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Preface

This Special Issue of Photochem is dedicated to Prof. Rui Fausto in recognition of his influential
contributions to the photochemistry of organic molecules and matrix-isolated reactive intermediates.
This Special Issue’s 12 articles span key topics in these areas, underscoring the impact of Prof. Fausto’s
work.

Rui Fausto was born in Coimbra, Portugal, graduated from the University of Coimbra in
1984, and obtained his Ph.D. in chemistry in 1988. After a postdoctoral tenure at the National
Research Council of Canada, he returned to Coimbra, establishing a pioneering research program
in molecular spectroscopy and computational chemistry. In 1994, he founded the Laboratory
for Molecular Cryospectroscopy and Biospectroscopy (LMCB), now globally recognized for
low-temperature spectroscopy and photochemistry. LMCB’s research areas include matrix-isolation
infrared spectroscopy and the study of chemical intermediates.

Rui Fausto is a Professor and Coordinator of the Computational Chemistry, Spectroscopy,
and Thermodynamics Research Group at the University of Coimbra and holds the ERA-Chair
Spectroscopy@IKU at Istanbul Kiilttir University (Tiirkiye). He is President of the Steering Committee
of the European Congress on Molecular Spectroscopy (EUCMOS) and serves on several scientific
editorial boards. Throughout his career, he has held leading roles within the University of Coimbra,
including President of the Academic Council and Institute for Interdisciplinary Research and Vice
President of the Faculty of Science and Technology’s Scientific and Directive Boards. He has
also served as President of the Physical-Chemistry Division of the Portuguese Chemical Society.
Recognized for his scientific excellence, he received the RSC Journal Grant for International Authors
in 2002 and the Portuguese Science Foundation’s Excellence Prize in 2004 and 2005. With over 50
scientific books/book chapters and over 500 articles, Rui Fausto is a leading figure in his field.

Prof. Fausto is especially praised for pioneering vibrational excitation as a method to induce
chemical reactivity in matrix-isolated organic molecules, which appears as a powerful and elegant
strategy for the manipulation of chemical structures. His work on infrared and ultraviolet-induced
photochemistry of reactive intermediates has opened new avenues for understanding chemical
reactivity in organic compounds. Recently, his research on quantum mechanical tunneling strongly
contributed to the renaissance of this field of research.

Beyond his scientific achievements, Rui Fausto is a dedicated mentor and advocate for music,
painting, and human rights, exemplifying his broad intellectual and humanitarian outlook.

We extend our gratitude to the colleagues and reviewers who contributed to this Special Issue,

honoring Prof. Fausto’s legacy and advancing the scientific excellence showcased here.

Gulce Ogruc Ildiz and Licinia L. G. Justino
Guest Editors
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Article

UV Photolysis Study of Para-Aminobenzoic Acid Using
Parahydrogen Matrix Isolated
Spectroscopy

Alexandra McKinnon, Brendan Moore, Pavle Djuricanin and Takamasa Momose *

Department of Chemistry, The University of British Columbia, Vancouver, BC V6T 171, Canada;
alxmck@chem.ubc.ca (A.M.); bmoore@chem.ubc.ca (B.M.); pavledju@chem.ubc.ca (P.D.)
* Correspondence: momose@chem.ubc.ca; Tel.: +1-604-822-5265; Fax: +1-604-822-2847

Abstract: Many sunscreen chemical agents are designed to absorb UVB radiation (and in some cases
UVA) to protect the skin from sunlight, but UV absorption is often accompanied by photodissociation
of the chemical agent, which may reduce its UV absorption capacity. Therefore, it is important to
understand the photochemical processes of sunscreen agents. In this study, the photolysis of para-
aminobenzoic acid (PABA), one of the original sunscreen chemical agents, at three different UV ranges
(UVA: 355 nm, UVB: >280 nm, and UVC: 266 nm and 213 nm) was investigated using parahydrogen
(pHp) matrix isolation Fourier-Transform Infrared (FTIR) Spectroscopy. PABA was found to be stable
under UVA (355 nm) irradiation, while it dissociated into 4-aminylbenzoic acid (the PABA radical)
through the loss of an amino hydrogen atom under UVB (>280 nm) and UVC (266 nm and 213 nm)
irradiation. The radical production supports a proposed mechanism of carcinogenic PABA-thymine
adduct formation. The infrared spectrum of the PABA radical was analyzed by referring to quantum
chemical calculations, and two conformers were found in solid pH,. The PABA radicals were stable

