fabrication

In this work, the indium tin oxide (ITO)-coated glass (the size is 15 mm × 15 mm with the
square resistance of 15 Ω) was used as the conductive substrate for fabricating PSCs. Prior to
using the ITO substrate, it was treated by UV-ozone process Then, a layer (40 nm) of conductive
polymer poly(3,4-ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT: PSS) (Clevios 4083) was
spin-coated onto ITO within 3000 rpm and then baked at 140 ◦C for 15 min in air. The active layer was
prepared from the mixed solution containing polymers and PC71BM with the weight ratio of 1:2 in
chlorobenzene, where the spin-coat speed was 1200 rpm during 40 s inside a glove-box with nitrogen. For
the photovoltaic devices, the conventional device structure with ITO/PEDOT-PSS/active layer/PFN/Al
was utilized, in which the PFN is a alcohol soluble polymer of poly[(9,9-dioctyl-2,7-fluorene)-alt-(9,9-bis
(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)]. Furthermore, a PFN layer (5 nm) was prepared above
the active layer by spin-casting a mixed solution (0.2 mg mL−1) in methanol solution with a trace of
acetic acid. Finally, the cathode (80 nm) was prepared by thermally evaporating the aluminum under
vacuum (~10−6 torr) with a shadow mask of 0.16 cm2. To characterize the photovoltaic performance,
the current-voltage (J-V) curves were tested on a Keithley 2400 multimeter under standard solar
illumination (AM 1.5 G, 100 mW cm−2). The external quantum efficiency (EQE) were measured by
a monochromator under calibrating with a silicon photodiode. The hole mobility of neat polymer
films was tested by space-charge-limited current (SCLC) method with the device configuration of
ITO/PEDOT-PSS/neat polymers/MoO3/Al.

3.3. Synthesis of Polymers

The starting monomers of 4,7-Bis(5-bromothiophen-2-yl)-5,6-bis(octyloxy)benzoxadiazole 1 and
4,7-bis(5-bromothiophen- 2-yl)-5,6-bis(octyloxy)benzothiadizole 2 were synthesized according to the
our published literatures [22,23], where the indacenodithiophene (IDT, 3) and indacenodithieno
[3,2-b] thiophene (IDTT, 4) derivatives were purchased commercially (Solarmer Corp., Beijing, China).
The final polymers in this work were prepared by the following general Stille reaction.

3.3.1. General Procedure for Preparing Polymers

4,7-Bis(5-bromothiophen-2-yl)-5,6-bis (octyloxy) benzoxadiazole 1 or 4,7-Bis(5-bromothiophen-
2-yl)-5,6-bis (octyloxy) benzothiadizole 2 (0.3 mmol), and indacenodithiophene (IDT, 3) or
indacenodithieno [3,2-b]thiophene (IDTT, 4) derivatives (0.3 mmol), Pd2(dba)3 (11.0 mg, 0.012 mmol)
(J&K Corp., Beijing, China) and tri-o-tolylphopine (18.3 mg, 0.06 mmol) (J&K Corp., Beijing, China)were
dissolved in 6 mL xylene under nitrogen. The mixture was then heated to 120 ◦C and continued to
react for 48 h. After 48 h, the solution was cooled to room temperature, and precipitated in methanol,
respectively. The crude red polymers were then purified by using Soxhlet extraction in methanol,
acetone, hexane, and chloroform, respectively. At last, the chloroform solution, comprising the target
polymers, was precipitated in pure methanol, filtered off under vacuum and then dried at 60 ◦C in the
vacuum overnight.

3.3.2. Poly(indacenodithiophene-alt-4,7-di(thiophen-2-yl)-5,c-bis(octyloxy) benzoxadiazole) (PIDT-O)

A red solid as target polymer was achieved with the yield of 510 mg (88.4%). 1H NMR (CDCl3,
500 MHz, δ): 8.46–8.38 (m, 2H, Ar-H), 7.43–7.37 (m, 2H, Ar-H), 7.31–7.28 (br, 2H, Ar-H), 7.23–7.08 (br,
18H, Ar-H), 4.18 (br, 4H, CH2), 2.58–2.57 (m, 8H, CH2), 2.07–2.01 (br, 4H, CH2), 1.65–1.60 (br, 4H, CH2),
1.50–1.30 (br, 48H, CH2), 0.88–0.86 (m, 18H, CH3). GPC (THF): Mn = 26,300, Mw = 45,000, PDI = 1.71.
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3.3.3. Poly(indacenodithieno[3,2-b]thiophene-alt-4,7-di(thiophen-2-yl)-5,6-bis(octyloxy)
benzoxadiazole) (PIDTT-O)

A red solid as target polymer was achieved with the yield of 470 mg (76.6%). 1H NMR (CDCl3,
500 MHz, δ): 8.47–8.40 (m, 2H, Ar-H), 7.53–7.47 (m, 4H, Ar-H), 7.34–7.28 (br, 4H, Ar-H), 7.23–7.05 (br,
14H, Ar-H), 4.20 (br, 4H, CH2), 2.58 (br, 8H, CH2), 2.04 (br, 4H, CH2), 1.64–1.60 (br, 4H, CH2), 1.55–1.29
(br, 48H, CH2), 0.88–0.85 (m, 18H, CH3). GPC (THF): Mn = 43,700, Mw = 91,200, PDI = 2.09.

3.3.4. Poly(indacenodithiophene-alt-4,7-di(thiophen-2-yl)-5,6-bis(octyloxy) benzothiadizole) (PIDT-S)

A red solid as target polymer was achieved with the yield of 450 mg (77.4%). 1H NMR (CDCl3,
500 MHz, δ): 8.56–8.48 (m, 2H, Ar-H), 7.47–7.37 (m, 2H, Ar-H), 7.30–7.28 (br, 2H, Ar-H), 7.23–7.07 (br,
18H, Ar-H), 4.14 (br, 4H, CH2), 2.58–2.57 (m, 8H, CH2), 2.04–1.96 (br, 4H, CH2), 1.66–1.59 (br, 4H, CH2),
1.48–1.29 (br, 48H, CH2), 0.87–0.85 (m, 18H, CH3). GPC (THF): Mn = 26,800, Mw = 53,400, PDI = 1.99.

3.3.5. Poly(indacenodithieno[3,2-b]thiophene-alt-4,7-di(thiophen-2-yl)-5,6-bis(octyloxy)
benzothiadizole) (PIDTT-S)

A red solid as target polymer was achieved with the yield of 452 mg (73.1%). 1H NMR (CDCl3,
500 MHz, δ): 8.58–8.52 (m, 2H, Ar-H), 7.52–7.49 (m, 4H, Ar-H), 7.34–7.28 (br, 4H, Ar-H), 7.24–7.08
(br, 14H, Ar-H), 4.1 (br, 4H, CH2), 2.58 (br, 8H, CH2), 2.04–1.98 (br, 4H, CH2), 1.64–1.60 (br, 4H, CH2),
1.50–1.25 (br, 48H, CH2), 0.87–0.85 (m, 18H, CH3). GPC (THF): Mn = 49,400, Mw = 120,100, PDI = 2.43.

4. Conclusions

In summary, four wide band-gap polymers PIDT-O, PIDTT-O, PIDT-S and PIDTT-S were designed,
synthesized and used as donor materials for fullerene-based BHJ PSCs. As a result of the introduction of
planar IDT and IDTT units to the polymer main chains, the target polymers showed high hole mobilities,
which would increase the intramolecular charge transfer from donor to acceptor phases, and thus,
the charge transport in PSCs is enhanced effectively. All polymers exhibited the impressive hole mobility
as high as 6.01 × 10−4, 7.72 × 10−4, 1.83 × 10−3 and 1.29 × 10−3 cm2 V−1 s−1 for PIDT-O, PIDTT-O, PIDT-S
and PIDTT-S, respectively. The sulfur-substituted (octyloxy)benzothiadizole derivatives (PIDT-S and
PIDTT-S) presented the higher hole mobilities than oxygen-substituted (octyloxy)benzoxadiazole
derivatives (PIDT-O and PIDTT-O). Through the photovoltaic characterization, the PIDT-S and PIDTT-S
based PSCs gave the higher PCEs of 5.09% and 4.43% than PIDT-O and PIDTT-O, due to their higher hole
mobilities. Interestingly, the SVA technique can improve the photovoltaic performance dramatically
with the PCEs reaching 4.12%, 4.06%, 6.05% and 6.12% for PIDT-O, PIDTT-O, PIDT-S and PIDTT-S,
respectively. This obvious enhancement on PCEs were mainly resulted from the distinct improvement
on FF values, which suggested that the SVA is an effective methodology for improving photovoltaic
properties. These results indicated that these wide band-gap polymers could be promising candidates
for the fabrication of high-performance BHJ PSCs.
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Abstract: In this work, the green method was used to synthesize Sn2+-metal complex by polyphenols
(PPHs) of black tea (BT). The formation of Sn2+-PPHs metal complex was confirmed through UV-
Vis and FTIR methods. The FTIR method shows that BT contains NH and OH functional groups,
conjugated double bonds, and PPHs which are important to create the Sn2+-metal complexes. The
synthesized Sn2+-PPHs metal complex was used successfully to decrease the optical energy band
gap of PVA polymer. XRD method showed that the amorphous phase increased with increasing the
metal complexes. The FTIR and XRD analysis show the complex formation between Sn2+-PPHs metal
complex and PVA polymer. The enhancement in the optical properties of PVA was evidenced via UV-
visible spectroscopy method. When Sn2+-PPHs metal complex was loaded to PVA, the refractive index
and dielectric constant were improved. In addition, the absorption edge was also decreased to lower
photon. The optical energy band gap decreases from 6.4 to 1.8 eV for PVAloaded with 30% (v/v) Sn2+-
PPHs metal complex. The variations of dielectric constant versus wavelength of photon are examined
to measure localized charge density (N/m*) and high frequency dielectric constant. By increasing
Sn2+-PPHs metal complex, the N/m* are improved from 3.65 × 1055 to 13.38 × 1055 m−3 Kg−1.
The oscillator dispersion energy (Ed) and average oscillator energy (Eo) are measured. The electronic
transition natures in composite films are determined based on the Tauc’s method, whereas close
examinations of the dielectric loss parameter are also held to measure the energy band gap.

Keywords: Sn2+-PPHs metal complex; UV-Vis; XRD and FTIR analyses; optical property; bandgap
analysis

1. Introduction

According to a recent study, the optical properties of polymer composites (PCs) have
piqued the interest of a lot of academics because of their extensive application in a variety
of sectors, including solar cells, optoelectronic device and light-emitting diode (LED) [1,2].
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Inorganic particles are commonly found in polymers, which are thought to be an outstand-
ing host material. Studies on the optical characteristics of PVA based on metal complexes
have been conducted in the literature [3,4].The insertion of inorganic particles into the host
polymer might result in a significant alteration in the host’s characteristics due to their
high surface to bulk ratio [5].Green techniques have been widely reported as potential
approaches for the synthesis of inorganic particles, with the results being shown to be safe
and environmentally benign [6].

Alkaloids, amino acids, catechins, theavins, isomers of theavins, and other elements
make polyphenols (PPHs) in black tea (BT). The most obvious molecular or chemical
structures of the ingredients of BT have also been described in other investigations [7,8].
Dryan et al. [8] recently published a study which discovered that PPHs components are
abundant in the BT aqueous mixture. PPHs conjugate, PPHs, and polymerized phenolic
structure are the key elements of BT. In addition, black, green, and white tea all have a
unique blend of conjugated flavonoids [9]. In earlier researches, it was found that extract
solutions of black and green tea play a key role in lowering the polar polymers optical
band gap including PMMA and PVA [10,11]. The extract tea solution contained PPHs,
carboxylic acid groups, and hydroxyl group, according to the FTIR study [11]. As a result
of the discoveries of experimental studies, the tea extract solution contains a large number
of active ligands and functional groups, which are essential for complex formation with
polymers and/or transition metal salts.

As a green technique, BT plant extract solutions can be utilized to synthesize Sn2+-
PPHs metal complexes. These solutions are high in PPHs, which have a significant interac-
tion with the Sn2+ ion, forming a Sn2+-PPHs metal complex. Zielinski et al. described the
primary ingredients and uses of tea leaves, for instance, PPHs and caffeine [12].

Earlier research has shown that functional groups and PPHs in tea extract solutions
can capture the cations of heavy metals to crate metal complexes [3,4]. Metal complexes are
combined with PVA polymer to create PCs with high-performance optical characteristics
in the current work. This process is a new green technique to make PCs with adjustable
optical band gaps. Electrical and optical properties of polymers have attracted researchers’
interest in recent years due to their widespread application in optical systems and their
superior interference, reflection, anti-reflection, and polarization capabilities [13].In recent
studies, it has been discovered that PCs with low band gap energy (Eg) and large absorption
play a key role in photonics and optoelectronic device applications [14]. Hasan et al. [15]
reported that the use of nanotube-PCs in photonics is due to the composites’ good optical
absorptions, which cover a wide spectrum range from UV to near IR [15]. Organic–inorganic
hybrid (PCs) serve as an active or passive layer in optoelectronic devices for instance large
refractive index films, protective coatings, thin films, LEDs, solar cells, transistors, and
waveguide materials play a vital role in various applications [16].

The goal of this research is to create PCs with a low energy bandgap (Eg). Because of
the good optical properties, the green method might be used to make PCs with low Eg. The
findings of this research can be regarded as a novel PCs approach. The optical dielectric
function was accurately used in this study to experimentally detect the different types of
optical transition between the conduction band and the valence band. Sn2+-polyphenol
complex has a strong effect on the decrease of optical band gap in comparison with the other
fillers for example nanoparticles (NPs). Aziz et al. [17] prepared PCs based on polystyrene.
In their research, copper (Cu) powder was loaded into the polystyrene from 0 to 6 wt.%.
Upon the incorporation of 6 wt.% Cu, the Eg decreased from 4.05 to 3.65 eV. Aziz et al. [18],
in another work, added copper monosulfide (CuS) NPs into methyl cellulose (MC) polymer
to prepare polymer nanocomposites based on MC. The Eg of MC decreased from 6.2 to
2.3 eV by the incorporation of 0.08 M of CuS NPs. In the current work, we observed that
the Eg decreased from 6.4 to 1.8 eV for PVA loaded with 30% (v/v) of Sn2+-polyphenol
complex. Thus, based on the band gap analysis result, the green method is an appropriate
for fabricating PCs with low value of Eg.
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2. Methodology
2.1. Materials

Sigma-Aldrich provided PVA powder (MW ranging from 85,000 to 124,000) and Tin(II)
chloride (SnCl2) (MW = 189.6 g/mol). The BT leaf was bought from a nearby market.

2.2. Sample Preparation

The use of distilled water (D.W.) in the extraction of tea leaves is required. The steps are
as follows: In the absence of sunshine, 50 g of BT leaf was placed in 250 mL D.W.at almost
90 ◦C. The resultant extract solution was filtered by (Whatman paper 41, cat. no. 1441)
with a pore radius (20 µm) to thoroughly remove the residues after standing for 10 min.
200 mL HCl was diluted into 400 mL of D.W. and then used it to dissolve 10 g of SnCl2 in a
separate flask. The Sn2+-PPHs metal complex was then made by adding SnCl2 solution
to the extract tea leaf solution and stirring for 10 min at 80 ◦C. The complexation between
Sn2+-metal ions and PPHs was confirmed by the color change of the extract solution from
dark to green at the top of the beaker and formation of sediment as clouds at the bottom
of the beaker. The complex solution was allowed to cool to room temperature. These
complexes were detached in 100 mL of D.W. after numerous washings of the Sn2+-PPHs
metal complexes with D.W. The solution cast approach was used to produce composite
samples made up of PVA loaded with Sn2+-PPHs metal complex. To begin, a PVA solution
was made by adding 1 g of PVA to 40 mL of D.W., stirring for 1 h at roughly 80 ◦C, then
cooling to room temperature. Different volumes of the complex solution, ranging from
0 to 30% (v/v), were added to the homogenous PVA solution in 15% (v/v) increments. The
resulting solutions were stirred for approximately 50 min. PVSN0, PVSN1 and PVSN2
were used to represent 0% (v/v), 15% (v/v) and 30% (v/v) of the loaded complex solution,
respectively. To cast the manufactured films, the contents of the mixture were poured into
petri dishes and allowed to dry at ambient temperature. The samples were dried more
using blue silica gel desiccant prior to characterization. Pure PVA and composite films
have thicknesses ranging from 0.012 to 0.015 cm. A pictorial sample preparation of PCs
consists of Sn2+-PPHs metal complex and PVA is shown in Scheme 1.
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2.3. Measurement Techniques

X-ray diffraction (XRD) patterns were analyzed at room temperature using a Bruker
AXS diffractometer (Billerica, MA, USA) with a 40-kV voltage and 45-mA current. The
composite films were examined using a Nicolet iS10 FTIR spectrophotometer (Perkin Elmer,

107



Molecules 2022, 27, 1965

Yokohama, Japan) with a resolution of 2 cm−1 in the range of 450 and 4000 cm−1. A
Jasco V-570 UV-vis-NIR spectrophotometer (JASCO, Tokyo, Japan) was used to record
the samples UV-vis absorption spectra. For measuring UV-Vis for the liquid samples
(Sn2+-PPHs complexes), firstly, two cuvettes filled with distilled water were used for
correcting background and then one of the cuvettes was removed while another cuvette
was left and used as a reference sample. The absorbance of the liquid samples (Sn2+-PPHs
complexes) was measured in comparison to the reference sample. For measuring FTIR
for the liquid samples (Sn2+-PPHs complex), Sn2+-PPHs complexes were coated on the
standard glass slides and then dried at room temperature until evaporated. The dried
Sn2+-PPHs complexes were scratched on the glass slides to create powders form. Then
potassium bromide (KBr) (100 mg) was added to the Sn2+-PPHs (1 mg) powders and then
the powders were combined in a mortar and finally turned to pellets in a sample holder.

When Sn2+-PPHs complexes were added to the dissolved PVA, PVA composite films
were created. For measuring UV-Vis and FTIR for the solid composite films, firstly the
UV-Vis spectroscopy and FTIR devices with air and without any samples were corrected for
background and then the UV-Vis and FTIR spectra were measure for the composite films.

3. Results and Discussion

3.1. UV-Vis and FTIR Study of Sn2+-PPHs Metal Complex

It’s worth noting that coordination chemistry involves complicated coordinated sys-
tems, complex molecules, or simply complexes. The lights and empty orbital metallic
core that are coordinated by donors of electron pairs are examples of coordination com-
pounds [19]. Coordination chemistry produces metal complexes that have a significant
absorption characteristic in visible areas.