Citation: McKinnon, A.; Moore, B.; in solid pH, for hours after irradiation. The trans-hydrocarboxyl (HOCO) radical was also observed
Djuricanin, P,; Momose, T. UV as a minor secondary photoproduct of PABA following 213 nm irradiation. This work shows that
Photolysis Study of pH, matrix isolation spectroscopy is effective for photochemical studies of sunscreen agents.

Para-Aminobenzoic Acid Using

Parahydrogen Matrix Isolated Keywords: PABA; PABA radical; photolysis; matrix isolation; parahydrogen
Spectroscopy. Photochem 2022, 2,
88-101. https:/ /doi.org/10.3390/
photochem2010008

Academic Editor: Gulce Ogruc Ildiz 1. Introduction

and Licinia L.G. Justino The ozone layer in the stratosphere absorbs all UVC light and some UVB light, pre-
venting most of this harmful radiation from reaching the surface of the earth. However, as
the ozone hole grows, more UVB light reaches the surface of the earth, increasing the rate of
skin cancer in humans [1]. Introduced in 1943, para-aminobenzoic acid (PABA) was one of
the first active ingredients in sunscreen and subsequently was a component for both vitamin
Publisher’s Note: MDPIstaysneutral - gynthesis and for combating premature hair greying [2,3]. PABA’s absorption capabilities of
with regard to jurisdictional claims in - {7V ]jght make it a useful agent for preventing sun burns and cancerous skin tumors, which
has been proven by experiments on mice [4,5]. However, electronic excitations of molecules
via UV radiation often cause photodissociation of molecules, resulting in the degradation

of UV absorption capabilities. Thus, understanding both the degradation process and the
UV resistance of any sunscreen materials, such as PABA, are important. As PABA was
once one of the most broadly used sunscreens, it is an ideal starting point for photolysis
studies of sunscreen molecules [6,7]. Indeed, Chan et al. emphasized that PABA becomes
This article s an open access articde  €active under UV irradiation. In the presence of thymine, a nucleic acid, photolyzed PABA
distributed under the terms and  (SUpposedly through the undetected intermediate radical) forms a carcinogenic adduct,
conditions of the Creative Commons breaking DNA strands [819]
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Attribution (CC BY) license (https:// In the gas phase, the S < 51 transition of PABA occurs at 292.6 nm [10]. PABA’s UV
creativecommons.org/licenses /by / absorption has been measured in 10 different organic solvents, with maximum absorptions
40/). ranging from 280.9 nm in n-butyl acetate to 289.0 nm in methanol and ethanol [11]. A
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previous study reported that PABA’s UV absorption in water has an absorption maximum
of 260 nm and that there is a second absorption band at a wavelength less than 240 nm [12].
UV photolysis studies of PABA in solution show that PABA undergoes self-reactions
following photolysis [13]. In anaerobic conditions, Shaw et al. reported two photoproducts
following 254 nm and >290nm irradiation: 4-(4’-aminophenyl)aminobenzoic acid and
4-(2'-amino-5'-carboxyl)aminobenzoic acid [13]. Figure 1 shows the two photoproducts
of PABA photolysis in solution, reporting that 4-aminylbenzoic acid (referred to as the
PABA radical hereafter) was likely the predecessor of the two photoproducts, but due to
rapid self-reactions, they were unable to isolate the radical in the solution [13]. Shaw et al.
also reported that the PABA-thymine adduct was produced by photolyzing PABA in the
presence of thymine, showing that the PABA radical was also the likely predecessor of this
adduct, but were still unable to detect the PABA radical [9]. Other previous PABA photolysis
studies in solution reported hydroxyl radical production, though PABA’s elementary
photolytic processes were unknown [14].

H H

v

y 0—y
\
N
-1 0

I\o

O O

/

H

Figure 1. The two photoproducts that Shaw et al. observed following both 254 nm and >290 nm
PABA photolysis in anaerobic solution [13]. (Left): 4-(4’-aminophenyl)aminobenzoic acid. (Right):
4-(2'-amino-5'-carboxyl)aminobenzoic acid.

Matrix isolation allows the observation of elementary pathways by stabilizing reactive
species and preventing self-reactions. Parahydrogen (pH;) was introduced as a matrix host
at the end of the twentieth century [15]. A pH; matrix has properties that are advantageous
over other matrix hosts. Due to its weak cage effects, molecules produced through in-situ
photolysis in pH; can escape the lattice site and are isolated in a cryogenic environment,
thus avoiding any further radical recombination reactions [16]. This reduces the number
of possible photoproducts that can form following photolysis, simplifying photolysis
mechanisms and improving accuracy in assigning photoproducts. Furthermore, a pH,
matrix provides sharper, narrower spectral peaks, which can be studied in more detail by
infrared spectroscopy [15-17]. In this study, the pH; matrix isolation spectroscopy was
used to investigate the photodegradation of PABA. A pH, matrix sample containing PABA
was irradiated with three different UV ranges (UVA: 355 nm, UVB: >280 nm, and UVC:
266 nm and 213 nm), and the resulting photoproducts were detected by Fourier-Transform
Infrared (FTIR) Spectroscopy.

2. Materials and Methods

Normal hydrogen gas (99.99%, Praxair Canada Inc., Mississauga, Canada) was con-
verted to >99.9% pH, with (FeOH)O as a magnetic converter at 14.1 K using a closed
cycle He fridge [18]. The pH; was then deposited onto a BaF, window inside a cryostat
at 3.8 K. PABA (>99%, Sigma—-Aldrich, Oakville, Canada) was sublimed and deposited
from inside a Knudsen cell heated to 110 °C at the same time as the pH, deposition for
approximately 1 h, trapping PABA inside the pH; matrix [19]. Approximately 10-60 ppm
PABA was deposited. The concentration of PABA and its photoproducts were estimated
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from the peak area, the calculated intensity of the peak, and the crystal thickness [20].
Table S1 in the ESI shows the peaks chosen for PABA and the photoproducts, as well as the
modes’ intensities. The thicknesses of the samples ranged from 1.2 mm to 1.8 mm, which
were determined by previously developed protocols, which include the peak area of the
4495-4520 cm 1 pHy peak [20]. After deposition, PABA was irradiated with 213, 266, or
355 nm UV pulses generated by a Nd:YAG laser (Litron, Nano-SG 150-10 10 Hz repetition
rate, Rugby, England) or with broadband radiation at >280 nm using a 450 W xenon lamp
(Ushio, UXL-451, Tokyo, Japan) equipped with a 290 nm long-pass filter (Toshiba UV 29,
Tokyo, Japan). As the photon density employed in this work was different at different
wavelengths, quantitative comparison of the photodissociation rates is not discussed in
this work. The wavelengths were chosen based on the previous PABA UV absorption
studies [10,12]. Furthermore, 355 nm is past the top absorption band, >280 nm is near the
peak of the first absorption band, 266 nm is in between the two absorption bands, and
213 nm is near the second absorption band. Figure 2 depicts the experimental setup. In the
cryostat, both the pH, gas line and the Knudsen cell tip point directly towards the BaF,
window and both are equidistant from the window. The UV light travels at a 45° angle
towards the window. The irradiation time of each wavelength varied, ranging from 30
to 60 min. Infrared spectra were collected by a Fourier Transform infrared spectrometer
(Bruker, IFS 125 HR, Ettlingen, Germany) with 0.1 cm~! resolution averaged over 100
scans. Vibrational frequency calculations of PABA and the PABA radical were carried out
using Gaussian 09 [21]. BBLYP/cc-pVDZ was used because of its reliability to calculate
vibrational frequencies of small organic molecules, as well as its low computational cost.