Figure 1 shows the absorption spectrum of the complicated colloidal suspension (Sn2+-
PPHs metal complex), which is equivalent to that of organometallic-based materials and
semiconductors [20]. The absorption spectrum is notable for covering the whole visible
range. The Sn2+-complex displays absorption even at high wavelength ranges to near-
infrared, as shown in the inset of Figure 1, meaning that increase the optical absorption and
light harvesting. Such absorption of a broader spectrum of solar radiation shows the use of
such material for various applications. The current UV-Vis data for metal-PPHs complexes
generated using green methods are similar to those shown by other studies [21].
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Figure 1. UV-visabsorption spectrum for Sn2+-PPHs metal complex.
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The transition of electron of n−π* of methylxanthines, catechins, and caffeine emerges
as an absorbance band between 200 and 350 nm. The C=O chromophore in caffeine
has a band absorbance of 278 nm [22,23]. Surface plasmon resonance (SPR) absorption
band in UV-visible range is required for metallic’s with diameters in the nano range [24].
Nevertheless, the lack of this band in the current Sn2+-PPHs complex suggests that the
PPHs capping inhibited the complex system’s metal properties from forming on particle
surfaces. Cu NPs in chitosan-based PEs produce an SPR band in the region of 500 and
800 nm, according to earlier study [25].

3.2. FTIR Studyof BTand Sn2+-PPHs Metal Complex

The FTIR spectra of the extracted BT’s are shown in Figure 2a. The emergence of
many peaks is viewed as the FTIR spectrum’s main characteristic. The C-H stretching of
carboxylic acid and aliphatic group is responsible for the current peaks in the range of
2913–2847 cm−1 [26].The existence of a band at 1623 cm−1 could also be used to identify
the aromatic ring’s C=C stretch [16,19,26]. It is worth mentioning that the existing FTIR
spectrum’s overall characteristics match those found in prior investigations [27,28]. The
caffeine spectrum has recently been discovered to feature several changes in the range
between 1700 and 400 cm−1 (Figure 2a). The existence of a range of functional groups
with stretching and binding movements, for instance carbonyl, methyl, imidazole, and
pyrimidine fragments, can be seen in these changes [29]. The key functional groups in tea,
as shown by the FTIR spectra, are PPHs, carboxylic acid, and amino acids. PPHs have been
demonstrated to interact with the metal cation to produce colloidal metal-PPHs complex
solutions, according to the literature [30].

Figure 2b shows the FTIR spectrum of the Sn2+-PPHs metal compound. A sequence of
peaks in the region between 1700 and 400 cm−1 can be noticed in both Figure 2a,b; their
intensities were nearly modified as common characteristics.

FTIR is used to investigate the colloidal Sn2+-PPHs metal as one of the characteristics
of the Sn2+-complex. Wang et al. [21] investigated the use of eucalyptus leaf extract in the
production of Fe-PPHs complexes. The interaction between Fe2+ and PPHs was stressed as
the mechanism for forming the complex.

In the FTIR spectrum of Sn2+-PPHs metal complexes, the distinctive bands of BT are
repeated, but the peak intensities have reduced (see Figure 2b).

When the Sn2+-PPHs metal complexes are formed, the bands of 2914 and 2850 cm−1 in
BT bands have changed, and currently come into view at 2914 and 2845 cm−1, respectively.
This is described on the basis of the generation of coordination interactions between PPHs
and Sn2+ ions, which results in vibrational decrease and arises in reducing mass. More
specifically, the development of coordination bonds among PPHs and Sn2+ metal ions are
caused by an attraction between the Sn2+ ion’s empty orbitals and the ligand pairs [31].
In the following section, the mechanism of coordination between the Sn2+ ion and the
interested ligands is schematically described, as shown in Figure 3. Wang et al. [21] used a
range of extracts, containing melaleucanesophila, eucalyptus tereticornis, and rosemarinus,
to synthesize and characterize iron-PPHs complexes. The authors have demonstrated that
iron ions and PPHs interact together, forming iron-PPHs complexes. FTIR was used by
Coinceanainn et al. to investigate the complexation between the aflavinand aluminum (III).
The polyphenolic chemicals are ligands observed in BT extract [32].

FTIR analysis can be used to inspect the interaction nature between Sn2+ metal cations
and caffeine, as well as PPHs in tea extracts, as illustrated in Figure 3. The interaction of
the Sn2+-metal ion with BT extract includes the production of a number of complexes (see
Figure 3). Metal ion interactions with tea components have already been confirmed [26,33].
Figure 3 depicts three different potential complexes. Sn2+-PPHs metal complex, as ex-
pected (see Figure 3A), and Sn2+-caffeine are also expected (Figure 3B). Additionally, as
demonstrated in Figure 3C, there is a probability of interaction between Sn2+ and both
caffeine and PPHs in a complex. The EPR technique had previously been used to study the
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development of complexes by PPHs in BT extract and metal ions [33]. The nature of metal
complex production was investigated utilizing FTIR in the current work.

The use of FTIR spectroscopy to measure interactions among ions or atoms in a PE
or PC systems is crucial. The interactions that occur can cause a shift in the polymer
electrolyte’s vibrational modes [34]. Figure 4 shows the FTIR of PVA and PVA loaded
samples, respectively. C–H rocking of PVA is attributed to the band at 821 cm−1 [34]. For
samples containing 15% (v/v) and 30% (v/v) of dopant material, this peak changes to
818 and 838 cm−1, respectively.
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Figure 4. FTIR spectra for pure PVA and loaded films.

Pure PVA absorption maxima at 1313 and 1410 cm−1 have been ascribed to C–OH
plane bending and CH2 wagging, respectively [35]. The peak at 1316 cm−1 vanishes
in doped samples, while the peak at 1410 cm−1 changes to 1422 cm−1 and 1468 cm−1
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for samples including 15 and 30% (v/v), respectively. The O-H stretching vibration is
responsible for a broad and intense absorption peak centered at 3339 cm−1 [36]. It is seen
that the absorption peak at the 3339 cm−1 is a saturated flat pattern rather than a shoulder
peak. This might be related to the thickness of the films as the FTIR is thickness dependent.
The strong intra and inter type hydrogen bonding can be associated with the high intensity
of this band [34]. This band shifts and its intensity are considerably reduced in doped
materials. For the doped samples, the peak at 1644 cm−1, which is attributed to C=O
stretching of the acetate groups, that is the remaining component of PVA, is changed to
1607 cm−1 [35]. At 2905 cm−1, the band analogous to C-H asymmetric stretching occurs [36].
For the loaded films, there is a noticeable change and substantial drop in this absorption
band. The peak at 1076 cm−1 in Figure 4, which is a typical stretching vibration of –C–O–
in pure PVA [37], is displaced to 1090 cm−1 and its strength diminishes.

3.3. XRD Analysis

The XRD patterns of pure PVA and PVA doped with 30% (v/v) and 40% (v/v) of
Sn2+-PPHs complex are shown in Figure 5. Pure PVA’s XRD pattern revealed a large peak
about 20◦ that corresponded to the semi-crystalline structure of pure PVA [10]. A side from
the major peak, two broad peaks may be found at 2θ = 23.4◦ and 41.18◦. Based on the
literature, the (101), (200) and (111) crystalline planes of PVA are responsible for the typical
diffraction peaks at 2θ = 20◦, 23.43◦ and 41.15◦, respectively [37], and their shifts in the
doped PVA sample are due to the complex formation between the functional groups of
PVA and surface groups of the Sn2+-PPHs metal complex.
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3.4. Absorption Study

The reaction of a substance to electromagnetic radiation, predominantly visible light,
is referred to as an “optical property.” Sometimes it’s more practical to consider electro-
magnetic radiation (e.m.r) from the perspective of quantum physics, in which the e.m.r is
considered as energy packets, i.e., as photons, instead of waves. The following relationship
is used to quantify and characterize the energy E of a photon.

E = hυ = hc/λ (1)

where h stands for Planck constant (6.63 × 10−34 J/s), c is denotes to the light speed in
free space(3 × 108 m/s), and λ is the photon wavelength. Figure 6 illustrates the results.
It is clear that the PCs absorption spectra include substantially all of the relevant areas
of the UV-visible to NIR ranges. It is well known that the majority of the metal-complex
compounds have excellent optical absorption and emission, with wavelengths extending
from 600 to 700 nm [38]. This can be explained by the creation of orbital overlaps, which
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is aided by ligands (functional groups). As a result, electrons can transfer energy via the
structure, which is what causes the absorption spectra [39]. The photon is not absorbed
and the substance would be transparent to the photon when the incident photon energy is
smaller than the energy difference between two levels of electrons. Absorption happens at
higher photon energies (usually in 10−15 s) when the valence electrons transition between
two electronic energy states [3].

Figure 6. Absorption spectra for pure PVA and loaded films.

The incorporation of metal-complexes into polymers for optoelectronic device and
photonic device applications is said to be still under investigation [40]. Organic–inorganic
composites have received a lot of attention as a potential material for a novel generation of
nonlinear optical, electronic and optical instruments, along with biological labels [41].

3.5. Absorption Edge Study

The optical energy band gap (Eg) of amorphous and crystalline materials can be
estimated using the optical absorption spectra. The value and nature of the Eg can be
measured using fundamental absorption, which relates to electron excitation from valance
to conduction band [42]. It is true that a light wave experiences losses or attenuation when
it travels through a substance. The absorption coefficient, often known as the fractional
reduction in intensity over distance, is calculated as follows [43]:

α = −1/I × dI/dx = (2.303/d) × A (2)

where, I denotes to the intensity and A is absorption quantity. The ultraviolet-visible
(UV-vis) is valuable method for studying electronic transitions.

When optical transitions begin to occur over a material’s fundamental band gap, the
absorption edge is formed [44]. When PVA is transformed to tapered band gap polymer
hybrid by integrating green produced metal-complex, a new study domain in optical
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materials is generated. Following that, a sole approach for polymer hybrid production
using green technologies is developed. Figure 7 depicts the large absorption edge shift to
lower photon energy. For the sample loaded with 30% (v/v) of Sn2+-PPHs metal complex,
the value of absorption edge decreased substantially from 6.3 eV to 1.8 eV. (Figure 7). The
absorption edge values are shown in Table 1. The absorption coefficient is determined
using Equation (2). The intercept of the linear parts of the spectra of absorption coefficient
with the axis of photon energy gives the value of the absorption edge. The absorption
coefficient values reported in this work are very similar to those obtained for loaded
polyacetylene (trans-(CH)x) and polypyrrole [45]. This is connected to the charge transfer
complex creation in PC samples. Materials science has found molecule charge transfer
materials to be an interesting and a good candidate for assessing molecular CT mechanisms,
as well as changes in transport, magnetic, optical, dielectric, and structural properties. CT
complexes have fascinating electrical, optical, and photoelectrical properties, and they have
a good role in a variety of electro-physical and optical processes [46]. PMMA was doped
with Alq3 by Duvenhageetet al. for application in optoelectronics [47]. There was a decrease
in device performance and efficiency due to the quick breakdown of organometallic and
conjugated polymers [47]. The color of the hybrid samples necessitates a change in the
hybrid films’ band structure. Because there is enough evidence for a link between color and
electrical structure in conductive polymers, polypyrrole’s small Eg can be predicted from
its blackish color [45]. As a result, the optical property of polymeric materials is deduced
from their color.
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Table 1. Absorption edge for PVA and loaded films.

Sample Code Absorption Edge (eV)

PVSN0 6.3

PVSN1 2.1

PVSN2 1.8
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3.6. Refractive Index Study

The refractive index (n) and its dispersion behavior are two of the most essential
features of an optical material. In optical communication and spectrum dispersion device
design, refractive index dispersion is a vital element [48]. Some models are used to measure
the optical Eg using the dispersion area of n, as shown in the next section. Figure 8 depicts
the value of (n) in relation to wavelength. It has been verified that higher n values are
associated with integrated films that show significant dopant dispersion. It is seen that,
as the % (v/v) of the Sn2+-PPHs metal complex rises, the value of n rises with it. The n
is a function of both polarizability and density of a medium at constant temperature and
pressure [49]. As a result, a material’s refractive index is one of the most important factors
in measuring its optical efficiency. The following is an illustration of a samples complex
refractive index:

n∗(λ) = n(λ) + k(λ) (3)
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The k and n relationship is formulated as follow [35]:

n =

[
(1 + R)
(1 − R)

]
+

√
4 × R

(1 − R)2 − K2 (4)

K is the extinction coefficient and is equal to αλ/4πt in Equations (3) and (4), where t
is the sample thickness.

As photons are decelerated as they pass into a material because of interaction with
electrons, the n is greater than one. The greater the n of a material, the more photons
are retarded while passing through it. In general, any method that enhances a material’s
electron density also enhances its refractive index [50]. Moreover, when compared to pure
PVA, the dispersion behavior of refractive index verses wavelength can be seen for all
doped films. This is the result of the doped samples’ density growing. Two methodologies
are considered to improve the n value of polymers, depending on the method of synthesis:
heavy atoms, for instance, polymers loaded with halogens and/or sulfur atoms [51], and the
integration of metal or inorganic NPs into polymers to produce compounds with relatively
high n values [52]. In all circumstances, there are two primary obstacles when manipulating
n. To begin, the first way faces two challenges: the technological and financial difficulties of
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incorporating heavy atoms into polymer matrices [53]. Second, when inorganic NPs (ZrO2,
TiO2 or Au NPs) are combined with nanofillers, aggregation occurs [52,54]. As a result,
significant surface energy is formed, along with low compatibility with the polymer. In this
work, Sn2+-PPHs metal complex was injected into the PVA polymer in order to modify the
(n) value.

The single oscillator model proposed by Wemple and DiDomenico [55] is used to
study refractive index dispersion (no) in the normal dispersion zone. A dispersion energy
parameter (Ed) was incorporated into this model to represent the no. It is a measure of the
strength of the inter band optical transition. This parameter is directly related to chemical
bonding and connects the charge distribution and coordination number through each
unit cell [56]. Therefore, the energy of an oscillator is proportional to a single oscillator
parameter (Eo). This semi-empirical formula can be used to connect the refractive index to
the photon energy below the interband absorption edge.

n2 − 1 =
EdEo[

Eo2 − (hυ)2
] (5)

Plotting 1/(n2 − 1) against (hυ)2 yields the values of (Ed) and (Eo) from the slope
and intercept of the linear fitted lines, as shown in Figure 9. Table 2 shows the Eo and Ed
values that were calculated. The single oscillator energy (Eo) declines as the % (v/v) of
Sn2+-PPHs metal complex increases, whereas the dispersion energy (Ed) rises. The static
refractive index at zero energy no is measured from the linear part extrapolation of Figure 9

to intersect the ordinates or is measured by n0 =
√

1 + Ed
E0

. The oscillator energy Eo is a
“average” energy gap that, to a reasonable degree, is experimentally related with the lowest
direct band gap [57]. As shown in Table 2, the overall image gained is consistent with the
fact that refractive index and energy gap are inversely proportional.
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Table 2. Eo and Ed for the PVA and loaded films.

Sample Ed Eo no

PVSN0 1.49 6.74 1.221

PVSN1 0.57 2.22 1.256

PVSN2 0.46 1.98 1.232

3.7. Complex Dielectric Function Study

PC materials are one of the most reliable ways for modifying the dielectric constant
(εr) value of polymers. Several methods are now being used to improve the εr of polymers,
which can then be used in photonic or optoelectronic device applications. As demonstrated
below, the εr is approved in a connection that includes both values of (k) and (n) [58]:

εr = n2− k2 (6)

Figure 10 shows the εr spectra against wavelength for PVA and PC samples. It is clear
that, when the % (v/v) of Sn2+-PPHs metal complexes rises, the values of εr rise as well.
This is associated with the production of density of states inside the polymers, which is
forbidden gap [58].
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Figure 10. Dielectric constant versus wavelength for PVA and loaded films.

It is seen that the fundamental optical transition in PCs is caused by changes in the
εr. The response of this feature is reflected in the real (εr) and imaginary (εi) regions of the
spectra. Contrastingly, the actual part determines a material’s ability to reduce the speed
of an e.m.r wave. The imaginary part, on the other hand, indicates the level of energy
absorption efficiency by materials as a result of polarization.

Er is wavelength dependent. As seen in Figure 10, dielectric constant is high at the
low wavelength, while it has a low value at the long wavelength as more photons are
absorbed at the low wavelength. Conducting polymers are expensive in comparison with
the insulating polymers. In this research, Sn2+-complexes were added to the PVA polymer
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to increase the dielectric constant, as the Sn2+-complex has more functional groups to
interact with the PVA polymer for increasing the dielectric constant and decreasing the Eg.
In addition to that Sn2+-complexes create trap energy states within the band gap that cause
an increase in the value of the dielectric constant.

The n and wavelength connection, which is on the basis of the Spitzer–Fan model, can
be used to specify the dielectric response (ε∞) of a substance at high frequency (i.e., short
wavelength) [59]:

εr = n2− k2 = ε∞− (
e2

4π2C2εo
)× (

N
m∗

)λ2 (7)

where εo means the free space dielectric constant, N denotes the number of charge carrier,
m* signifies the effective mass, which is presumed to be 1.16 me, and c and e have their
normal definitions [60].

In the visible wavelength area, the relationship between the values of εr against λ2 is a
straight line, as seen in Figure 11. Using the parameters in Table 3, one may calculate the
ε∞ and N/m* from the intercept and slope of the line with the vertical axis, correspondingly.
Equation (7) can be used to approximate the N/m*, ε∞ and N, as shown in Table 4.
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Table 3. The physical quantities used to determine N/m* for PVA loaded Sn2+ metal complex.

Physical Parameters Values

me 9.109× 10−31 Kg

E 1.602× 10−19 coulombs

εo 8.85× 10−12 F/m

π 3.14

C 2.99× 108 m/s

m* 10.566× 10−31 Kg
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Table 4. Presents the values of N/m* and ε∞ for PVA loadedSn2+-complex.

Film Code N/m*× 1055 (m−3/kg) ε∞

PVSN0 3.65 1.346

PVSN1 10.94 1.486

PVSN2 13.38 1.489

Table 4 shows that as the volume of the metal complexes increases, the charge car-
riers/m* of the parent PVA film increases, from 3.65 × 1055 to 13.38 × 1055 m−3 Kg−1

and the ε∞ increases from 1.346 to 1.489. These increases in charge carriers/m* and the ε∞

is interpreted as indicative of a rise in the number of free charge carrier involved in the
polarization mechanism. The calculated N/m* in this research are in good agreement with
those documented in the previous reports by Equation (7) [61].

3.8. Band Gap Study

The clarification of atomic spectra particularly that of the simplest atom, hydrogen,
was the first significant achievement of quantum theory. Quantum physics offered a vital
concept: atoms could only immerse well-defined energy levels, and these energy states
were exceedingly sharp for solitary atoms. Atoms cannot be seen as separate units in a
crystalline solid because they are chemically connected to their nearest neighbor since
they are in close proximity to one another. The nature of the chemical bond indicates that
electrons on close adjacent atoms can exchange with one another, creating the spreading of
discrete atomic energy states into energy ‘bands’ in the solid [62]. When considering a solid,
it must take into account the contributions of numerous electronic energy band processes to
the optical characteristics. Intraband (IBD) processes, for example, correspond to electronic
conduction by free charge carriers and are more relevant in conducting materials such as
semimetals, metals, and degenerate semiconductors. The classical Drude theory, or the
Boltzmann equation, or the quantum mechanical density matrix method, can explain these
IBD phenomena in their most basic terms [63]. Solid-state materials’ optical properties
are useful for analyzing magnetic excitations, lattice vibrations, energy band structure,
localized defects, impurity levels, and excitons. An electron is excited from a full valence
band state to an empty conduction band state by a photon. An IBD transition is a quantum
mechanical phenomenon [63]. Because of their scientific value and prospective application
in energy conversion and harvesting, essential understanding of the charge separation
and transfer procedures elaborate in photovoltaic systems is an exciting study topic that is
gathering more and more attention [64]. The optical Eg is the most essential property of
organic and inorganic materials (Eg)

Tauc’s model [65] was used to calculate the energy band gap of the films.

(αhυ) = B(hυ− Eg)
γ (8)

where B is a transition probability factor that is constant through the visible frequency
ranges, and the index is utilized to measure the kind of electronic transition and takes 1/2
or 3/2 for direct transitions, while it is equal to 2 or 3 for indirect transitions, based on
whether they are permitted or prohibited [66]. The plot of (αhυ)1/γ against (hυ) for pure
PVA and doped films is shown in Figures 12–15.

When the Sn2+-PPHs was added to the PVA polymer, the optical energy bandgap
decreased noticeably, as the Sn2+-PPHs are enriched with more functional groups to interact
with the functional groups of PVA. Thus, the optical energy bandgap is noticeably decreased.
For example, when 15 wt.% Sn2+-PPHs metal complex was added to pure PVA, the BGP
reduced. For 30% (v/v) of inserted Sn2+-PPHs metal complex, a considerable modification
in the energy band gap may be attained, lowering the BGP of PVA solid films to 1.8 eV.
From the interception of the extrapolated linear component of the (αhυ)1/γ on the photon
energy axis, the optical energy band gap for all solid films was obtained (abscissa). Table 5
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lists the optical BGP values. In insulator materials, the Eg is too big that no free carriers can
thermally excite over it at room temperature. This means there is not any carrier absorption.
IBD transitions seem to be essential only at rather high photon energy, as a result (above
the visible). Many insulator materials are optically transparent as a result of this. The
findings show that PCs with low bandgap energies (1–2 eV) may be made, which has
piqued scientists’ attention because to their potential applications in visible and infrared
detectors, optical parametric oscillators, up converters, and solar cells [67].
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Table 5. Opticalbandgap from Tauc’smodel and dielectric loss plot.

Sample
Code γ = 1/2 γ = 3/2 γ = 2 γ = 3 Eg From εi

PVSN0 6.4 6.19 6.08 6 6.4
PVSN1 2.74 2 1.82 1.6 2.1
PVSN2 2.3 1.78 1.6 1.56 1.8
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The complex dielectric function, which is connected with other optical characteristics
(i.e., n, reflectivity, and absorption coefficient) by simple equations, is the best way to
characterize the optical properties of solids [68]. Electronic transition and charge transport
complexes in semiconducting/conducting polymers are not studied well. The transitions
are made possible by the incident photon and phonon giving sufficient energy and momen-
tum [69]. Tauc’s model and optical dielectric loss have already been shown to be active in
determining the Eg and electronic transition types, respectively. This is due to the optical
dielectric function is mostly independent of the materials band structure. Simultaneously,
study of optical dielectric function utilizing UV–vis spectroscopy have proven to be rel-
atively valued in foreseeing the materials band structure [10,25]. Aside from IBD (free
carrier) activities, interband processes occur when electrons in a filled level below the Fermi
state absorbs electromagnetic radiation, causing a transition to the unfilled level in a higher
band. This IBD process is fundamentally a quantum mechanics method that is explained
using quantum mechanical terminology [63].

The εi can be determined experimentally from the given n and k data using the
following relationships,

ε2 = 2 n k (9)

The refractive index is n, while the extinction coefficient is k. Previous research has
shown that the peaks in the εi spectra are linked to the interband transitions [34–36]. The
real Eg can thus be calculated by taking the intersection of linear sections of εi spectrawith
the hυ axis (see Figure 16). This is because the optical dielectric function is intimately
linked to the photon–electron interaction and relates the physical process of IBD transition
through the structure of electronic materials. The dielectric function’s imaginary part(εi)
primarily describes the electron transition from filled to unfilled levels [70]. Former work
documented that studying the εi allowed for a detailed understanding of the optical transi-
tion mechanism [71]. An electron is excited by a photon from a valence band occupied state
to a conduction band unoccupied state. This is referred as IBD transitions. A photon is
absorbed in this method, which results in the formation of a hole and an excited electronic
level. Quantum mechanics governs this process [63]. The optical dielectric loss is signifi-
cantly connected to the filled and unfilled electronic levels within a solid from a quantum
mechanics (microscopic) standpoint. The peak in the imaginary component of the dielectric
function correlates to strong IBD transitions, which is well documented microscopically
(quantum mechanically) [70]. The study of the complex dielectric function (ε* = εr − iεi),
which defines the material linear response to e.m.r, will help you better comprehend the
optical properties of a solid. The imaginary component εi represents the material’s optical
absorption, which is tightly linked to the valence (filled) and conduction (unfilled) bands,
and is given by [18]:

ε2(ω) =
2e2π

Ωεo
∑

K,V ,C

∣∣∣ψC
K

∣∣∣
→
U ·→r

∣∣∣∣ψV
K

∣∣∣
2
δ
(

EC
K − EV

K − }ω
)

(10)

where ω, Ω, e, εo,
→
r and

→
u are the incident photon frequency, crystal volume, electron

charge, free space permittivity, position vector, and a vector determined by the incident
e.m.r. wave polarization, respectively. ψc

k and ψv
k are the conduction band wave function

and valence band wave function, respectively, at k. The optical dielectric constant is
characterized by a complex function of frequency based on theoretical models, which
necessitates a large-scale computer effort to calculate [71,72]. By comparing the ε′′ of
Figure 16 to those extracted from Tauc’s method, the types of electronic transition is
recognized (Figures 12–15). It is feasible to determine that the kind of electronic transition
in pure PVA and PC samples is direct allowed (γ = 1/2) and direct forbidden (γ = 3/2)
transitions, respectively. Table 5 summarizes the band gap calculated using optical dielectric
loss and the Tauc technique for more clarity.
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4. Conclusions

In conclusion, the PVA films doped with Sn2+-PPHs metal complex were synthesized
with low optical energy band gaps by solution casting procedure. The FTIR showed that
the BT contained sufficient PPHs and functional groups to fabricate Sn2+-PPHs metal
complex. The UV-vis and FTIR methods confirmed the formation of Sn2+-PPHs metal
complex. The UV-visible method showed the effect of the Sn2+-PPHs metal complex on
the optical property of PVA. Furthermore, XRD and FTIR analyses showed the formation
of complexation between PVA and Sn2+-PPHs metal complex. The improvement of the
amorphous structure is reflected in the broadness and decrease in the XRD intensity. The
shifts and decreases in the intensity of the FTIR peaks of the composite films established
the interaction between Sn2+-PPHs metal complex and PVA. The absorption edge shifted to
lower hυ by increasing the load of the Sn2+-PPHs metal complex. The refractive index and
dielectric constant tuned by loading of Sn2+-PPHs metal complex to PVA. The Eo, Ed and
no were calculated for the films. The dielectric constant versus photon wavelength were
studied to measure N/m* and high frequency dielectric constant. Tauc’s model was used
to measure the type of electronic transition in the films. To estimate the energy gap, the
dielectric loss parameter was analyzed. Because of the low optical band gap of the films,
these films have good potential for optoelectronic device applications.
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Abstract: Low-dimensional metal halide perovskites (MHPs) have received much attention due to
their striking semiconducting properties tunable at a molecular level, which hold great potential in
the development of next-generation optoelectronic devices. However, the insufficient understanding
of their stimulus-responsiveness and elastic properties hinders future practical applications. Here,
the thermally responsive emissions and elastic properties of one-dimensional lead halide perovskites
R- and S-MBAPbBr3 (MBA+ = methylbenzylamine) were systematically investigated via temperature-
dependent photoluminescence (PL) experiments and first-principles calculations. The PL peak
positions of both perovskites were redshifted by about 20 nm, and the corresponding full width at
half maximum was reduced by about 40 nm, from ambient temperature to about 150 K. This kind of
temperature-responsive self-trapped exciton emission could be attributed to the synergistic effect
of electron–phonon coupling and thermal expansion due to the alteration of hydrogen bonding.
Moreover, the elastic properties of S-MBAPbBr3 were calculated using density functional theory,
revealing that its Young’s and shear moduli are in the range of 6.5–33.2 and 2.8–19.5 GPa, respectively,
even smaller than those of two-dimensional MHPs. Our work demonstrates that the temperature-
responsive emissions and low elastic moduli of these 1D MHPs could find use in flexible devices.

Keywords: low-dimensional; metal halide perovskite; photoluminescence; stimulus-responsive;
elastic property

1. Introduction

Metal halide perovskites (MHPs) are attracting considerable interest owing to their
excellent optoelectronic properties tunable at a molecular level [1–5]. The merits of a
high absorption coefficient, good defect resistance, and ease of synthesis [6–8] have led
to their wide application in solar cells [9–12], photodetectors [13–15], and light-emitting
diodes [16–21]. Currently, the number of reported three-dimensional (3D) MHPs is very
limited due to their structural requirement by the Goldschmidt tolerance factor [6–8]. To
overcome this restriction, low-dimensional (LD) MHPs, including zero-dimensional (0D),
one-dimensional (1D), and two-dimensional (2D) MHPs, are being widely explored. In
comparison to their 3D counterparts, LD-MHPs possess higher environmental and thermal
stability, as well as larger chemical and structural diversity [22–24]. Accordingly, these
LD-MHPs have received intense attention in both synthesis studies and applications [25,26].

In these LD-MHPs, the distortion of PbX6 octahedra (X = halogen) significantly influ-
ences their photoluminescence (PL) behaviors. Hydrogen bonding, as one of the widely
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available interactions connecting the inorganic and organic parts, plays an important role
in determining the magnitude of octahedral distortion [27,28]. By changing strengths
of hydrogen bonds upon external stimuli (i.e., temperature and pressure), the emissive
processes and properties of LD-MHPs, such as peak position, intensity, and the full width
at half maximum (FWHM) of self-trapped excitons (STEs), could be manipulated [29–32].
Although there have been a handful of reports about the influence of hydrogen bonding on
the PL properties of LD-MHPs upon external stimulation, more efforts should be devoted
to elucidating the underlying mechanism. In addition, the elastic properties of materials are
of vital importance since they not only determine the long-term reliability and endurance
in service but also regulate the manufacturing and processing [33,34]. However, very little
attention has been paid to the understanding of the elastic properties of LD-MHPs [35,36].

In this work, the temperature-responsive PL of a pair of 1D MHPs, R- and S-MBAPbBr3,
was systematically investigated by variable-temperature optical spectroscopy. Our results
indicate that both perovskites exhibit typical yellow emission under ambient conditions
ascribed to the STE emission. Their emission peaks show a remarkable redshift and a
significant enhancement of intensity with decreasing temperature. In addition, the elastic
properties of S-MBAPbBr3 were comprehensively studied via density functional theory
(DFT) calculations.

2. Results and Discussion
2.1. Crystal Structures

Both R- and S-MBAPbBr3 crystallize in the chiral P212121 space group, which is
consistent with reports in the literature [37]. Taking S-MBAPbBr3 as an example, its cell
parameters at 100 K are a = 7.8835(3) Å, b = 8.0680(3) Å, and c = 20.1237(8) Å. The asymmetric
unit of the structure consists of a methylbenzylamine cation and a [PbBr3]− unit (Figure 1c).
The six-coordinated Pb atoms are coordinated by six Br atoms to form a PbBr6

− octahedron,
and adjacent PbBr6 octahedra are face-shared to form an infinite inorganic chain along
the a-axis. Each inorganic chain interacts with surrounding organic amine cations via
electrostatic forces and N–H···Br hydrogen bonding in a hexagonal manner, forming a 1D
organic–inorganic assembly with a chemical formula of S-MBAPbBr3 (Figure 1e). Adjacent
1D organic–inorganic assemblies are connected by intermolecular CH . . . π interactions
with distances of 3.383 Å, giving rise to a 3D supramolecular structure. To evaluate the
structural change upon temperature, the structure was collected at 293 K and compared
with that at 100 K. Specifically, the lengths of Pb–Br bonds of S-MBAPbBr3 are in the
range of 2.857–3.062 Å and 2.852–3.070 Å at 100 and 293 K, respectively. The distances
between N and Br atoms in N–H···Br hydrogen bonds are 3.387–3.499 Å and 3.428–3.558
Å at 100 and 293 K. As mentioned above, hydrogen bonding plays an important role
in the octahedral distortion degree. As shown in the distance of N–Br (Table S1), the
hydrogen bonding becomes stronger at lower temperature, causing distinct octahedral
distortion in the c-direction. With the temperature increase, the increased vibrations of
MBA molecules weaken the hydrogen bonding, thus reducing the distortion degree, and S-
MBAPbBr3 expands in the c-direction. Combined with the cell parameters at 100 and 293 K
of S-MBAPbBr3 (Table S1, Figure S1), the c-axis shows the highest coefficient of thermal
expansion, which is consistent with the above analysis, indicating that the distortion of
inorganic chains can be adjusted by varied hydrogen bonding upon thermal stimulus. The
degree of [PbBr6] distortion can be quantified by the mean octahedral quadratic elongation
(λ) and variance of the octahedral angle parameters (σ2), defined as follows [38]:

λ =
1
6

6

∑
i=1

(di/d0)
2, (1)

σ2 =
1
11

12

∑
i=1

(αi − 90)2, (2)
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where di denotes the six individual bond lengths of Pb–Br, d0 denotes the average distance
of the bond length of Pb–Br, and αi denotes the individual bond angle of Br–Pb–Br. The
calculated λ and σ2 for S-MBAPbBr3 are 1.003 and 221.58, and 1.003 and 197.04, at 100 and
293 K, respectively. The above results suggest that the distortion of octahedra is mainly
manifested as the change of bond angles, and the structure at lower temperature is more dis-
torted due to the alteration of hydrogen bonds. This could lead to temperature-responsive
emission, as we discuss below.
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2.2. Electronic Structures

To investigate the electron structural properties, the electronic band structures and
density of states of both R- and S-MBAPbBr3 were calculated via DFT (Figure S2); the
two structures have almost identical electronic band structures. The valence band maxi-
mum (VBM) and conduction band minimum (CBM) of R- and S-MBAPbBr3 are located at
(0.236842, 0.5, 0.5) and (0, 0, 0) in k-space, showing indirect bandgaps of 3.571 and 3.573 eV,
respectively. The partial density of states was subsequently calculated to identify the orbital
contribution during the excitation process. The VBMs of R- and S-MBAPbBr3 are mainly
contributed by the 4p orbital of Br atoms, and the two CBMs are mainly derived from the 6p
orbital of Pb atoms. The above results indicate that the band edges of the two perovskites
are mainly contributed by inorganic PbBr6 octahedra [39].

2.3. PXRD and TGA Measurements

The phase purities of both R- and S-MBAPbBr3 were confirmed by powder X-ray
diffraction (PXRD). The cell parameters of the observed crystal were refined with the
TOPAS-v6 software using a Le Bail algorithm (Figure S3). The peak positions of both R-
and S-MBAPbBr3 are almost the same, and the variant peak intensity can be attributed to
the difference of exposed crystal surface after grinding. The TGA curves show a plateau
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below 225 ◦C and a weight loss of 35.5% between 225 and 230 ◦C, identifying their stability
(Figure S4). The mass loss near 230 ◦C can be attributed to the removal of vaporization of
methylbenzylamine (21.3%) and HBr (14.2%). The good stability of MBAPbBr3 warrants its
further characterization.

2.4. Optical Properties

UV–Vis absorption spectra were determined to characterize the excitation behavior
(Figure S7). The absorptions of the two 1D MHPs are almost identical as expected for
enantiomeric structures, with exciton absorption peaks at 330 nm. The diffuse reflectance
measurements were converted to the Kubelka–Munk method, and the bandgaps were
calculated using the Kubelka–Munk function F(R) = (1− R)2/2R, where R represents the
reflection coefficient. The bandgaps for R- and S-MBAPbBr3 were estimated to be 3.59 eV
and 3.67 eV, respectively, which are consistent with the calculated values of about 3.57 eV
from DFT.

Under irradiation with UV light, the crystals of R- and S-MBAPbBr3 show yellow
emission at room temperature (Figure 2a). Both perovskites have two broad emission
peaks extending across the cyan color to the near-infrared region. The maximum emission
wavelengths of R- and S-MBAPbBr3 are 594 and 616 nm, and 592 and 618 nm, respectively.
The FWHMs of R- and S-MBAPbBr3 are estimated to be 181.3 and 178.1 nm, respectively.
The appearance of two emission peaks may be attributed to two kinds of exciton paths.
To illustrate the PL color at room temperature clearly, the Commission Internationale de
L’Eclairage (CIE) chromaticity diagram and color temperatures of PL are illustrated in
Figure 2b. The CIE coordinates of R- and S-MBAPbBr3 are (0.498, 0.471) and (0.510, 0.463)
with the color temperatures of 2647 and 2470 K, respectively.
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The diagram of the PL process is shown in Figure 2c. Upon UV light irradiation,
the electrons in the ground state are excited to form free excitons. Some free excitons
radiate photons and return to the ground state directly, which is known as free-exciton
emission. Due to lattice distortion caused by strong electron–phonon coupling, some
excitons become self-trapped, emitting photons with reduced energy before returning to
the ground state [40]. This STE radiative process leads to the broad emission spectra of the
two 1D MHPs.