Knudsen

pH,
Gas Line

to detector H

IR Light

| |R9F BaF

BaF; i
uPIate indow

Figure 2. The experimental setup of the cryostat used for irradiation experiments.

3. Results and Discussion
3.1. Matrix-Isolation Infrared Spectroscopy of PABA

There are two PABA conformers, one of which is found to be substantially more
stable. The geometries of the two PABA conformers are shown in Figure 3. Their optimized
geometries obtained using B3LYP/cc-pVDZ are listed in Table S2 of the ESI. Conformer (I),
which has a cis carboxyl group, was found to be more stable than Conformer (II), in
which the carboxyl group is trans. In both conformers, the carboxyl groups reside in
the plane of the phenyl ring. In contrast, the two amino hydrogen atoms are out of the
plane of the phenyl ring with a H-N-C-C dihedral angle of 23.5°for both conformers. The
zero-point energy corrected barrier height between the 23.5° and the —23.5° H-N-C-C
dihedral angle is 7.51 k] mol~! for Conformer (I). The less stable conformer of PABA
(Conformer (II)) is 28.13 kJ mol ! higher in energy than the most stable conformer of PABA
(Conformer (I)). The zero-point energy corrected barrier to conversion from Conformer (I) to
Conformer (II) is 49.77 k] mol !, and from Conformer (IT) to Conformer (I) is 21.64 k] mol .
Conformer (I) has a calculated conformation population distribution of 99.98% at the
sublimation temperature.
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Figure 3. The most stable conformer (Conformer (I)) and the less stable conformer (Conformer (II)) of
PABA. Red: oxygen, blue: nitrogen, black: carbon, and white: hydrogen.

Figure 4 compares the pHj-isolated IR spectrum of PABA and theoretically calculates
vibrational transitions for both conformers of PABA. The entire PABA IR spectrum in
the spectral range between 3675 cm~! and 675 cm ™! is shown in Figure S1 in the ESL.
The observed peaks shown in Figure 4 match well with those of Conformer (I). Table 1
displays the theoretical vibrational frequencies of Conformer (I) and observed frequencies
in pHy, as well as those in the gas and solid states previously reported [22,23]. The
30 vibrational modes of PABA can be assigned in this spectral region. According to the
calculations, most of the remaining modes reside at frequencies lower than 650 cm~!, as
listed in Table S3 in the ESI. The NH, asymmetric stretching mode at 3437 cm~! shows
a doublet with peaks separated by 1.1 cm~!, and the NH, symmetric stretching mode
at 3532 cm~! shows a doublet with peaks separated by 1.3 cm~!. These doublets can be
attributed to the NH, inversion tunneling splitting previously discussed for aniline [24].
The vibrational modes of the HOCO unit also show doublet peaks with slightly larger
separations. The H-C-O bending at 1364-1368 cm~! has a separation of 3.6 cm~!, the
C=O0 stretching at 1744-1746 cm ! has a separation of 2.4 cm ™!, and the O-H stretching at
3580-3583 cm !, has a separation of 2.6 cm~!. These splittings may also be due to tunneling
motion. Although the HOCO unit is in the plane of the phenyl ring, the phenyl ring itself is
slightly out of plane due to the twisted NH;, which could induce tunneling splitting in the
vibrational modes of the HOCO unit.

L,LLwMMM
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Figure 4. The IR Spectrum of PABA in pH; compared to the anharmonic B3LYP/cc-pVDZ intensities
of PABA Conformer (I) (red) and Conformer (II) (blue).
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Table 1. Observed and calculated wavenumbers (cm 1) of PABA and their intensities (km mol~1). #