To further explore the properties of the STE emission behavior, PL spectra at various
temperatures were collected (Figure 3). As the temperature decreases from 296 to 146 K, the
broad emission peaks gradually redshift by approximately 20 nm with decreased FWHM
from 181.3 to 142.2 nm for R-MBAPbBr3 and 178.1 to 140.6 nm for S-MBAPbBr3, respectively.
It is interesting that the PL intensity is increased by about two orders of magnitude with
the reduction in temperature. The variation in FWHM could arise from the synergistic
effect of electron–phonon coupling and thermal expansion, which is influenced by the
strength change of hydrogen bonding. The higher intensity and narrower peak width at
low temperatures can be attributed to the suppression of nonradiative complexation of
excitons [41–43].
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2.5. Elastic Properties

To investigate the elastic properties, the elastic constants (Cij) and bulk modulus (K)
of S-MBAPbBr3 were calculated by DFT, and the obtained results are listed in Table S7.
According to its Cij, the maximal and minimal values of Young’s moduli (E) and shear
moduli (G) were extracted using the ELATE software [44] as presented in Table S7. The
representative 3D and 2D plots of E are shown in Figure 4a,b. The maximum value of E
(Emax) for this perovskite is 33.2 GPa along the <101> direction due to the large Br–Pb–Br
bond angle (154.9◦) in this direction. In addition, its E reaches the minimum value (Emin) of
6.5 GPa along the <011> direction, which could be attributed to the compliant nature of
organic cations packing along this orientation. Accordingly, these two values give an elastic
anisotropy (AE = Emax/Emin) of 5.1, which is relatively larger than that of some 2D MHPs,
such as (benzylammonium)2PbBr4 (4.9) [45] and (4-methoxyphenethyammonium)2PbI4
(3.2) [46]. Moreover, the extracted 3D and 2D plots of G for S-MBAPbBr3 are shown in
Figure 4c,d. It can be observed that the maximal G (Gmax) is 19.5 GPa along the <010> direc-
tion when the (001) plane is sheared, which can be ascribed to the rigid [PbBr3]− inorganic
chains that can significantly resist deformation under the shear force. However, the minimal
G (Gmin) of 2.8 GPa occurs along the <100> inorganic chain direction when the same plane is
sheared, which arises from the facile sliding of the 1D inorganic chains under shearing. The
obtained elastic anisotropy (AG = Gmax/Gmin) of S-MBAPbBr3 is 7.0, which is larger than
that of 2D (benzylammonium)2PbBr4 (6.5) and (4-methoxyphenethyammonium)2PbI4 (4.0).
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The calculated K of S-MBAPbBr3 is 7.3 GPa, which is significantly smaller than the re-
ported values of 2D MHP (benzylammonium)2PbBr4 (13.6 GPa) and (4-methoxyphenethya-
mmonium)2PbI4 (9.8 GPa), indicating that S-MBAPbBr3 with a 1D structure is more prone
to hydrostatic deformation compared with 2D MHPs. According to Pugh’s criterion [47],
the brittleness of materials can be quantified by the ratio of K/G. The materials with
K/G < 1.75 are called brittle. The K/G ratio of S-MBAPbBr3 in the range of 0.17–1.99, imply-
ing that this MHP would be fairly brittle along certain directions. The low elastic modulus
of S-MBAPbBr3 implies that these 1D MHPs could be more desirable for applications in
flexible devices, in comparison to 2D and 3D MHPs, although their fragile nature along
certain crystallographic directions needs to be taken into account.

3. Materials and Methods

The synthetic method of chiral R-MBAPbBr3 is described in the literature [37,39].
(R)-Methylbenzylamine (C8H11N, 0.15 g, 1 mmol, Figure 1a) and lead bromide (PbBr2,
0.239 g, 0.5 mmol) were added to a mixture of acetonitrile (5 mL) and hydrobromic acid
(HBr, 5 mL) in a beaker. The mixture was stirred and sonicated to obtain a colorless solution,
and the solution was slowly evaporated overnight. The colorless crystal was washed with
methanol and dried under vacuum (melting point: 208 ◦C). The synthetic method of chiral
S-MBAPbBr3 is similar to that of R-MBAPbBr3 except (R)-methylbenzylamine was replaced
by (S)-methylbenzylamine. Melting point: 209 ◦C. The mass spectra of R- and S-MBAPbBr3
are shown in Figures S5 and S6.

The single-crystal X-ray diffraction (SC-XRD) tests of S-MBAPbBr3 were performed
using a Rigaku XtaLAB PPO MM007 CCD diffractometer with a Cu-Kα target radiation
source (λ = 1.54184 Å) at 293 K and MoKα (λ = 0.71073 Å) at 100 K, respectively. Using
Olex2 [48], the structure was directly solved by ShelXT [49] and refined anisotropically for
all nonhydrogen atoms by full-matrix least squares on all F2 data using ShelXL [50]. All
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hydrogen atoms were added according to the theoretical model with isotropic displacement
parameters and allowed to ride on parent atoms.

Powder X-ray diffraction (PXRD) tests were performed using a Rigaku MiniFlex
600 diffractometer. The samples of R- and S-MBAPbBr3 were tested in the range of 3–50◦

with a step size of 0.02◦ and a speed of 3◦·min−1.
Thermogravimetric analysis (TGA) was performed using a Thermo plus EVO2 TG-

DTA 9121 thermoanalyzer under N2 atmosphere with a flow rate of 50 mL·min−1. The
measurement temperature ranged from 25 ◦C to 800 ◦C with a change rate of 10 ◦C·min−1.

The electronic structure was calculated taking the generalized gradient approxima-
tion with a Perdew–Burke–Ernzerh (GGA-PBE) exchange-correlation functional [51] by
VASP [52–54]. The plane-wave cutoff energy was set to 450 eV, and a Monkhorst–Pack
K-point sampling of 3 × 3 × 1 was used to sample the Brillouin zone. During the geometry
optimization step, the cell parameters and atom positions were fully relaxed. The total
energy and residual force on each atom converged to 10−6 eV and 0.01 eV·Å−1, respectively.
The elastic stiffness constants Cij were obtained by the stress–strain method with 0.015 Å of
the maximum strain amplitude and seven steps for each strain.

The UV–Vis spectra were measured using a Solidspec 3700 UV–Vis–NIR spectropho-
tometer with a standard reference of BaSO4 at room temperature. The wavelength range
was set to 200–800 nm. Variable temperature photoluminescence experiments were per-
formed using a Horiba LabRAM HR 800 Raman spectrometer excited by a 325 nm He–Cd
laser. The photoluminescence (PL) spectra were dispersed by a 600 groove per millimeter
diffraction grating and accumulated two times with 2 s of exposure.

4. Conclusions

In summary, the temperature-responsive PL properties and elastic properties of 1D
MHPs, R- and S-MBAPbBr3, were systematically investigated via combined experimental
and theoretical approaches. Both R- and S-MBAPbBr3 exhibit yellow emissions covering
a wide wavelength range. With decreasing temperature, the STE emission peaks of both
perovskites exhibit narrowed widths and redshifted positions. In addition, the temperature
reduction leads to an intensity enhancement of about two orders of magnitude, which can
be ascribed to the synergistic effect of electron–phonon coupling and thermal expansion
influenced by the alteration of hydrogen bonding. In addition, our DFT calculations reveal
that S-MBAPbBr3 exhibits a relatively large elastic anisotropy and small bulk modulus,
compared with 2D and 3D MHPs. This work demonstrates the temperature-responsive
emissions and low elastic properties of LD-MHPs could be useful for making smart opto-
electronic devices.
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Abstract: Cellulose nanocrystals (CNCs) represent intriguing biopolymeric nanocrystalline materials,
that are biocompatible, sustainable and renewable, can be chemically functionalized and are endowed
with exceptional mechanical properties. Recently, studies have been performed to prepare CNCs
with extraordinary photophysical properties, also by means of their functionalization with organic
light-emitting fluorophores. In this paper, we used the reductive amination reaction to chemically
bind 4-(1-pyrenyl)butanamine selectively to the reducing termini of sulfated or neutral CNCs (S_CNC
and N_CNC) obtained from sulfuric acid or hydrochloric acid hydrolysis. The functionalization
reaction is simple and straightforward, and it induces the appearance of the typical pyrene emission
profile in the functionalized materials. After a characterization of the new materials performed by
ATR-FTIR and fluorescence spectroscopies, we demonstrate luminescence quenching of the decorated
N_CNC by copper (II) sulfate, hypothesizing for these new functionalized materials an application
in water purification technologies.

Keywords: cellulose nanocrystals; nanocellulose; pyrene; organic light-emitting material; reductive
amination; nanocellulose functionalization; nanocellulose fluorescence

1. Introduction

The nanostructures isolated from native cellulose, such as cellulose nanofibers (CNFs),
cellulose nanocrystals (CNCs) and bacterial cellulose (BC) [1–3], have recently attracted
tremendous interest, thanks to their outstanding chemical and mechanical properties [4–8].
These nanomaterials of biologic origin are very appealing for numerous applications and
have raised the industrial interest, since cellulose is abundant and can be isolated in
crystalline nanostructures with low environmental impact [9]. Besides, nanocelluloses are
colorless or even transparent and harmless for human health [10,11]. Their potential in
industrial application is mainly related to their sustainable nature, which makes them good
candidates as substitutes of oil derivatives for the manufacture of goods, in order to reduce
pollution and better commit to the principles of green and blue economies [2]. The current
research stream is exploring their use in high-volume industrial applications, such as in
the fields of water treatment, in the paint and coating industry, in the building industry, in
the hygiene sector and in the paper industry [12].

Siding the industrially oriented research, new emerging fields of application of
nanocellulose include hydrogels and aerogels [13,14], emulsion stabilizers [15], biocatalyst
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immobilizers [16], biosensors [17], drug delivery systems [18], adsorbents for contami-
nants [19,20], nanocomposites for environmental remediation [21], photonic films and
transparent substrates for optoelectronic devices, as well as new nanostructured electroac-
tive materials [22–26].

Among the various typologies of nanocellulose, CNCs are defined, according to the
standards of the Technical Association of Pulp and Paper Industry (TAPPI), as crystalline
rods featuring a high aspect ratio, a diameter between 5 and 50 nm and a length ranging
from 100 to 500 nm. CNCs are the smallest nanostructures which may be isolated from
native cellulose and display a high content of crystalline domains. CNCs were discovered
in the 1950s by Rånby and Battista [27,28], who independently isolated them by acid
hydrolysis. However, only in the last 15 years was the high potentiality of cellulose
nanocrystals re-evaluated in light of the new intriguing applications listed above.

CNCs display a high specific surface area (SSA) and expose pending hydroxyl groups
on their surface: these chemical functionalities may be exploited to carry out surface
functionalization of the nanocrystals. For this reason, the concept of topochemical func-
tionalization of nanocellulose, i.e., a functionalization involving only the surface of the
nanocrystals, has become crucial with respect to bulk functionalization, i.e., the complete
dissolution of the cellulose crystalline structure due to complete derivatization of the cellu-
lose polymer [29]. In this respect, only mild reaction protocols, with controlled reaction
times, can prevent crystalline phase transitions or, even worse, dissolution of the cellulose
polymer [30]. This approach sometimes brings some complications, such as the necessity
to perform a sequence of chemical reactions on nanocellulose to convert the hydroxyl
into an activated group, with the difficulty of obtaining a fine control over the surface
functionalities, their number and homogeneity.

An alternative and straightforward strategy for nanocellulose functionalization relies
on a reaction used in polysaccharide technology, the reductive amination reaction [31],
which modifies only the reducing ends of the cellulose nanocrystals, leaving the remaining
nanocrystal surface unfunctionalized or available for further chemical manipulation. Ac-
cording to a model proposed so far [32], CNCs correspond to elementary fibrils and are
rigid rods composed of 36 parallel cellulose polymer chains, kept together by intermolec-
ular hydrogen bonds. The number 36 comes from the nature of the enzymatic complex
which synthesizes cellulose in plants, the cellulose synthase (CESA) complex, composed
by 6 rosettes each made of 6 enzymes which polymerize D-glucopyranose from UDP-
glucose [33]. The trans-membrane enzymatic complex extrudes the 36 cellulose chains in
parallel organization, and the chains associate into a cellulose I crystal structure [34] as
soon as they leave the cell wall. Once cellulose nanocrystals have been recovered from a
cellulose source by acid hydrolysis, they present the same crystalline association as in their
native structure with the reducing termini of the polymer chains on the same side of the
cellulose nanorod (as depicted in Figure 1).

The extensive functionalization of CNCs’ surface may drastically change their surface
properties, for instance modifying their suspension-forming ability in water or the way
they interact with oleophilic or oleophobic molecules. Conversely, an incomplete function-
alization on the CNCs’ surface, for instance with a degree of substitution (DS) ≤0.37 [35],
would not allow to understand the exact position of the new functional groups, since most
of the reactions which may be performed on the cellulose polymer are only selective, but
not specific towards the primary alcohol group [31]. This, for some applications, could
be tricky. For this reason, an issue arises in which a mild reaction strategy allows specific
functionalization of nanocellulose. In the present work, we use the reducing end func-
tionalization to introduce 1-pyrenyl units as substituents on cellulose nanocrystals: the
organic fluorophores are introduced to endow the nanocrystals with an additional prop-
erty, i.e., pyrene-luminescence, while their hydrophilicity is preserved, being the pyrene
units introduced only at the reducing end of the nanocrystal, as depicted in Figure 1. We
demonstrate that pyrene-emission (and its excimer) is detectable in the functionalized
nanocrystals in spite of the low amount of dye linked to the nanocrystals. Second, we
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demonstrate pyrene luminescence quenching in the presence of Cu(II) salts. These experi-
ments demonstrate that, using the reductive amination reaction, it is possible to introduce
an additional property on CNCs while leaving the remaining pending hydroxyl groups
available for interaction with the solution or for further functionalization. In our view, this
strategy is important in order to have the surface of the nanocrystal available for anchoring
on filtration devices.

Figure 1. A cellulose nanorod, represented according to the model proposed in [32], with 1-pyrenyl
units attached to the reducing ends (highlighted in yellow) by reductive amination.

2. Results
2.1. Synthesis of the Pyrene Dye

For performing the reductive amination reaction, we needed a pyrene dye function-
alized with a pending primary amine functionality. A good precursor of the 1-pyrenyl
butanamine 4 was the commercially available 4-(1-pyrenyl)buthanol 1. The reaction se-
quence leading to compound 4 starting from 1 and the relative yields are reported in the
Scheme 1. We first prepared the tosylate derivative 2 via a room temperature tosylation
reaction of the alcohol group with a yield of 55%; following this, we converted the tosyl
group into an azide by a nucleophilic substitution performed using sodium azide in DMSO
at room temperature. The azide is a good precursor of primary amines, and was isolated
in 87% yield. Finally, 4 was afforded in satisfactory yield (50%) by submitting the pyrene
azide 3 to a hydrogenation reaction in the presence of palladium, supported on charcoal as
a catalyst and EtOH as a solvent. The catalytic hydrogenation was much more efficient
in furnishing 4 than the Staudinger reaction, which yielded a mixture of the primary
amine with phosphine oxide. Our synthetic sequence slightly differs from other synthetic
sequences reported by others [36,37], but allowed the isolation of 4 in good overall yield
and good purity. The identity of 4 was assessed by 1H- and 13C-NMR spectroscopies and
by LCMS-IT-TOF spectrometry (compare Figures S1–S6, Supplementary Materials).

Scheme 1. Synthetic sequence leading to 4-(1-pyrenyl)butanamine 4.
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2.2. Synthesis of Sulfated and Neutral CNCs

Cellulose nanocrystals were prepared by acid hydrolysis with either sulfuric acid
or hydrochloric acid at controlled reaction conditions. The starting material was Avicel
PH-10.1, a cotton linter-based commercial stationary phase for column chromatography.
As extensively reported in the literature, sulfuric acid hydrolysis yields surface negatively
charged S_CNC, due to a parallel process of surface sulfatation involving the primary hy-
droxyl groups on the surface glucopiranose units of the nanocrystals [38]. As explained in
the next sections, the surface sulfatation determined aggregation of the cellulose nanocrys-
tals in the presence of the salts used in the following experiments. For this reason, we
also prepared neutral cellulose nanocrystals (neutral = no bonded surface charge) by hy-
drochloric acid hydrolysis from the same starting material. The uncharged nanocrystals
were named N_CNC. N_CNC displayed a higher aggregation tendency in distilled water,
as an effect of the absence of any surface charge. However, they could be characterized by
FE-SEM microscopy by deposition from DMSO suspensions, in which they showed better
stability. Figure 2 shows the FE-SEM micrographs recorded on (a) S_CNC deposited from
water and (b) N_CNC deposited from DMSO on silicon substrates. Thanks to these micro-
scopic observations, we could measure an average length of 149 ± 32 nm and 151 ± 17 nm
for S_CNC and N_CNC respectively, while in both cases. the thickness was detected by
AFM to be 10 ± 2 nm.

Figure 2. FE-SEM micrographs of (a) S_CNC deposited from 10 mg L−1 water suspension, and (b) N_CNC deposited from
1 mg L−1 DMSO suspension. Scale bar: 200 nm.

2.3. Synthesis of Pyrene Derivatives of CNCs

The functionalization of cellulose nanocrystals with the dye 4 was conveniently per-
formed in water solvent, dispersing the cellulose nanocrystals in a pH 6.0 and 50 mM
phosphate buffer. A 1% molar ratio between the dye and the nanocellulose (mmol of 4
vs. mmol of glucopyranose) was used to perform the reaction. The functionalization was
carried out in the presence of a molar excess of sodium cyanoborohydride. The synthesis
of the pyrene-functionalized cellulose nanocrystals is depicted in Scheme 2. At the end of
the reaction time, the nanocrystals were purified by washing with methanol, followed by
dialysis against mQ water to eliminate traces of unreacted dye and excess salts. Finally,
the samples were freeze-dried and used in the next experiments. An AFM check of the
preserved nanocrystals’ morphology was performed on their thin films. Figure S7, reported
in the Supplementary Materials, demonstrates the preserved nanorod aspect of the S_CNC
sample after the reductive amination.
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Scheme 2. Reductive amination between 4 and sulfated or neutral cellulose nanocrystals.

ATR-FTIR spectroscopy performed on the freeze-dried samples was very useful to
have an indication of the success of the functionalization. Figure 3 shows the ATR-FTIR
spectra of the 4-(1-pyrenyl)butanamine 4 (blue trace), of S_CNC (black trace) and of
the modified S_CNC sample 7a (red trace). The spectrum of the cellulose nanocrystals
displayed the common features of cellulose I, with a strong absorption band at 3340 cm−1

attributed to -OH groups’ stretching, forming intramolecular hydrogen bonds. Absorption
bands attributed to C-H stretching modes below 3000 cm−1 were also clearly visible and
centered in the nanocelluloses at 2900 cm−1. The signal centered at 1644 cm−1 in CNCs
could be attributed to residual water contained in the cellulose nanocrystals. The intense
band between 920 and 1220 cm−1 in the nanocrystals was attributed to stretching modes of
single C-O-C bonds of the acetal units.

Figure 3. ATR-FTIR spectra of (a) 4-(1-pyrenyl)butanamine 4, (b) pyrene-modified S_CNC 7a and (c)
unmodified S_CNC.

Butanamine 4 presented distinctive signals, such as a broad absorption at ~3350 cm−1

(stretching of -NH2 group), characteristics of absorption of aromatic C-H stretching at
3044 cm−1, -NH2 group bending modes at ~1574 and in the region below 900 cm−1, besides
aromatic stretching modes in the region between 1600 and 1400 cm−1 and intense aromatic
C-H bending modes below 900 cm−1. In particular, the intense absorption band centered
at 841 cm−1 could be attributed to aromatic C-H bending and produced a small overtone
at ~1670 cm−1.