Vibrational Mode Theoretical * Solid Gas pH,
Conformer (I) State [22] Phase [23] Matrix
C=C-C Wag 697.92  (23.09) 694 698.0 (20.62)
O-C-O Scissor 72594 (7.59) 734 732.3 (4.13)
C-C-C Bend 8 770.40 (27.35) 773.43 770 771.6 (10.92)
C-C-C Bend 8 836.13 (14.97) 832.14 840 840 *
C=C-C Scissor 841.92 (8.41) 843 *
C-H Bend 947.20 (0.74) 954.6 (0.18)
H-C-C Scissor 964.63 (0.21) 967.4 (0.12)
H-C-C Rock 1006.49 (26.28) 1012.6 (0.68)
NH; Rock 1046.07 (17.85) 1048.5 (6.52)
NH, Rock § 1087.64 (123.18) 1065.26 1080 1086.6 (54.61)
C-O Stretch 1124.00 (3.82) 11279 (1.74)
H-C-C Bend § 1154.98 (178.25) 1169.17 1166 1164.8 (81.01)
C-O-H Scissor 1187.34 (38.55) 1198 1194.7 (19.26)
C-H Bend 1295.27 (7.09) 1260 1274.6 (1.23)
C-O Stretch 1305.85 (63.39) 1288.92 1286 1300.6 (32.48)
C-O Stretch 1347.04 (16.10) 1325 1335 *
H-C-O Bend 1360.55 (121.57) 1367.66 1360 1364.2,1367.8 (41.33)
C=C Stretch 1441.77 (14.14) 1421.41 1434 14409 (6.18)
C=C Asym. Str. 1513.15 (17.55) 1518 1523.8 (13.82)
C=C Asym. Str. 1578.09 (5.01) 1583.3 (2.96)
NH, Scissor 1596.06 (8.61) 1606.7 (12.26)
NHj Scissor § 1623.35 (271.97) 1620.18 1622 1624.2 (100.00)
C=0 Stretch § 1767.10 (287.04) 1690.90 1754 1743.9,1746.3 (109.75)
C-H Asym. Str. 3010.33 (17.31) 3010 3016.2 (0.70)
C-H Asym. Str. 3016.28 (14.37) 3028.9 (2.57)
C-H Sym. Str. 3061.17 (1.94) 3044 3052.3 (3.25)
C-H Sym. Str. 3070.83 (11.15) 3074 3079.3 (3.01)
NH, Asym. Stetch S 3399.32 (26.90) 3460.70 3422 3436.2, 3437.3 (19.59)
NH, Sym. Stretch § 3491.38 (10.41) 3510 3531.0, 3532.3 (8.59)
O-H Stretch § 3525.95 (64.46) 3607.25 3586 3580.4, 3583.0 (19.32)

# Intensities are written in parentheses. * Calculated with B3LYP/cc-pVDZ with anharmonic approximation [21].
1 This work. Intensities in the parenthesis are normalised to the 1624.2 cm™! transition. Doublets have both peaks
listed and their combined intensity in parentheses. * Two or more PABA peaks overlap. § Reference [22].

As shown in Figure 4, most of the observed peaks are assigned to Conformer (I).
According to the calculation (Table S3 in the ESI), Conformer (II) has a strong peak at
1624.8 cm~! for the NH, scissoring mode and at 1796.5 cm~! for the C=0 stretching
mode. These peaks are predicted to be shifted to slightly higher frequencies than the
corresponding Conformer (I) peaks. As shown in Figure S1 of the ESI, weak peaks are
observed at 1631 cm~! and 1762 cm !, both of which are slightly higher frequencies than the
corresponding Conformer (I) peaks. These weak peaks may be assigned to Conformer (II),
whose predicted wavenumbers are 1624.8 cm ™! and 1796.5 cm ™!, respectively. Unassigned
peaks at 1317 cm~! and 1326 cm ! may also be attributed to the C-N and C-O stretching
modes of Conformer (II), whose predicted wavenumbers are 1304.5 cm 1 and 1309.1 cm™ 1,
respectively. Although these assignments are still tentative, the intensity of Conformer (II)
is significantly weaker than that of Conformer (I), which indicates that the majority of PABA
isolated in pHj is of Conformer (I) geometry. Previous gas phase studies also concluded
that PABA has only one stable rotamer [11,25,26].