The modified S_CNC 7a showed typical features of the cellulose nanocrystals in their
spectrum, such as the broad absorption band attributed to the -OH stretching, but with the
appearance of features representative of the butanamine 4. First, the increase in intensity
of the -OH stretching band with respect to the acetal stretching band pointed at an increase
in the sample of hydrogen bond-donating groups (hence the presence of secondary amine
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functionalities and additional hydroxyl groups in the reducing termini introduced by the
reaction), with the contemporary loss in intensity of acetal absorption due to the reducing
ends turned from hemiacetal into secondary amines. The broad band of -OH stretching
also presented a small shoulder corresponding to the resonance frequency of aromatic C-H
stretching at 3044 cm−1. Presence of the aromatic units was also evident from the increase
in intensity of the band attributed to crystallized water, overlapped to the overtone of the
bending absorption of aromatic C-H. Finally, the strong absorption at 841 cm−1, attributed
to aromatic C-H bending, appeared as a distinctive absorption in the spectrum of modified
S_CNC 7a.

2.4. Photophysical Characterization

Emission spectra of the pristine S_CNC and N_CNC and of the pyrene-modified
nanocrystals 7a and 7b are shown in Figure 4, while the positions of the emission maxima
are listed in Table 1. Emission spectra were collected in DMSO to evidence the presence
or not of the excimer of pyrene, whose emission is centered at ~470 nm. The pyrene
butanamine 4 showed a distinctive emission profile, with characteristic emission maxima
at 378, 399, 420 and 475 nm (Figure 4e). The last emission peak was absent in water solution
and detectable in DMSO (compare Supplementary Figure S8 for the relevant emission
spectrum of 4 in water). As expected, modified S_CNC and N_CNC 7a and 7b showed
the distinctive emission peaks of butanamine 4 at the following wavelengths: 378, 398,
419 and 470 nm. Surprisingly, both pristine S_CNC and N_CNC showed an emission
in the UV region, upon excitation at 345 nm, with considerably lower intensity than the
pyrene-modified nanocrystals 7a and 7b. This emission was not observed in commercial
sulfated cellulose nanocrystals (panel f, Figure 4), which were investigated as a control
sample. As it will be explained in the Discussion Section, this phenomenon was attributed
to the cellulose source used for the preparation of cellulose nanocrystals by acid hydrolysis.

2.5. Luminescence Quenching Experiments

Luminescence quenching experiments were investigated on both pyrene-modified
S_CNC and N_CNC 7a and 7b in the presence of increasing concentration of diverse salts
in water suspensions. The scope of the experiments was to have a preliminary information
on whether the pyrene-modified cellulose nanocrystals interacted preferentially with
some salts and were therefore suitable to develop sensing systems in water or to being
immobilized in membranes for water purification. Several salts were tested: NaCl, FeCl3,
CuSO4 · 5H2O, Hg(OAc)2. The Figure 5 shows the result of CuSO4 slow addition to a water
suspension of N_CNC (left panel) and pyrene-modified N_CNC 7b (right panel). The
same experiments were performed on S_CNC, but the pyrene-modified S_CNC 7a yielded
inconsistent response to the addition of each salt (data not shown in this paper), due to
aggregation and precipitation of the nanocrystals. Pyrene-modified N_CNC 7b, instead,
yielded a rational response only in the presence of copper sulfate, while were apparently
unperturbed by the other salts. These results will be better discussed in the next paragraph.
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Figure 4. Emission spectra of cellulose nanocrystals recorded in 0.2 mg mL−1 DMSO suspensions: (a)
S_CNC, (b) pyrene-modified S_CNC 7a, (c) N_CNC, (d) pyrene-modified N_CNC 7b, (e) spectrum
of 4-(1-pyrenyl)butanamine 4 in the same solvent and (f) commercial sulfated CNCs. Excitation
wavelength = 345 nm. Emission spectra of S_CNC and N_CNC were recorded using a 1 cm cu-
vette. Emission spectra of pyrene-modified S_CNC and N_CNC 7a and 7b were recorded using a
0.1 cm cuvette.

Table 1. Emission maxima of all samples measured in DMSO.

Sample λem,DMSO (nm)

4 378, 399, 420, 475 1

S_CNC 378, 400
N_CNC 383

Commercial sulfated nanocrystals -
Pyrene-modified S_CNC 7a 378, 398, 419, 470
Pyrene-modified N_CNC 7b 378, 398, 419, 470

1 Emission peaks of 4-(1-pyrenyl)butanamine 4 in water: 378, 399, 420 nm (Supplementary, Figure S8). Relevant
absorption spectra of 4 in DMSO, CHCl3 and water are reported in the Supplementary, Figures S9 and S10.
UV-Vis Absorption spectra of S_CNC and pyrene-modified S_CNC 7a are reported in the Supplementary,
Figures S11 and S12.
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Figure 5. Emission spectra of N_CNC recorded in 0.2 mg mL−1 water solutions in the presence of Cu2+ salts: (a) pristine
N_CNC and (b) pyrene-modified N_CNC 7b. The insets show the molar concentration of salts used.

3. Discussion

The reductive amination reaction allowed us to carry out a covalent functionalization
of the cellulose nanocrystals with 4-(1-pyrenylbutanamine) 4, availing of a very mild
reaction protocol performed in water. Purification of the sample was straightforward, as
it was performed by dialysis in water. To assess the effectiveness of the functionalization,
we acquired the ATR-FTIR spectra of S_CNC and their pyrene-modified derivative 7a,
identifying the signals of the pyrene aromatic system in the spectrum of the hybrid system.
In order to confirm the effectiveness of the reaction, we also coupled an aliphatic amine
with D-glucopyranose in the same conditions, successfully isolating the corresponding
amination product (data not shown in this paper). This allowed us to understand that the
proposed synthetic protocol is reliable for the effective conversion of the imine intermediate
(the Schiff’s base generated as a result of the nucleophile attack of the primary amine to
the aldose unit) into a secondary amine by sodium cyanoborohydride. The amount of
dye bonded to the nanocrystals was very low, as the reductive amination reaction was
performed with a molar ratio of 4:glucopiranose units of 1:100, and the linked pyrene
dyes were not detectable by UV-Vis spectroscopy, as they were covered by the scattering
produced by the nanocrystals (see Supplementary Figures S10 and S11 acquired for the
S_CNC samples).

Then, we started the luminescence characterization. Unexpectedly, recording the
reference spectra for S_CNC and N_CNC, we found an emission from both samples, upon
excitation of the relevant suspensions at the wavelength of 345 nm, that peaked at 378
and 400 nm for S_CNC and 383 nm for N_CNC (compare Table 1). The relevant spectra
for DMSO suspensions are the ones reported in Figure 4a,c. This emission was found on
spectra recorded in DMSO and in water (for the relevant emission spectrum recorded from
N_CNC water suspensions, please refer to Figure 5a, black trace). Suspecting a possible
contamination of the products during their preparation in our laboratories, we repeated
the preparation of both typologies of cellulose nanocrystals, by hydrolysis with sulfuric
acid or hydrochloric acid, several times in the same and also in different laboratories, each
time recording the same result. To finally understand the possible origin of this emission
from our cellulose nanocrystals, in the same conditions, we analyzed commercial CNCs
purchased from CelluForce. The relevant emission spectrum is reported in Figure 4f. The
commercial cellulose nanocrystals did not show any emission feature. Commercial CNCs
from cellulose are produced, as declared by the company, by sulfuric acid hydrolysis
from wood pulp. Hence, we started to hypothesize whether the emission from the CNCs
produced in our laboratories was dependent on the nature of the starting cellulose material,
the microcrystalline cellulose Avicel PH-10.1. This microcrystalline cellulose derives from
cotton by hydrolysis with diluted mineral acids [39], has a high cellulose I content with very
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high crystallinity index and it is often used as a reference for XRD or Raman assessment of
the crystallinity index of cellulose [40,41].

The luminescent properties of cellulose are the subject of controversial literature
reports. Actually, our CNCs displayed a similar emission to the one observed from Avicel
by Castellan et al. [42], attributed to heteroaromatics of the furan and pyron type, possibly
formed in traces by degradation of the polysaccharide chain. A similar hypothesis was
formed by Kalita et al. [43], who attributed the autofluorescence at ~400 nm found in their
synthetic CNCs to the presence of fluorescent subunits identified in the FTIR spectra as
lignin fragments, such as p-coumeric and ferulic acid or phenolic structures. Ding et al. [44]
attributed the autofluorescence of cellulose to a partial double-bond character displayed
by the glycosidic bond, whose presence was also hypothesized in disaccharides such as
cellobiose and maltose. However, it was demonstrated by Arndt and Stevens [45], using
UV-circular dichroism, that mono- and di-saccharides absorb only between 150 and 190 nm.
A final interpretation was that by Gan et al. [46], who hypothesized that the emission
recorded from cellulose nanocrystals was the consequence of a Stokes scattering [47,48]
enhanced by CNC-oriented assembly [49]. In our case, it is very difficult to understand
which can be the origin of the luminescence observed in CNCs, as the FTIR spectra of our
pristine CNCs also did not reveal the presence of aromatic structures. However, the native
emission intensity was very low if compared to the luminescence of pyrene-modified
nanocrystals, and it was not responsive to the titration experiments that we performed
with salts (compare Figure 5a).

Pyrene-modified S_CNC and N_CNC 7a–b displayed the distinctive emission features
of 4-(1-pyrenyl)butanamine 4, with emission peaks at 378, 398, 419 and 470 nm. This result
was remarkable considering the very low amount of dye used during the functionalization
reaction (1 molar % with respect to glucopyranose units). The emission wavelength of
470 nm observed in DMSO was attributed to pyrene excimer formation. At this point, we
decided to investigate how interaction with cations influenced the emission intensity from
the cellulose nanocrystals, with the aim to understand whether a luminescence quenching
induced by any of the salts used could suggest a possible application of the systems that
we had prepared in water purification technology. During this investigation, we had to
discard experiments conducted on pyrene-modified S_CNC 7a, because interaction with
cations of these surface-negatively charged nanorods induced their aggregation, preventing
any reasonable conclusion on their luminescence behavior. We took this behavior as
a demonstration that the terminal functionalization had left the surface of the S_CNC
unperturbed, exposed to the external solution and therefore free to interact with the other
solutes. Conversely, Zhang et al. [50] reported an extensive surface functionalization
of S_CNC with pyrene units, and no aggregation was observed in the presence of a
wide number of cations. Pyrene-modified N_CNC 7b yielded a luminescence quenching
response only in the presence of increasing concentrations of copper sulfate, while it was
apparently unperturbed by NaCl and Hg(OAc)2. FeCl3 was discarded as a quencher,
since it displayed an absorption in the relevant region for the experiments (overlapping
absorption of the pyrene dye). Thus, among the salts investigated, the pyrene-modified
N_CNC 7b selectively interacted only with copper sulfate.

The presence of two vicinal -OH and secondary amine groups, formed on the C1 and
C2 positions of the terminal polysaccharide unit of the nanocrystal in the pyrene-modified
N_CNC 7b, could potentially act as a bidentate ligand for metal cations, with potential
assistance from other neighboring -OH groups, while the free -OH pending groups on the
CNC surface remain available for establishing H-bonds, which could be, for instance, used
to anchor the nanocrystals on a surface or on paper, to obtain a sustainable filtration device.
A similar principle was exploited by Lu et al. [51] to prepare a hydrophilic fluorescent paper
sensor for nitroaromatic compounds (NACs) exploiting pyrene sensing ability, towards
whom our pyrene-cellulose derivatives could be exploited as well.
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4. Materials and Methods
4.1. Synthesis of 4-(1-pyrenyl)Butanamine 4

General: All reagents were purchased at the highest commercial quality and used
without further purification. Reactions were carried out under a nitrogen atmosphere in
oven-dried glassware, using dry solvents unless otherwise stated. Dichloromethane was
distilled immediately prior to use on phosphorus pentoxide. Anhydrous grade dimethyl-
sulfoxide was used and dispensed under nitrogen. Absolute ethanol was used without
further purification. Preparative column chromatography was performed using silica gel
60, particle size 40 ÷ 63 µm from Merck. Merck silica gel 60 F254 aluminium sheets were
used for TLC analyses. All new compounds were characterized by 1H-NMR, 13C-NMR,
FTIR spectroscopy and HMRS spectrometry. GC-MS analyses were performed on a gas
chromatograph equipped with an SE-30 (methyl silicone, 30 m × 0.25 mm id) capillary col-
umn and an ion trap selective mass detector. 1H-NMR and 13C-NMR spectra were recorded
at 500 MHz and 125 MHz, respectively, on a Bruker Avance AM 500, using the residual
proton peak of CDCl3 at 7.26 ppm as reference for 1H spectra and the signals of CDCl3
at 77 ppm for 13C spectra. Coupling constants values are given in hertz. High-resolution
mass spectra were acquired on an Agilent high performance liquid chromatography-QTOF
spectrometer via direct infusion of the samples using methanol or water as the elution
solvent. Melting points (uncorrected) were determined on a Stuart Scientific Melting point
apparatus SMP3.

4-(1-pyrenyl)butyl tosylate 2: A 2 neck round bottom flask was charged under ni-
trogen with 0.5 g of 4-(1-pyrenyl)buthanol (1.8 mmol), 0.22 g of dimethylaminopyridine
(1.8 mmol), 5 mL of dry dichloromethane and 0.5 mL of triethylamine (3.6 mmol). The
system was cooled to 0 ◦C and a solution of tosyl chloride (0.7 g, 3.6 mmol in 5 mL) was
added dropwise. The system was kept at 0 ◦C for 2 h, then it was allowed to warm to room
temperature and stirred until TLC analysis revealed complete disappearance of the starting
material. The reaction was quenched with 30 mL of HCl 1.5 N. The mixture was extracted
with dichloromethane (3 × 30 mL). The organic extracts were collected and dried over an-
hydrous Na2SO4, filtered and the solvent was distilled under reduced pressure. The crude
material was purified by column chromatography on silica gel using hexane and ethyl ac-
etate in volumetric ratio 8:2 as the eluent. 0.423 g of a yellow wax were isolated (yield 55%).
1H-NMR (CDCl3, 500 MHz): δ8.23-8.15 (m, 3H), 8.10 (d, 2H, J = 8.1 Hz), 8.03 (s, 2H), 8.01 (t,
1H, J = 8.1 Hz), 7.80 (d, 2H, J = 7.8 Hz), 7.76 (d, 2H, J = 7.8 Hz), 7.25 (d, 2H, J = 7.3 Hz), 4.09
(t, 2H, J = 6.2 Hz), 3.31 (t, 2H, J = 7.5 Hz), 2.36 (s, 3H), 1.98–1.72 (m, 2H) ppm. 13C-NMR
(CDCl3, 126 MHz): δ144.6, 135.8, 133.10, 131.4, 130.8, 129.9, 129.8, 128.6, 127.8, 127.5, 127.3,
127.15, 126.7, 125.9, 125.10, 125.0, 124.9, 124.8, 123.14, 70.3, 32.7, 28.7, 27.5, 21.5, 14.19 ppm.

1-(4-azidobutyl)pyrene 3: A 100 mL round bottom flask was charged with 0.4 g of 4-(1-
pyrenyl)butyl tosylate (0.93 mmol), 0.091 g of sodium azide and 5 mL of dry DMSO under
nitrogen atmosphere. The mixture was stirred at room temperature for one night. After
this time TLC analysis revealed the complete disappearance of the starting material. The
mixture was diluited with 30 mL of brine and extracted with ethyl acetate (3 × 30 mL). The
organic extracts were collected and washed with brine (2 × 30 mL), dried over anhydrous
Na2SO4, filtered and the solvent was distilled under reduced pressure. 0.241 g of a white
solid were isolated (yield 87%). Mp = 78–79 ◦C. 1H-NMR (CDCl3, 500 MHz): δ8.26 (d,
1H, J = 9.5 Hz), 8.17 (dd, 2H, J1 = 7.5, J2 = 4.0 Hz), 8.12 (d, 2H, J = 8.5 Hz), 8.04 (d, 1H,
J = 9.5 Hz), 8.02 (d, 1H, J = 9.5 Hz), 7.99 (d, 1H, J = 7.5 Hz), 7.86 (d, 1H, J = 8.0 Hz), 3.38 (t,
2H, J = 7.5), 3.34 (t, 2H, J = 7.5 Hz), 1.96 (quintuplet, 2H, J = 7.5 Hz), 1.78 (quintuplet, 2H,
J = 7.5 Hz). ppm. 13C-NMR (CDCl3, 126 MHz): δ136.10, 131.4, 130.9, 129.9, 128.6, 127.5,
127.3, 127.18, 126.7, 125.8, 125.10, 125.0, 124.9, 124.8, 124.7, 123.18, 51.4, 33.0, 28.9, 28.8 ppm.

4-(1-pyrenyl)butanamine 4: A 250 mL round bottom flask was charged with 0.22 g
of 1-(4-azidobutyl)pyrene (0.74 mmol), 0.079 g of Pd(C) (10%) (0.074 mmol) and 15 mL of
absolute ethanol. The mixture was degassed by nitrogen bubbling for 10 min. Afterwards
hydrogen was blown into the mixture using a syringe and a balloon. The mixture was
stirred at the room temperature for 48 h. After this time, TLC analysis revealed complete
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disappearance of the starting material. The solvent was removed under reduced pres-
sure and the crude material was purified by column chromatography on silica gel using
dichloromethane, methanol and triethylamine in volumetric ratio 90:10:1 as the eluent.
100 mg of a yellow wax was isolated (yield 50%). 1H-NMR (CDCl3, 500 MHz): δ8.26 (d, 1H,
J = 8.3 Hz), 8.16 (dd, 2H, J1 = 8.16 Hz, J2 = 4.0 Hz), 8.10 (dd, 2H, J1 = 8.10 Hz, J2 = 3.0 Hz),
8.06–7.93 (m, 3H), 7.86 (d, 1H, J = 7.86 Hz), 3.36 (t, 2H, J = 8.0 Hz), 2.76 (t, 2H, J = 7.0 Hz),
1.89 (quintuplet, 2H, J = 8.0 Hz), 1.58 (m, 2H) ppm. 13C-NMR (CDCl3, 126 MHz): δ136.8,
131.4, 130.9, 129.8, 128.6, 127.5, 127.2, 127.17, 126.5, 125.8, 125.10, 125.0, 124.8 (two signals),
124.6, 123.4, 42.10, 33.7, 33.3, 29.13 ppm. LCMS-IT-TOF calculated for C20H19N: 273.1517,
found (M + H)+: m/z 274.1588.

4.2. Hydrolysis of Cellulose, Nanocrystals Isolation and Functionalization

General Avicel PH-101 was used as the starting material for nanocrystalline cellulose
isolation. Sonication of nanocellulose suspensions was carried out with a Branson Sonifier
250 (Danbury, CT, USA). Dialysis was carried out at room temperature against mQ water
in nitrocellulose tubes with a cut off of 12,600 Da. Commercial nanocrystals used for
acquisition of the emission spectrum in the Figure 4f were a donation from the Pharmacy
Department of the University of Pisa, and had been purchased from CelluForce.

Synthesis of sulfated CNCs 5a: This procedure was adapted from Operamolla
et al. [52] 47 mL of deionized water were introduced in a 250 mL three necked round-
bottom flask equipped with a water condenser and a mechanical stirrer. Then, the flask
was cooled in an ice bath and 47 mL of concentrated H2SO4 were added. After that, 5 g
of Avicel PH-101 were added and the suspension was warmed to 50 ◦C for 80 min. The
system was cooled to room temperature and the mixture was transferred to polypropylene
centrifugation tubes. Centrifugation at 4000 rpm was repeated replacing the supernatant
solution with fresh deionized water until the pH was approximately 1. Then, the precipitate
was suspended in deionized water with the aid of a Branson sonifier 250 (Danbury, CT,
USA) equipped with an ultrasonic horn with 3.5 mm diameter (micro tip) operated in
pulsed mode, with a power of 40 W, 0.6 s pulses for 10 min and dialyzed against distilled
water until neutrality using a cellulose nitrate membrane with a molecular weight cut-off
of 12,400 Da. The resulting suspension was transferred to polypropylene centrifugation
tubes and centrifuged at 4000 rpm for 20 min. The supernatant solution was kept and
water was removed under reduced pressure, yielding 925 mg of cellulose nanocrystals
with an average length of 280 ± 70 nm.

Synthesis of neutral CNCs 5b: 50 mL of deionized water were introduced in a 250 mL
three necked round-bottom flask equipped with a water condenser and a mechanical stirrer.
Then, the flask was cooled in an ice bath and 50 mL of concentrated HCl were added. After
that, 5 g of Avicel PH-101 were added and the suspension was warmed to 105 ◦C for 6 h.
The system was cooled to room temperature, diluted with 50 mL of distilled water and the
mixture was transferred to polypropylene centrifugation tubes. Centrifugation at 1000 rpm
for 10 min was repeated 4 times replacing the supernatant solution with fresh deionized
water until the pH was approximately 3. Then the precipitate was dialyzed against distilled
water until neutrality using a cellulose nitrate membrane with a molecular weight cut-off of
12,400 Da. The resulting suspension was recovered and water was removed by distillation
under reduced pressure, yielding 4.713 g of cellulose nanocrystals.

General Procedure for the reductive amination of cellulose nanocrystals (7a,b): In
a 100 mL round bottom flask 500 mg of cellulose nanocrystals (3.1 mmol) were suspended
in a 50mM phosphate buffer (pH = 6, 50 mL) using Branson sonifier 250 (Danbury, CT, USA)
equipped with an ultrasonic horn with 3.5 mm diameter (micro tip) operated in pulsed
mode, with a power of 40 W, 0.6 s pulses for 10 min in the case of sulfated CNCs and oper-
ated in constant mode in the case of neutral CNCs. A solution of 4-(1-pyrenyl)butanamine
(8 mg, 0.03 mmol) in phosphate buffer (5 mL) was added, followed by 100 mg of NaBH3CN
(14.6 mmol). The mixture was stirred at room temperature for 72 h. After this time, the mix-
ture was diluted with methanol (50 mL) and centrifuged at 4000 rpm for 10 min. The liquid

147



Molecules 2021, 26, 5032

phase was removed and replaced with fresh methanol, the systems were mixed and cen-
trifuged again at 4000 rpm for 10 min. The washing operation was repeated two more times.
Then, the precipitate was resuspended in water (30 mL) and dialyzed against distilled
water using a cellulose nitrate membrane with a molecular weight cut-off of 12,400 Da.
Water was distilled under reduced pressure and a white solid was isolated (0.286 g, 57%
yield in the case of sulfated CNCs; quantitative yield in the case of neutral CNCs).

4.3. Characterization

ATR-FTIR Analyses FTIR spectra were recorded on a Spectrum, Perkin-Elmer, Waltham,
MA, USA. Two spectrophotometer equipped with an UATR Accessory. The nanocellulose
powders were placed in direct contact with the diamond/ZnSe crystal without the aid
of any solvent. For the same analysis on 4-(1-pyrenyl)butanamine, a drop of chloroform
solution with the concentration of 1 mg/mL was deposited on the crystal and the solvent
was allowed to evaporate at room temperature before the measurement was acquired.

FE-SEM images The morphology of the surface of nanocrystalline cellulose was
analyzed by FE-SEM, on a Field Emission Scanning Electron Microscope, ZEISS Merlin,
Jena, Germany, equipped with a GEMINI IIs column and Beam-Booster, with acceleration
voltages between 0.05 and 30 kV and 0.8 nm as the best resolution, four optional detectors
for SE and BSE, charge compensation and an in situ sample cleaning system. Silicon slabs
were used as substrates for FE-SEM measurements. For S_CNC investigation, a solution
0.01% by weight of nanocrystals in water was drop cast on a silicon slab and allowed to
dry overnight. For N_CNC investigation, a solution 0.001% by weight of nanocrystals in
DMSO was drop cast on a silicon slab and allowed to dry overnight.

AFM Microscopy Atomic force microscopy topographies (Figure S6) were taken
using a XE-100 SPM, Park, Suwon, Korea, system microscope. Images were acquired in
the tapping mode using tips (Type PPP-NCHR) on a cantilever of 125 µm length, about
330 kHz resonance frequency, 42 N m−1 nominal force constant and 10 nm guaranteed tip
curvature radius. Surface areas were sampled with a scan rate of 1 Hz. The topographies
were analysed using the software XEI (Park System Corporation, version 1.8.0).

UV-VIS Spectroscopy Analyses were recorded on a Spectrophotometer, Shimadzu,
Kyoto, Japan, using the software Spectrum, with 1 cm cuvettes in distilled water or spec-
trophotometric grade DMSO. Cellulose nanocrystals were analyzed at concentration of
0.2 mg/mL.

Emission Spectroscopy Fluorescence spectra were recorded on Cary Eclipse Instru-
ment, Agilent, Santa Clara, CA, USA, with the software Scan. Cellulose nanocrystals were
analysed at a concentration of 0.2 mg/mL, in 0.1 cm cuvettes. Titration experiments with
heavy metal salts were performed adding increasing volumes of a mother solution of the
salt at a concentration of 100 mg/mL in distilled water.

5. Conclusions

In this paper, we have shown how the reductive amination reaction can be used as an
effective synthetic protocol to covalently bind luminescent dyes to cellulose nanocrystals.
Pyrene-modified S_CNC and N_CNC 7a,b displayed the emission profile of 4-(1-pyrenyl)
butanamine 4, with emission peaks at 378, 398, 419 and 470 nm, though a very low
amount of dye was used during the functionalization reaction (1 molar % with respect
to glucopyranose units). The luminescence behavior of the modified nanocrystals, under
excitation at the wavelength of 345 nm, was compared with the behavior of the pristine
cellulose nanocrystals, evidencing a low emission from nanocellulose, centered at around
400 nm, whose origin is controversial and under literature debate. However, the emission
properties of the pyrene-modified samples were clearly identified, and we could test the
effect of interactions with different salts on the luminescence properties. In our experiments,
N_CNC were revealed to be best-suited to investigate interaction with salts, as they lack
any surface-negatively charged group which could induce nanocrystals’ aggregation in the
presence of positive cations. Pyrene-modified N_CNC 7b showed luminescence quenching
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in the presence of copper sulfate, and this suggests a possible application of these systems
in water purification technologies, especially after their immobilization on sustainable
devices composed of biodegradable cellulose paper.

Supplementary Materials: The following are available online, Figures S1–S12: 1H-NMR and 13C-
NMR spectra of compounds 2, 3 and 4, AFM topography of a pyrene-modified S_CNC 7a film,
emission of 4 in water, UV-Vis absorption profiles of 4-(1-pyrenylbutanamine) 4 in chloroform, DMSO
and water solution, UV-Vis absorption profile of S_CNC and pyrene-modified S_CNC 7a in DMSO
suspension.
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Abstract: The presence of excited-states and charge-separated species was identified through UV
and visible laser pump and visible/near-infrared probe femtosecond transient absorption spec-
troscopy in spin coated films of poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PCDTBT) nanoparticles and mesoparticles. Optical gain in the mesoparticle films
is observed after excitation at both 400 and 610 nm. In the mesoparticle film, charge generation after
UV excitation appears after around 50 ps, but little is observed after visible pump excitation. In the
nanoparticle film, as for a uniform film of the pure polymer, charge formation was efficiently induced
by UV excitation pump, while excitation of the low energetic absorption states (at 610 nm) induces
in the nanoparticle film a large optical gain region reducing the charge formation efficiency. It is
proposed that the different intermolecular interactions and molecular order within the nanoparticles
and mesoparticles are responsible for their markedly different photophysical behavior. These results
therefore demonstrate the possibility of a hitherto unexplored route to stimulated emission in a
conjugated polymer that has relatively undemanding film preparation requirements.

Keywords: transient absorption spectroscopy; conjugated polymers; stimulated emission; nanoparti-
cles; mesoparticles

1. Introduction

Semiconducting polymer films may be a viable alternative to inorganic materials
when high performance is less important than cost. Polymers have a significant advantage
in that they may be solution processed, which permits film preparation routes such as spin
coating, doctor blading, and drop casting. However, polymers need not be dissolved in
solution but rather can be dispersed in a liquid medium as latex particles before being cast
as films. This is appropriate for certain synthetic routes, such as emulsion polymerization or
nanoprecipitation, which result in a particle suspension [1]. These are all compatible with
various cross-coupling routes that can be used to synthesize conjugated polymers [2,3]. This
wide choice of synthesis and film preparation routes allows fine tuning of the morphological
and structural properties of the film. Semiconducting polymer particles can be optimized
for light emission [4,5], energy generation [6,7], or phototherapies [8,9], among other
purposes [10–12].

The optoelectronic properties of polymer films depend, at least indirectly, on their
morphology as well as their electronic structure. Because optical and electronic properties
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are inextricably linked, electronic and excitonic transport need to be optimized for the
required optical properties. For main-chain conjugated polymers, charge transport benefits
from both interchain and intrachain phenomena and also from a good degree of crystal-
lization. Optical properties, however, are less affected by crystallization than transport
properties but perturbing the conjugation length of even rigid polymers is known to affect
them [13]. Indeed, where comparisons between amorphous and crystalline polymers have
been made, it is noted that changes in optical properties are due to the concomitant change
in conjugation length as opposed to chain ordering [14,15].

Semiconducting polymer films that display stimulated emission often have excellent
electroluminescent properties, and so effort spent optimizing optical gain is often per-
formed with wider applications in mind [16]. Although optical gain in semiconducting
polymer films has been known for some time [17] and is not rare, it is not commonplace
either, and some thought is needed to achieve it. Interchain interactions are often a means
of quenching excitations, so control of the photophysics of conjugated polymers can be ob-
tained by enhancing single chain properties through dilution in a matrix of an amorphous
polymer [18], encapsulation in nanochannels [19], or through the use of an appropriately
structured film [20]. The separation of semiconducting polymers from each other (dilution)
does not allow for good electronic transport, but other work [21] showed that, by mixing
different polyfluorenes, it was possible to have films of semiconducting polymers with both
optical gain and excellent charge transport properties. Further, alternative, approaches
include mimicking the effects of dilution by adding a small amount of dimethyl phenylene
into polyfluorene chains [22] or by the supramolecular separation of chains by threading
cyclodextrin rings around the conjugated polymer to create polyrotaxanes [23].

Films are usually produced by spin coating or doctor blading from a polymer solution,
which give rise to good uniformity and control of thickness. Rough films may result in
weaker optical properties due to the scattering of light by the film surface. Such scatter-
ing may be exacerbated in particle films, particularly for particles of optical dimensions.
Nevertheless, it could be reasonably argued that nanoparticle films convey some advan-
tages because confinement inherent in the particles allows some element of dilution by
enhancing intrachain properties due to the extended conjugation length with respect to in-
terchain interactions. However, transient absorption spectroscopy revealed no evidence of
stimulated emission in an aqueous nanoparticle suspension of poly[N-9”-heptadecanyl-2,7-
carbazole-alt−5,5-(4,7-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) [24]. In contrast,
a mesoparticle suspension of PCDTBT in propanol did show stimulated emission in the
infrared region of the spectrum. Here, transient absorption is used to show that the photo-
physics of PCDTBT mesoparticle films (of diameter ~450 nm) is very different to those of
nanoparticle films (~50 nm), and in particular, the mesoparticles exhibit good optical gain.
Nanoparticles on the other hand exhibit photoinduced absorption due to the formation
of charged states, rather than stimulated emission. Both polymers used for these films
exhibit the same optical properties when spin cast from chloroform solution to form a
continuous PCDTBT film. PCDTBT films are largely amorphous when spin coated from
chlorobenzene solution [25], although there is some evidence of limited order when cast
from chloroform [26]. These results show that it is possible to create good optical gain by
the preparation route used to synthesize the films, rather than by using elaborate means to
dilute semiconducting polymers.

2. Results

Figure 1 shows the absorption and emission spectra of the spin-coated nanoparticle,
mesoparticle, and continuous polymer films taken as reference. The absorption spectrum
of the continuous polymer film (red line) exhibits two broad transitions with peaks at 390
(3.19 eV) and at 550 nm (2.26 eV). In agreement with earlier work [24,27,28] the two bands
are identified as the π–π*-transition of the first and second excited singlet states (S1 and S2).
The emission spectrum shows a broad and unstructured emission between 620 (2 eV) and
920 nm (1.35 eV) (red line), peaking at 703 nm (1.77 eV). The spectra of the nanoparticles
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(blue lines) are very similar to that of the continuous polymer film, with a red shift of
around 65 meV for both peaks in both absorption and emission. This is likely to indicate a
more planar chain conformation and an increased conjugation length [29,30].
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Figure 1. Absorption and emission (rightmost peaks) spectra of the continuous polymer (red line),
mesoparticle (black line), and nanoparticle (blue line) spin coated films.

The absorption spectrum of the mesoparticle film (black line in Figure 1), prepared
from a lower molar mass polymer, is quite different from those previously reported for
PCDTBT [27,28]. In contrast to what would be expected [31], both transition peaks are red-
shifted by around 150 meV, and also their relative intensity is changed, with the transition
at 607 nm being more intense than that at 415 nm. The long wavelength absorption tail is
likely to be due to the Rayleigh scattering of light from the 450 nm particles [32]. Despite
the red-shifted absorption, the photoluminescence (PL) emission (black line in Figure 1)
is similar to the one of the polymeric film with the main peak at 703 nm, resulting in an
evident reduction of the Stokes shift.

The left panel of Figure 2 presents the pump-probe spectra at different probe delays
for the continuous polymer film after excitation at 400 nm (Figure 2a) and at 610 nm
(Figure 2c). After excitation at 400 nm the pump-probe spectrum shows the presence
of an initial bleaching band centred around 550 nm (low energy peak in the absorption
spectrum) and a photoinduced absorption band between 650 nm and 780 nm attributed to
charged states [24]. In the first ~10 ps a red shift of the bleaching is present (Figure 2a, red
line) indicating an energy migration towards the lower energetic sites of the absorption
spectrum. In this spectral region an overlap between the positive bleaching signal and the
negative one due to charge formation is also present. To highlight the charge formation, the
dynamics at 750 nm are considered (Figure 2b), which shows a formation time of around
1 ps.

The low energetic sites at 610 nm were also excited. The pump-probe spectrum shows
an instantaneous bleaching of the high and low energetic excited states (see red and black
line in Figure 2d) inducing an initial enlargement of the bleaching band of around 60 nm
(0.19 eV). Nevertheless, even with this pump excitation the photoinduced absorption (PIA)
band due to charged states is present with a low intensity. It is therefore possible to create
charges even for excitation of the tail of the polymeric film of the absorption spectrum. In
this way fewer charges are created, but a gain region in the continuous polymer film is
nevertheless not observed.

The pump-probe spectra are presented at different probe delays for the nanoparticle
film after excitation at 400 nm (Figure 3a) and at 610 nm (Figure 3b) and for the mesoparticle
film (Figure 3c,d). The difference between the films is evident.
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The nanoparticle film is first considered. After excitation at 400 nm, the pump-probe
spectrum shows the presence of an initial bleaching band centred at around 570 nm
(low energy peak in the absorption spectrum) and a photoinduced absorption band at
700–800 nm attributed elsewhere to charged states [24]. The spectrum is similar to the one
of the polymer film even if the dynamics show an instantaneous charge formation (blue
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line in Figure 4a) indicating a more efficient process. Even in this case there is a small red
shift of the bleaching band toward low energetic states.
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Figure 4. Time decays at different wavelengths for nanoparticle (a,c), and for mesoparticle (b,d), spin
coated films at two different pump excitation wavelengths of 400 nm (a,b), and 610 nm (c,d) are
displayed. The ordinates and abscissae for all axes are normalized ∆T/T and probe delay respectively.

After excitation at 610 nm, a very different behavior was observed compared to that
after 400 nm excitation. The positive band extended up to 750 nm indicating the presence
of a long-lived gain region that is not present when exciting at 400 nm. It is therefore
possible to have optical gain after excitation on the tail of the absorption spectrum. The
direct excitation at 610 nm creates few charges (formation time ~10 ps, see Figure 4c),
allowing the nanoparticles to have gain (see Figure 5a for the schematic energy diagram
after each excitations).

Excitation of the mesoparticle films at 400 nm produces a large PIA band in the visible
region and a positive band in the near-infrared region. As already seen in solution [24], the
positive band is attributed to stimulated emission, while the instantaneous negative band
present in the visible region was not present in the transient transmitted spectra of the
solution. Looking at the decay traces (Figure 4b), the signal at 550 nm is instantaneously
created. It has a rapid initial decay and then a recovery of the signal after ~200 fs. The
positive signal at 750 nm is not instantaneously created and has a similar formation time of
~200 fs. The initial PIA band (PIA1) at 550 nm is attributed to the Sn–Sm singlet transition, it
is followed by a fast internal conversion that increases the population of the state S1, which
in turn produces the stimulated emission (gain) at 750 nm and a signal (PIA2) from S1 to
Sn (see the schematic energy diagram in Figure 5b) in the visible region. Moreover, after
~50 ps, a negative band centred at 650 nm (PIA3), attributed to the formation of charged
states, overlaps with the initial photoinduced signal [24]. In the mesoparticle film, after
excitation at 400 nm, this represents a different photophysics compared to the continuous
and nanoparticle films: an internal transition from Sn to S1, a strong gain signal in the
near-infrared region, and slow charge formation are evident.

After excitation of the mesoparticle film at 610 nm, the pump-probe spectra are similar
to the 400 nm excitation. A large negative band in the visible region and a positive one
(gain) in the near infrared are present. The decay traces show that the signals at 750 and
550 nm are both instantaneously created and behave similarly (Figure 4d). This is then a
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direct excitation of the S1 state which produces a stimulated emission in the near infrared
and PIA2 in the visible region (S1–Sn transition). In this case, charges are not created. In
the mesoparticle films, it is possible to have optical gain after excitation at both excitation
wavelengths. After excitation at 400 nm, a 200 fs internal conversion brings the excitation to
the lower energetic site from which stimulated emission is observed. The direct excitation
at 610 nm allows an instantaneous emission with no charge formation.
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where CS indicates the charged state and IC is an internal transition.