3.2. UVA: 355 nm Irradiation

Following 10 min of 20 mJ of 355 nm irradiation, negligible photolysis of PABA
was observed. The concentration of PABA decreased by 0.3% and no photoproducts were
observed, thus confirming that there is no photodissociation of PABA at 355 nm.
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3.3. UVB : >280 nm Irradiation

Irradiation of PABA using the xenon lamp with a 290 nm long-pass filter reduced the
PABA peaks and generated new peaks. The top trace in Figure 5 shows a difference spec-
trum after irradiating PABA with >280 nm radiation minus the spectrum before irradiation.
Several new peaks were clearly seen after the >280 nm irradiation. The entire difference
IR spectrum is shown in Figure S2 in the ESI. Figure 6 shows the temporal behaviour of
these newly formed peaks at 774 cm~! and 1078 cm~! as a function of the >280 nm irradi-
ation time. Both peaks showed a doublet structure, and the temporal behaviour of each
component of the doublets are shown. All peaks showed the same irradiation behaviour
with a single exponential increase. The fitted rate constants agree within 20% between the
four peaks: 0.026 + 0.001 min~! and 0.023 + 0.001 min~! for the peaks at 1079.5 cm ™!
and 1077.2 cm ™!, respectively, and 0.021 =+ 0.003 min~! and 0.023 + 0.003 min~! for the
peaks at 774.3 cm ! and 774.6 cm ™!, respectively. The same irradiation behaviour indicates
that these peaks are due to the same photoproduct or species produced from the same
photoprocess (see Section 3.6).
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Figure 5. Difference spectra of PABA irradiated by 60 min >280 nm (blue), 30 min 266 nm (red), and
40 min 213 nm (green) UV radiation. Sticks are the calculated vibrational peaks of PABA radical Con-
former (I) (black) and Conformer (II) (pink) using anharmonic B3LYP/cc-pVDZ. (I) = Conformer (I),
(IT) = Conformer (II), H = HOCO Radical, and * = Unassigned Peak.

The single exponential behaviour also indicates that these are primary photoproducts.
Indeed, the decay of the PABA concentration roughly matches to the increase of the
concentration of these photoproducts. Figure 7a compares the change in the concentration
of PABA and that of the photoproduct under >280 nm photolysis. It can be seen that there
is a close anti-correlation between the increase in photoproduct transitions and the decrease
in PABA. PABA’s decay rate constant, as shown in Figure 7a, is 0.022 &+ 0.002 min~1, which
agrees with the photoproduct’s production rate constant.
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Figure 7. Temporal behaviour of the photoproduct peaks at 1077.2 cm~! (red) and 1079.5 cm ™ (blue):
(a) >280 nm; (b) 266 nm; (c) 213 nm. All data are fitted with a single exponential function. The
duration of irradiation times at different wavelengths were different, since the photon density at
different wavelengths was different.

Most of the observed photoproduct transition wavenumbers were similar to those of
the PABA peaks. Therefore, it can be assumed that the photoproduct is similar in structure
to PABA and that the photoproduct likely did not result from cleavage of the aromatic
ring. The three most likely photoproducts are aniline (or the anilino radical) through the
dissociation of the carboxyl group, benzoic acid (or the benzoic acid radical) through the
dissociation of the amino group, and 4-aminylbenzoic acid (the PABA radical) through
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the loss of one amino hydrogen atom. Table 54 in the ESI shows the calculated vibrational
transitions of the aromatic-centered anilino radical, and Table S5 in the ESI shows the
calculated aromatic-centered benzoic acid radical transitions. Neither of these peaks were
consistent with the photoproduct peaks observed here. In addition, neither the HOCO
radical at 1845.1 cm ™! in pH, [27] nor NH, at 1527.85 cm~! or NHj3 at 968.1 cm ™! [21,28,29]
was observed via the >280 nm irradiation. It is also noted that protonated aniline [30,31]
and benzoic acid [32], which could be by-products of the formation of the anilino radical or
the benzoic acid radical, were also not detected.