3. Discussion

Before comparing the different films, it is important to recall that when these two
particles are dissolved in a common solvent, and spin cast to form a continuous film, they
exhibit the same photophysical properties [24]. This observation provides strong evidence
that differences between the optical properties of the mesoparticle and nanoparticle films
are due to size effects, rather than their differing molar masses.

The red shift in the absorption spectrum of the nanoparticle films, with respect to the
continuous polymer films, can be associated to an increased conjugation length. The Stokes
shift of ~0.49 eV (~150 nm), however, is similar for the two films, with the absorption
and emission spectra red-shifted by the same amount. The mesoparticle films, on the
other hand, display a much smaller (0.27 eV) Stokes shift, leaving the emission spectrum
in the same position as that for the uniform film. The differences in the steady-state
absorption-emission spectra of polymeric assemblies are commonly analyzed within an
H/J-aggregate model [33,34]. As for the mesoparticle suspension [24] but also for the
mesoparticle film absorption spectrum, the π–π*-transition of the first singlet state S1 is red-
shifted with respect to the nanoparticle one while the PL peak is blue-shifted as expected
for J-aggregate-like behavior, which is generally associated with stronger intrachain than
interchain coupling [20,34]. The weak interchain interactions of the mesoparticle films are
responsible for the limited charge formation observed here [27].

Stronger interchain interactions evident in the continuous and nanoparticle films
explains the pump-probe spectra. The fast red shift in the bleaching, due to excitonic
energy transfer [24], reveals the presence of molecular disorder within the continuous
polymer and nanoparticle films. This red shift is not present in the mesoparticle films due
to reduced exciton migration and/or greater molecular order in the mesoparticles.

Furthermore, charge formation in the mesoparticle films is suppressed at the longer
(610 nm) excitation wavelength. Charge formation is very rapid for both the nanoparticle
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and continuous films. However, at the higher energy excitation, charge formation is
observed in all films, although it is slowest in the mesoparticle film, where formation takes
place on the order of 50 ps, compared with 1 ps (continuous film) and 200 fs (nanoparticle
film). The reduced efficiency of charge formation in the mesoparticle films indicates of a
more ordered system in these films, whereas the rapid charge formation in the other films
(nanoparticle and continuous) supports the conclusion of a disordered molecular structure.

Optical gain is absent from the continuous polymer films at both excitation wave-
lengths, and also from the nanoparticle films at 400 nm. However, long-lived stimulated
emission is observed following excitation at 610 nm for the nanoparticle films. This longer
wavelength was not tested in the suspension. The mesoparticle films exhibit optical gain in
the infrared at both wavelengths.

We cannot exclude optical gain existing in all films, but the nanoparticle and continu-
ous polymer films all exhibit strong photoinduced absorption, which may overlap with the
stimulated emission signal. Certainly, it has been possible to detect stimulated emission in
the infrared in PCDTBT films spin-cast from chloroform, after excitation at 400 nm, and
this signal strongly overlapped with that due to photobleaching [28].

It is unlikely that the particle size is the direct reason for the observed behavior, but
rather the effect of the particle size on the chain conformation within the particles. This may
also be a consequence of the synthetic route used to prepare the films. In the mesoparticle
films, the chains are able to order in a way that gives rise to fewer interparticle interactions
competing with intraparticle interactions and consequently less charge formation, which
allows for an increased optical gain.

The phenomenological explanation of the optical properties of these films also applies
to those of the nanoparticle and mesoparticle suspensions, where it was concluded that
the mesoparticles have weaker interchain coupling and the optical properties, including
stimulated emission, are likely to be due to a more J-aggregate-like behavior that is not
observed for the nanoparticle suspension. Although the nanoparticle films revealed some
stimulated emission when fewer charges were created after excitation at 610 nm, the
longer wavelength excitation was not performed in the experiments on the suspensions,
precluding a direct comparison.

4. Materials and Methods

Two routes to create PCDTBT particles were used. High molar mass nanoparti-
cles were created as described previously [35]. PCDTBT (number average molar mass,
Mn = 20.2 kDa with dispersity 2.2) was first synthesized by a Suzuki cross-coupling route [36]
before being dissolved in chloroform. This was added to an aqueous solution of sodium
dodecyl sulfate and sonicated to form a mini emulsion. The chloroform evaporated after
heating at 70 ◦C, leaving an aqueous nanoparticle dispersion. The mean particle diameter
was determined by transmission electron microscopy to be 50 nm.

PCDTBT mesoparticles were created as previously described [37]. PCDTBT (Mn = 4.5 kDa
with dispersity 2.1) was synthesized by Suzuki cross-coupling polymerization in propanol
solution with poly(vinyl pyrrolidone) added as a surfactant. By adjusting the quantity of
surfactant, it was possible to adjust the particle size in the range 0.33–1.3 µm, with a virtu-
ally uniform size distribution. The films created in this work were made of 0.45 ± 0.05 µm
particles.

For the continuous film, chloroform solutions (40 mg/mL) were prepared by dissolv-
ing the mesoparticles and then a film of the polymer was prepared by spin coating.

Film thickness was not a determining factor in these experiments but, in order to get a
good optical signal during the transient absorption measurements, the mesoparticle films
needed to be less than 1 µm thick. Nanoparticle and continuous films were substantially
thinner, and they can be assumed to be of the order of ~100 nm that is typical for transient
absorption measurements.

Absorption and emission spectra were acquired using a Shimadzu UV-3600 spec-
trophotometer (Shimadzu, Marne la-Vallée, France) and a Horiba Scientific Fluoromax-4
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spectrofluorometer (Horiba, Palaissau, France), respectively. The excitation wavelength for
the emission spectra was 390 nm.

Time-resolved measurements were performed using a homebuilt femtosecond pump–
probe setup [24,38]. A Ti:sapphire regenerative amplifier (Libra, Coherent, CA, USA) was
used as a laser source, delivering 100 fs pulses at a central wavelength of 800 nm with
4 mJ pulse energy at a repetition rate of 1 kHz. The second harmonic of the fundamental
wavelength was used for the excitation at λ = 400 nm and for the excitation pulse at
610 nm, a single stage non-linear optical parametric amplifier, pumped at 400 nm was
used. In order to minimize bimolecular effects, the excitation density was kept very
low. White light generated with a 2 mm-thick sapphire plate was used as a probe in
the visible-near infrared range from 450 to 780 nm. For spectrally resolved detection of
the probe light, spectrographs and CCD arrays were used. The chirp in the white light
pulse was taken into account during the analysis and evaluation of the two-dimensional
(wavelength and time) ∆T(λ,τ)/T maps before extraction of the spectral and temporal data
using homemade software. Overall, a temporal resolution of at least 150 fs was achieved
for all excitation wavelengths.

5. Conclusions

Stimulated emission is a phenomenon which occurs in many conjugated polymers
where photoluminescence is observed. However, more often than not, it competes with
other processes such as charge creation or photobleaching and its detection and consequent
utility is impeded. To this extent, researchers have gone to considerable lengths to create
films which have limited interchain optical behavior. In this work, UV-visible absorption
and photoluminescence spectroscopy, coupled with time-resolved transient absorption
spectroscopy was used to demonstrate unambiguous optical gain in hard latex (450 nm)
films of the conjugated polymer PCDTBT. Optical gain was weaker in nanoparticle films. It
is concluded that conjugated polymer mini emulsions may be a viable route to creating
systems with increased conjugation length. However, a full understanding of why such a
preparation route increases the polymer conjugation length, or even whether it does or not,
is lacking.
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Abstract: Amplified Spontaneous Emission (ASE) threshold represents a crucial parameter often
used to establish if a material is a good candidate for applications to lasers. Even if the ASE properties
of conjugated polymers have been widely investigated, the specific literature is characterized by
several methods to determine the ASE threshold, making comparison among the obtained values
impossible. We quantitatively compare 9 different methods employed in literature to determine the
ASE threshold, in order to find out the best candidate to determine the most accurate estimate of it.
The experiment has been performed on thin films of an homopolymer, a copolymer and a host:guest
polymer blend, namely poly(9,9-dioctylfluorene) (PFO), poly(9,9-dioctylfluorene-cobenzothiadiazole)
(F8BT) and F8BT:poly(3- hexylthiophene) (F8BT:rrP3HT), applying the Variable Pump Intensity (VPI)
and the Variable Stripe Length (VSL) methods. We demonstrate that, among all the spectral features
affected by the presence of ASE, the most sensitive is the spectral linewidth and that the best way
to estimate the ASE threshold is to determine the excitation density at the beginning of the line
narrowing. We also show that the methods most frequently used in literature always overestimate
the threshold up to more than one order of magnitude.

Keywords: conjugated polymers; Amplified Spontaneous Emission; optically pumped laser; optical
gain; active waveguides

1. Introduction

Earliest discoveries of stimulated emission from conjugated polymers, dating back to 1992 [1] and
1996 [2], gave rise to intense studies on the optical gain and lasing properties of these materials, aiming
to develop optically and electrically pumped lasers. Conjugated molecules show unique properties
such as wide chemical flexibility, high photoluminescence quantum efficiency (PLQE), high stimulated
emission cross section and electrical conductivity [3–12]. Moreover, organic materials can be easily
processed: they can be deposited from solution through simple techniques such as spin coating [13],
drop casting [14], ink-jet printing [15,16], dip coating [17], solution shearing [18] and blade coating [19].

To date, optical gain and optically pumped lasing have been demonstrated in many families
of conjugated molecules and with a wide range on different resonators [20,21] and a first indication
of lasing effect under electrical pumping has been recently reported [22]. In particular the organic
systems showing optical gain can be divided in the two big families of neat films or blends of active
molecules [2,4–12,23–63], most of the times polymeric, and of blends between inert polymers and
small molecules [30,64–73].

The neat films have the advantage to preserve the charge mobility, and are thus potentially
interesting for the development of laser diodes, while the blends with inert polymers allow to
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avoid quenching effects due to intermolecular aggregation, and are thus particularly interesting
for applications to optically pumped lasers.

Overall the actual performances of organic lasers are still not high enough to allow commercial
applications, thus stimulating further research to develop novel active materials.

A typical initial experiment for the characterization of a new material for laser applications is
the quantification of its Amplified Spontaneous Emission (ASE) properties. The active material is
deposited in the form of thin films on quartz or glass substrates, thus obtaining a planar asymmetric
waveguide. The photoluminescence (PL) spectra are acquired as a function of the excitation density
and, if the material shows optical gain, for high enough excitation density the spontaneous emission is
amplified during the propagation along the waveguide, allowing to observe the appearance of an ASE
band in the PL spectra.

In order to compare different active materials and to determine the best candidate for a potential
laser implementation, the ASE threshold, representing the minimum excitation density which allows
light amplification, is typically used. Materials that show low ASE threshold are considered good laser
active materials, and vice-versa.

Despite the importance of the ASE threshold value for the quantification of light amplification
properties of materials and for their comparison, to date there is no consensus on the correct way
to extract this parameter from the excitation density dependence of the PL spectra (Variable Pump
Intensity, VPI, method). In order to have a complete picture of the current state of the art we focused
our attention to experiments on the ASE properties of active polymers and we investigated 297 papers
published to date, found by a research on Scopus with the string “Amplified Spontaneous Emission
polymer” within “Article title, abstract, keywords” and written in English (see Figure 1) and manually
removing the papers on inert polymer-dye blends and on non organic materials. The first interesting
result (see Figure 1a) is that in 27.0% of the papers on ASE in polymers actually there is not any estimate
of the threshold, while in 21.1% of the papers only qualitative values are provided. This means that
overall in about one half of the papers the ASE threshold is not present at all, or in the best case only a
rough evaluation is given. Focusing the attention on the 51.9% of the papers in which a procedure to
determine the threshold is described, we identified the use of 9 different methods (see Figure 1b).

Most of these methods exploit the differences in the intensity increase with the excitation density
and in the linewidth between the spontaneous emission and the ASE.

Figure 1. (a) Pie chart showing the percentage of papers on Amplified Spontaneous Emission (ASE) in
polymers that quantify the ASE threshold in different ways. (b) Pie chart of the distribution of the main
methods to quantify the ASE threshold.
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In particular, ASE is characterized by an intensity increase with the excitation density stronger
than the spontaneous emission and its spectral lineshape is typically much narrower. Thus, the
transition between the excitation density regime dominated by the the spontaneous emission and the
one in which ASE prevails can be identified by observing the variation of the emission intensity and of
the spectral linewidth as a function of the excitation density.

About 65.9% percent of the papers thus determine the ASE threshold as the excitation density
at which the plot of the emission intensity vs. the excitation density shows a slope increase [23–29],
looking at the PL total intensity (area under the PL spectrum) in 16.7% of the papers, at the ASE peak
intensity in the 13.3%, or without specifying which "intensity" has been investigated in the majority of
the cases (35.9%).

About 27.4% percent of the papers instead find out the ASE threshold from the excitation density
dependence of the spectral linewidth, by considering the peak Full Width at Half Maximum (FWHM),
that typically shows a constant value at low excitation density, when only spontaneous emission is
present, a narrowing when ASE sets in and a further constant lower value when ASE dominates.
Several different criteria are used, like the excitation density at which the FWHM attains one half of the
value it has at low density [33,35–38] (FWHM/2, used in 20.7% of the papers), starts to decrease (even
if without a clear definition) [39–43] (FWHMnar, 2.1%), reaches the average value between the values
assumed at low and at high excitation density [44,45] (FWHMave, 1.5%) or as the excitation density at
which the extrapolation of the data representing the FWHM decrease takes the value corresponding to
the low excitation density [24,46] (FWHMcros, 3.1%).

A different approach exploits the lineshape variation due to the appearance of the ASE band,
identifying the ASE threshold as the minimum excitation density at which the ASE band becomes
visible [49–56] (Visual, 4.7%).

A last method, apparently more rigorous but also less diffused, defines the ASE threshold as the
energy density at which the net gain of the active medium becomes zero, similarly to what happens in
a laser cavity [74] (gain, 0.7%).

Even if all these methods are based on some effect related to the appearance of the ASE,
the different criteria and experimental methods obviously affect the inferred values, making almost
impossible any meaningful comparison of the obtained thresholds and, more importantly, opening the
problem of understanding which is the most correct way to determine the ASE threshold value.

In this paper we report on a detailed quantitative comparison between all the main methods to
determine ASE threshold, in order to quantify the dependence on the used method and to determine
the best one in terms of reliability of the ASE value and of ease of application.

Our analysis is performed on thin films of three different conjugated polymers whose emission
covers the entire visible range, namely poly(9,9-dioctylfluorene) (PFO), poly(9,9-dioctylfluorene-
cobenzothiadiazole) (F8BT) and a blend of F8BT and regio regular Poly(3-hexylthiophene) (rrP3HT)
(F8BT:rrP3HT). These polymers show good solubility in standard organic solvent, good film forming
properties and efficient ASE [12,36,38,41,45,55], and can be thus considered good prototype materials
for homopolymers (PFO), copolymers (F8BT) and host guest blends (F8BT:rrP3HT).

We demonstrate that, for all the samples, the lowest value of the ASE threshold is obtained by
determining the excitation density at which the FWHM of the PL emission peak starts to decrease.
We also demonstrate that the two most widespread methods, which consider the output intensity
slope variation or the FWHM halving, used in about 86.6% of the published papers that quantify the
threshold, provide similar thresholds, but these values are between 2 and 14 times higher than the
best threshold estimate. These results are evidence that, among all the spectral features depending
on the ASE appearance, the most sensitive one is the FWHM decrease, that is used in only 2.1% of
the papers. On the contrary our results suggest that in about 98% of the papers on ASE properties of
conjugated polymers the threshold values are overestimated, up to more than one order of magnitude.
These results are expected to be of general validity and can provide a useful starting base for the correct
quantification of the ASE threshold in polymeric active waveguides.
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2. Results

All the investigated methods to determine the ASE threshold are based on the excitation density
dependence of the PL spectra. In order to probe all the samples in comparable pumping conditions
we initially evaluated the minimum excitation density necessary to observe a PL lineshape variation,
due to the ASE band appearance. This excitation density value defines the first ASE threshold
estimation (called visual in the following) and allows to fix the excitation density range to perform
the VPI measurements. For all the samples we acquired 25 PL spectra at different excitation densities
between about 1/10 and about 10 times the visual threshold.

The PL spectra of the PFO sample show (see Figure 2a), at low excitation density, the typical
spontaneous emission spectrum of the PFO glassy phase with the 0–0 transition peak at about 425 nm,
followed by 0–1 and 0–2 vibronic replicas at about 443 and 480 nm [55]. As the excitation density
increases the lineshape is unchanged, up to an excitation density value of 21 µJcm−2 at which the
spectrum shows a shoulder at about 450 nm (visual threshold). At higher excitation densities a
clear ASE band peaked at 450 nm is observed, due to amplification of the 0–1 spontaneous emission,
progressively dominating the PL spectra.

A progressive blue shift of the ASE band is observed with the excitation density, already observed
in other samples of organic waveguides showing ASE, and typically ascribed to the competition
between ASE and intermolecular energy migration within the disordered density of states [75–77].

The ASE band shows an intensity growth stronger than the spontaneous emission one and a
lower linewidth, thus allowing to exploit the excitation density dependence of the emission intensity
and of the spectral linewidth in order to determine the ASE threshold.

Concerning the line narrowing we observe that the FWHM is typically used in order to quantify
the spectral linewidth. The obtained values (see Supplementary Materials for details) show (see
Figure 2b) an almost constant value of about 16 nm up to about 14 µJ cm−2, a progressive decrease
up to about 35 µJ cm−2 and a constant value of about 4 nm at higher excitation densities. In order to
have a quantitative description of this behavior, we performed a best fit with a constant function up to
14 µJ cm−2 and with a linear decrease between 21 µJ cm−2 and 27 µJ cm−2.

From the best fit curves (see Figure 2b) we determined the threshold as the excitation density
at which:

• the linewidth reaches one half of its constant value at low excitation density (FWHM/2);
• the linewidth reaches the average value between the high one at low excitation density and the

low one at high excitation density (FWHMave);
• the linewidth starts to decrease (FWHMnar);
• the extrapolations of the two best fit lines cross (FWHMcros).

The intervals of the best fit functions have been determined by changing the constant term in the
fit function within one standard deviation, as obtained by the fit procedure. These intervals were then
used to estimate the uncertainty of the threshold values.

Concerning the FWHMnar threshold we considered the first point below the lower constant error
line, representing the first point which deviates from the best line fit for more than one standard
deviation. We thus estimated the threshold as the average between the excitation densities of
this point and of the one immediately before, using their semidispersion as maximum error and
converting it to statistical error. The obtained values, also reported in Table 1, are (26.7± 1.6) µJ cm−2,
(25.0± 1.6) µJ cm−2, (20.4 ± 1.7) µJ cm−2 and (13.4 ± 0.4) µJ cm−2 for FWHM/2, FWHMave,
FWHMcros and FWHMnar, respectively.