Therefore, the remaining assignment possibility is 4-aminylbenzoic acid (the nitrogen-
centered PABA radical). Table 2 compares the experimental frequencies and intensities
of the theoretical calculations of the PABA radical of the two possible conformers (see
Section 3.6), and Table S6 in the ESI lists all of the PABA radical fundamental modes of
these two possible conformers. The observed frequencies and their intensities agree well
with the calculated frequencies, indicating that the primary photoproduct of PABA is the
PABA radical.

Table 2. The PABA radical vibrational mode assignments and their wavenumbers (cm™1). Intensities
are written in parentheses.

Mode Sym Assignment Theoretical * Theoretical * pH; Conformer
Conformer (I) Conformer (II) Matrix ¥ Assignment
Vg A C-C-C Bend 778.48 (38.0) 778.74 (39.9) 774.3 (16.5) @
774.6 (19.0) (IT)
V11 C-C-C Bend 851.22 (17.0) 854.31 (14.0) 849.1 (13.0) D
850.5 (11.7) (IT)
2ve O-H Bend 1117.83 (8.3) 1124.85 (6.9) 1119.5 8 (22.5) I/ D)
120 A” O-C-O Scissor 721.73 (19.7) 721.77 (38.0) 737.6 (36.4) I/ dn
1% H-C-C Wag 984.84 (2.0) 984.84 (1.4) 997.3 (8.3) I/ m
V23 H-C-C Rock 1083.84 (70.4) 1078.48 (49.8) 1077.2 (35.3) (IT)
1079.5 (49.0) D
Vo4 O-C-C Stretch 1091.25 (0.8) 1093.57 (21.0) 1095.0 (25.6) (IT)
V25 H-C-C Bend 1134.02 (132.2) 1134.69 (183.4) 1137.4 (92.3) I/ D)
vay H-O-C Scissor 1175.83 (103.5) 1176.46 (109.9) 1180.8 (24.0) D
1184.2 (100.0) (IT)
V30 H-N-C Stretch 1348.41 (13.9) 1336.48 (82.3) 1329.3 * I/ D)
1332.0 * (I)/{mn
V31 C-C-O Stretch 1362.56 (147.4) 1369.37 (20.8) 1374.6 (13.5) I)/dmn
%7} C=C Asym. Str. 1420.91 (15.3) 1420.76 (14.7) 1423.3 (5.8) I/ 1)
1429.5 (5.9) (I)/{mn
V33 C=C Sym. Str. 1455.42 (19.6) 1450.59 (6.3) 1460.0 (1.1) (IT)
1461.1 (3.3) @
V34 C=C-C Asym. Str. 1514.64 (0.7) 1515.47(20.5) 1518.5 (4.5) (IT)
V36 C=0 Stretch 1764.16 (197.0) 1765.90 (93.0) 1744-1746 * (H/(1m)
Vap O-H Stretch 3531.75 (81.5) 3535.61 (81.7) 3570.9 (2.3) I/
3572.7 (15.5) I/ {m
3574.3 (29.0) I/
3575.5 (41.3) I/ D)

* Calculated with B3LYP/ cc-pVDZ Anharmonic [21]. § Overtone peak. ¥ This work. Observed intensities are
normalized to the 1184.2 cm™! transition. * Intensities not listed when PABA radical peaks overlap with PABA
peaks. Modes with two peaks listed are doublets.

3.4. UVC: 266 nm Irradiation

Following 1.0 m]J of 266 nm irradiation with the Nd:YAG laser, the same photoproduct
peak as the >280 nm irradiation was observed, as shown in the middle trace of Figure 5.
Figure 7b shows the temporal behaviour of PABA and the PABA radical following 266 nm
photolysis. The PABA decay rate constant matches the PABA radical’s production rate
constant, following 266 nm photolysis. The PABA radical is also the main primary pho-
toproduct of 266 nm irradiation. This supports Shaw et al.’s discussion on the photolysis
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of PABA in solution, which determined that identical photoproducts were produced from
both 254 nm and >290 nm irradiation [13].