The ASE threshold has been also determined exploiting the slope increase, due to the ASE presence,
of the intensity raise with the excitation density (see Figure 2c). In this case we performed two different
linear fits for the data before and after the slope increase, thus determining the threshold as the
excitation density at which the two best fit lines cross. Three different values have been determined
from the data of the total integrated intensity (ITOT), of the peak intensity at the ASE peak wavelength
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(Ipeak) and of the total integrated intensity of the ASE band (see Supplementary Materials for the details
of the procedure used to separate the integrated ASE intensity from the total integrated intensity)
(IASE), namely (24.8± 1.5) µJ cm−2, (27.22± 0.51) µJ cm−2 and (27.8± 1.1) µJ cm−2, respectively
from ITOT, IASE and Ipeak plots (Table 1).
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Figure 2. (a) Excitation density dependence of the photoluminescence (PL) spectra of the
poly(9,9-dioctylfluorene) (PFO) sample. The thicker line evidences the first spectrum in which the
lineshape is modified by the ASE presence. Only 10 spectra of the 25 acquired ones are shown for
clarity. (b) Excitation density dependence of the PL spectra Full Width at Half Maximum (FWHM).
The red lines are the best fit curves and the green lines the limits of the uncertainty range. The colored
empty symbols represent the 4 threshold values extracted by FWHMnar, FWHMcros, FWHM/2 and
FWHMave methods. (c) Excitation density dependence of the integrated PL intensity (ITOT) of the
integrated ASE intensity (IASE) and of the intensity at the ASE band peak wavelength (Ipeak). The red
lines are the best fit curves. Inset: magnification of the ITOT data evidencing the crossing of the best fit
lines used to determine the threshold and the uncertainty bands. (d) Excitation density dependence of
the net gain. The blue line evidences the zero.

Table 1. ASE threshold values obtained with all the methods and for all the investigated samples.

Method ASE Threshold (µJ cm−2)

PFO F8BT F8BT:rrP3HT

Visual ∼21 ∼85 ∼52
ITOT 24.8± 1.5 N/A 148± 10
IASE 27.2± 0.5 142± 15 135.2± 5.6
Ipeak 27.8± 1.1 145± 20 151.3± 7.7

FWHM/2 26.7± 1.6 167.9± 2.0 108.6± 7.8
FWHMave 25.0± 1.6 158.0± 2.0 104.6± 7.8
FWHMcros 20.4± 1.7 64.9± 2.4 66.5± 7.9
FWHMnar 13.4± 0.4 12.03± 0.41 28.1± 3.0

Gain 26.1± 1.4 39.5± 6.1 N/A
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Finally we determined the waveguide net gain by measuring the PL spectra at fixed excitation
density and with stripe length varied between 0 and 4 mm in steps of 0.1 mm (VSL method).
The measurements have been performed at five different excitation densities: below, close to and above
the visual ASE threshold.

Assuming uniform gain along the stripe, the PL intensity dependence on the stripe length is given
by [78]:

I
(
λ, g′, l

)
=

I0 (λ)

g′ (λ)

[
eg′(λ)l − 1

]
(1)

where l is the stripe length, g’ is the net optical gain coefficient and I0 represents the spontaneous
emission intensity per unity length. The experimental data (see Figure S2b) show an almost exponential
increase with the stripe length, followed by a slower growth at high values of the stripe length.
This effect is related to gain saturation, that is not included in the model. For this reason the data
affected by gain saturation have been excluded in the fitting.

At each excitation density the net gain value g′, given by the difference between the gain and the
losses (g′ = g− α), has been obtained from the best fit with equation 1 of the intensity increase with the
stripe length, at each wavelength (see Figure S2b). The best fit values of the net gain g′ at the ASE peak
wavelength of 450 nm at all the investigated excitation densities show (see Figure 2d) a progressive
increase with the excitation density, starting from negative values for the two lowest excitation densities.
This dependence has been reproduced with a third degree polynomial fit, obtaining a last estimate of
the ASE threshold of (26.1± 1.4) µJ cm−2, by determining the excitation density at which the net gain
becomes 0, evidencing that the gain compensates the losses.

A similar experiment has been performed on the F8BT film. The PL spectra show, at low excitation
density (see Figure 3a), the presence of a single broad band, with a shoulder at about 536 nm, a main
peak at about 561 nm and a further shoulder at about 593 nm due to the 0–0, 0–1 and 0–2 transitions,
respectively. As the excitation density increases the lineshape does not change up to 85 µJ cm−2 (visual
threshold) at which a shoulder at about 573 nm starts to be visible. At higher excitation density a clear
ASE band appears, with a peak wavelength of 573 nm [12,58].

In order to determine the ASE threshold from the spectral line narrowing we determined, from all
the acquired spectra, the PL FWHM (see Figure 3b). The obtained results show a more gradual
transition from the high value below the ASE threshold to the low value well above the threshold with
respect to PFO, evidencing a slower increase of the ASE relative contribution to the total emission.
From the best fit with a constant up to 11 µJcm−2 and a linear decrease between 100 µJ cm−2 and
210 µJ cm−2 we determined the threshold values: FWHMnar = (12.03± 0.41)µJ cm−2, FWHMcros =
(64.9 ± 2.4) µJ cm−2, FWHM/2=(168.0 ± 2.0) µJ cm−2 and FWHMave = (158.0± 2.0) µJ cm−2 (see
also Table 1).

Concerning the excitation density dependence of the emission intensity we observe that the
integrated ASE intensity and the ASE peak intensity show the typical kink related to the ASE
appearance (see Figure 3c). This behavior is instead not observed for the total integrated emission
intensity, that shows a gradual increase in all the investigated range, despite the presence of the ASE
contribution (above the threshold). In order to understand this anomalous result we observe that,
at the highest explored excitation density of 1200 µJ cm−2, the integrated ASE intensity is about only
0.39 times the total intensity. This clearly evidences that, despite the progressive increase of the ASE
contribution, even at the highest excitation density the total emission is mainly due to the spontaneous
emission that has a clearly lower peak intensity, but also a much larger linewidth. Thus, the appearance
of the ASE band in the spectra does not result in a clear variation of the integrated intensity growth,
hidden by the dominating contribution of the spontaneous emission.

The ASE threshold has been thus determined only from the best fit with linear functions of the data
of the integrated ASE intensity and of the ASE peak intensity, obtaining a value of (142± 15) µJ cm−2

and (145± 20) µJ cm−2, respectively.
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Figure 3. (a) Excitation density dependence of the PL spectra of the F8BT sample. The thicker line
evidences the first spectrum in which the lineshape is modified by the ASE presence. Only 10 spectra
of the 25 acquired ones are shown for clarity. (b) Excitation density dependence of the PL spectra
FWHM. The red lines are the best fit curves and the green lines the limits of the uncertainty range.
(c) Excitation density dependence of the integrated PL intensity (ITOT) of the integrated ASE intensity
(IASE) and of the intensity at the ASE band peak wavelength (Ipeak). The red lines are the best fit curves.
Inset: magnification of the Ipeak data evidencing the crossing of the best fit lines used to determine the
threshold and the uncertainty bands. (d) Excitation density dependence of the net gain. The blue line
evidences the zero.

The last ASE estimate has been obtained from the excitation density dependence of the net gain
at the ASE peak wavelength of 573 nm (see Figure 3d), showing an almost linear increase with the
excitation density. The excitation density of zero net gain is (39.5± 6.1)µJ cm−2.

The last investigated sample is the F8BT:rrP3HT blend film. The PL spectra show, below the
ASE threshold, the typical linewidth of the rrP3HT emission (see Figure 4a), with a 0–0 line at about
640 nm and a 0–1 vibronic replica at about 666 nm. The absence of F8BT PL is due to the efficient
F8BT→rrP3HT Förster Resonant Energy Transfer [36,38]. As the excitation density reaches 52 µJ cm−2

the relative intensity of the 0–1 line starts to increase (visual ASE threshold) and, at higher excitation
density, a clear ASE band peaked at about 668 nm is observed. In this sample the ASE band shows a
weak modulation, well visible above 130 µJ cm−2, likely due to random lasing assisted by scattering
from morphological irregularities in the film [59–62].This attribution has been confirmed by SEM
measurements showing (see Figure S3c,d) the lack of thickness uniformity in the film. In particular
the thickness is about 1.25 µm close to the substrate edge, and progressively decreases to about 340
nm close to the film center. This effect is likely related to the deposition from a hot solution and to the
solution temperature decrease during the spin coating, leading to a higher thickness toward the edges.

Similarly to the F8BT films, the spectral FWHM shows a gradual transition from the constant
value of about 89 nm well below threshold to about 8.5 nm well above it (see Figure 4b). Concerning
the emission intensity increase with the excitation density we observed a clear slope variation, related
to the ASE appearance, in the total integrated intensity, the ASE integrated intensity and the ASE
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peak intensity (see Figure 4c). Following the already described procedures we thus estimated the ASE
threshold values reported in Table 1.
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Figure 4. (a) Excitation density dependence of the PL spectra of the F8BT:rrP3HT sample. The thicker
line evidences the first spectrum in which the lineshape is modified by the ASE presence. Only 11
spectra of the 25 acquired ones are shown for clarity. (b) Excitation density dependence of the PL
spectra FWHM. The red lines are the best fit curves and the green lines are the limits of the uncertainty
range. (c) Excitation density dependence of the integrated PL intensity (ITOT) of the integrated ASE
intensity (IASE) and of the intensity at the ASE band peak wavelength (Ipeak). The red lines are the
best fit curves. (d) Excitation density dependence of the net gain showing the lack of negative values.
The blue line evidences the zero.

On the contrary, the excitation density dependence of the net gain at the ASE peak wavelength
(see Figure 4d) shows a progressive increase with the excitation density, but it never shows negative
gain values, even at the lowest input energy density that is 1.5 times below the lowest quantitative
estimate of the ASE threshold and about 3 times below the visual ASE threshold. The lack of transition
between negative and positive values of the net gain prevented an evaluation of the ASE threshold
from the g′ = 0 condition.

3. Discussion

All the obtained ASE values are determined by exploiting the effects of the ASE appearance on
several spectral features, like linewidth, lineshape and output intensity, or by relating the ASE to the
presence of positive net gain. In this section we will compare the values extracted from the all the
investigated methods in order to determine the most reliable one and thus the best method to correctly
quantify the ASE threshold.

As a preliminary step we observe that the ASE threshold is the minimum value of the excitation
density that induces the ASE presence. By definition of minimum all the experimental values,
determining the excitation density at which some effect related to ASE becomes observable, cannot be
lower than the real threshold. For this reason, among all the experimental values, the lowest value will
be the one closest to the real threshold, and will thus provide the most reliable estimate of the threshold.
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The plot of the threshold values as a function of the used method (see Figure 5a) allows to observe
a similar trend for all the three investigated polymers evidencing that the relative values extracted by
different methods are mostly independent of the specific material.

In particular, for all the investigated samples, the lowest ASE threshold is always obtained by the
FWHMnar method. This allows us to conclude that the quantity most sensitive to the ASE presence is
the spectral linewidth and that the beginning of the line narrowing allows to determine the lowest
threshold value. For this reason the method FWHMnar can be considered the best one for a reliable
determination of the ASE threshold value.

It is important to observe that, rather surprisingly, the ASE threshold is determined by the
FWHMnar method only in about 2.1% of the papers quantifying the ASE threshold, evidencing that in
the remaining 97.9% the reported thresholds are systematically overestimated.

The sensitivity of the FWHM decrease to the ASE appearance can be clearly evidenced by
observing that in all the samples the line narrowing is detectable at an excitation density much
lower than the one that allows to observe a variation of the linewidth (given by the visual threshold).
In particular the two samples with the highest relative ASE contribution to the emission, i.e., PFO
and F8BT:rrP3HT, show a FWHMnar threshold about 2 times lower than the visual one, while in F8BT,
that shows the lowest relative ASE intensity, the linewidth reduction starts at an excitation density
7 times smaller than the visual threshold.

Concerning the other methods the ones that provide ASE threshold closer to the FWHMnar are
always the visual method and the FWHMcros, both leading to similar ASE threshold values (with
relative differences between almost negligible for PFO, and of about 30% for F8BT). This suggests that
the excitation density determined by FWHMcros basically coincides with the one of ASE appearance in
the spectra.

Moving to the most popular methods, we observe that the threshold values obtained with Itot,
IASE and Ipeak are always comparable within about 10%. However these values are systematically
much larger than the FWHMnar ones, with differences between about 2 times for PFO up to 12 times
for F8BT.

The threshold values obtained by the FWHM/2 method are overall comparable with the ones
extracted from the intensity slope increase, with relative differences between almost 0 for PFO and
about 28% for F8BT:rrP3HT.

One should be aware that the methods based on the slope variation and the FWHM/2 one lead to
a systematic overestimation of the threshold, that is dependent on the specific material and that can
exceed one order of magnitude.

The threshold overestimation is intrinsic of the method definitions as both the intensity slope
increase and the FWHM halving are obtained when the ASE contribution starts to dominate the
emission, and not when ASE emission appears.

Finally we observe that the threshold values obtained from the g′ = 0 condition are completely
unpredictable and not reliable. This is due to the dependence of the gain values on the thickness
uniformity; so irregularities result in a limited capability to determine the net gain with the accuracy
(within fraction of cm−1) necessary to correctly find the excitation density of 0 net gain. Our samples
clearly show this effect, as PFO is the sample with the highest thickness uniformity and shows a
threshold value obtained from the gain value comparable to the ones obtained from the intensity and
the FWHM halving. F8BT, presenting some thickness fluctuations, is instead characterized by a clearly
reduced value obtained from the gain. Finally the F8BT:rrP3HT film, that is the worst sample in terms
of uniformity, never exhibits negative gain values.

Another important aspect to consider in order to compare the different methods is their ease of use,
that can be evaluated from an estimate of the total working time that they need (see the Supplementary
Materials for details and Figure 5b).

In this case we observe that the visual method is largely the fastest one, needing just a few minutes,
and it is the most suitable for the investigation of the ASE threshold uniformity across the sample

171



Molecules 2020, 25, 2992

in short times. All the other methods based on VPI experiments are instead roughly comparable in
term of working times, strongly suggesting that FWHMnar provides overall the best choice to combine
correct values and reasonable measurement times. The only foresight in order to be able to determine
the beginning of the line narrowing with a small error bar is to acquire a reasonable number of spectra
at excitation densities below the visual threshold one. In our experiment the presence of 10 spectra
below the visual threshold and starting from an excitation density about 10 times below it allowed to
determine the FWHMnar threshold with a relative uncertainty below 10% in all the samples.

Moreover, by looking at the three methods based on the intensity growth analysis we suggest
Ipeak as the best choice, as it allows to get a threshold value comparable with ITOT and IASE, but in
clearly shorter times.

Finally, also working time considerations strongly suggest to avoid the use of gain measurements
to quantify the threshold as, beyond the risk of completely unreliable values, the necessary time to get
the threshold values are at least 4 times higher than the FWHMnar ones. It is also relevant to evidence
that this time has been estimated for the determination of the gain at a single wavelength. In our
experiment the maximum gain wavelength has been determined from the gain spectra including
values at 75 different values around the ASE peak wavelength, considerably increasing the time to
obtain each reported value.
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Figure 5. (a) ASE threshold values for PFO (top), F8BT (middle) and F8BT:rrP3HT (bottom). (b) Estimated
working times for all the methods. All the lines are guides for the eyes.

4. Materials and Methods

4.1. Sample Preparation

PFO and F8BT were provided by ADS dyes (Canada) while rrP3HT was provided by Sigma
Aldrich (now Merck KGaA, Germany). All the polymers have been used as received.

All the samples have been realized by spin coating from 15 mg/mL toluene solutions, with a
rotation speed of 500 rpm for 5 s and 2500 rpm for 2 min, on glass substrates.

The PFO solution has been heated at 50◦ for few minutes, in order to avoid the formation of the
β-phase [55,63].

The F8BT:rrP3HT blend has been prepared by mixing two 15 mg/mL toluene solutions of the
individual materials with a relative concentration of 80:20 by weight, chosen in order to minimize ASE
threshold [38]. In order to avoid rrP3HT aggregation the final solution has been heated at about 60◦

and the spin coating has been done from the hot solution [36,38].

4.2. VPI and VSL Measurements

All the samples have been excited by a LTB MNL 100 Nitrogen laser, delivering 3 ns pulses with a
repetition rate of 10 Hz and a wavelength of 337 nm. The laser beam has been focused on the sample
by a cylindrical lens, obtaining a rectangular pump stripe with 80 µm width. The stripe length has
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been varied through a micrometric slit up to 4 mm. The pump stripe has been placed at the edge of
the film and the edge emitted radiation has been collected by a lens system coupled with an optical
fiber connected to a computer-controlled Acton 750 spectrometer, and detected by an Andor Peltier
cooled CCD. The spectral resolution was 0.5 nm. All the measurements have been performed at room
temperature and, in order to avoid photodegradation effects, in vacuum (10−2 mbar).

The VPI measurements have been performed by keeping the stripe length fixed at 4 mm and
by changing the excitation density with a continuously variable neutral filter. As a first step in the
measurements we determined the excitation density at which the ASE band starts to be visible in the
spectra by acquiring the PL spectra in real time while progressively increasing the excitation density.
The VPI measurements have been then performed at 25 different excitation density values from 1/10 to
10 times this value.

The VLS measurements have been instead performed by keeping fixed the excitation density and
by changing the pump stripe length from 0 mm to 4 mm in steps of 0.1 mm. The measurements have
been performed at no less than 5 different values of the excitation density between 1/3 and 3 times the
visual ASE threshold.

4.3. Thickness Measurements

The film thickness has been determined from Scanning Electron Microscopy (SEM) images in
cross section. The images have been collected by a JEOL JSM-6480LV SEM, operated at 20 kV. In order
to prevent charging effects the samples have been metalized by depositing a 10 nm-thick gold film on
the surface by sputtering in Ar atmosphere at a pressure of 10−1 mbar, with a Quorum Technologies-
Emitech K550x sputter coater.

5. Conclusions

In conclusion, we reported a quantitative comparison among various currently employed methods
to determine the ASE threshold of organic active waveguides, in order to find the one that allows to
determine the most accurate estimate of the ASE threshold.

We demonstrated that the spectral feature most sensitive to the ASE appearance is the spectral
linewidth, and that the most reliable way to quantify the ASE threshold is to determine the excitation
density at which the line narrowing starts. We also evidenced that the most common methods used
in literature, determining the threshold from the slope variation of the intensity growth or from the
FWHM halving, permit to determine the excitation regime at which the ASE starts to dominate the
emission, but systematically overestimate the ASE threshold up to 14 times. Our results will be useful
to correctly quantify the ASE threshold in polymeric waveguides, and to easily compare the ASE
properties of different novel materials.

Supplementary Materials: The following are available online, Figure S1: Example of the variation of the peak
wavelength with the excitation density for the PFO film, Figure S2: a: Example of the determination of the ASE
integrated intensity for the PFO film. b: Intensity increase with the stripe length for the PFO film and best fit line.
Figure S3: SEM image in cross section of the investigatd samples, Table S1: Estimated working time in minutes for
the determination of the ASE threshold values for each method.
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