During 266 nm irradiation, a small yet broad peak was noticed at 2124.1 cm~!. Based
on its position, this peak could be assigned to a ketene. The temporal behaviour of the peak
at2124.1 cm~! following the 266 nm photolysis is shown in Figure S3 of the ESI. There is
not enough information to confidently determine which ketene it is, but it is confirmed that
it is not methylketene[33]. From known intensities of other ketene-containing molecules,
approximately <0.5 ppm of this ketene was isolated, and therefore, it is a minor primary
photoproduct following the 266 nm photolysis [23].

3.5. UVC: 213 nm Irradiation

After 1.3 m] of 213 nm irradiation with the Nd:YAG laser, the same photoproduct
peaks to the 266 nm irradiation were observed, as shown in the bottom trace of Figure 5.
Figure 7c shows the temporal behaviour of PABA and the PABA radical following 213 nm
photolysis. The rate constant of PABA decay is almost the same as that of PABA radical
production following 213 nm photolysis. The PABA radical is still the main photoproduct of
213 nm photolysis. Similar photolytic behaviour between the >280 nm, 266 nm, and 213 nm
experiments suggests that the first and second excited state dissociations are the same.

In addition to the peaks of the PABA radical, a few weak peaks due to other photo-
products were detected after 213 nm photolysis. Table S7 in the ESI lists the peaks of other
photoproducts. The unknown ketene peak at 2124.6 cm™! was also observed following
213 nm photolysis. The temporal behaviour of the peak at 2124.1 cm~! following the 213
nm photolysis is also shown in Figure S3 of the ESI. Unique to 213 nm photolysis, the
trans-HOCO radical [27] was observed as a minor photoproduct. Figure 8a shows the most
intense trans-HOCO radical peak and the temporal behaviour of the trans-HOCO radical
following 213 nm photolysis. The cis-HOCO radical was not observed [34]. The HOCO
unit dissociation may result in the formation of the cis-HOCO radical, but previous work
noted that the cis-HOCO radical immediately undergoes a conformational change from the
cis conformer to the much more stable trans conformer when isolated [27].
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Figure 8. The most intense trans-HOCO radical peak (a) and its temporal behaviour (b) following
213 nm photolysis.

No clear co-product of the HOCO radical was observed. As shown in Figure 8b, the
HOCO radical’s production rate increased at early irradiation times. The curvature of the
increase in the HOCO radical concentration in the early stages of the irradiation (<10 min)
may be similar to the typical kinetic trend of secondary photoproduct, though it cannot be
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clearly concluded. The HOCO radical concentration plateaued around 20 minutes, and the
CO and CO; concentrations increased following 213 nm photolysis [35,36]. This behaviour
is the same as alanine photolysis [27]. Further work is needed to understand how HOCO
radicals are produced by the photodissociation of PABA.

3.6. The PABA Radical Conformational Analysis

The PABA radical results from the loss of one amino hydrogen from PABA [13]. There
are four possible PABA radical conformers. Two conformers have a trans carboxyl group
and two have a cis carboxyl group. Similar to PABA, the two conformers with a cis carboxyl
group are more stable than the trans carboxyl group conformers. The two conformers with
a trans carboxyl group are both approximately 30 k] mol ! higher in energy than the two
conformers with a cis carboxyl group. Table S8 in the ESI shows the vibrational frequencies
and intensities of Conformers (III) and (IV). The most and second most stable PABA radical
conformers (the two conformers with the cis carboxyl group) are differentiated due to
amino hydrogen lost from PABA and the position of the remaining amino hydrogen.
Calculations determining the optimized geometry of the two most stable conformers of
the PABA radical were carried out in Gaussian 09 using anharmonic B3LYP/cc-pVDZ.
One conformer had the amino hydrogen cis, with respect to the PABA radical’s carbonyl
(Conformer (I)), and the other conformer had the amino hydrogen trans, with respect to the
carbonyl (Conformer (II)). Figure 9 shows the structures of the four possible PABA radical
conformers, two of which were observed in the pH; matrix. All of the atoms of the PABA
radical were in the plane of the phenyl ring, including the remaining hydrogen atom on
the amino group. Conformer (II) was 0.30 kJ mol~! less stable than Conformer (I). The
zero-point energy corrected barrier to conversion for the H-N-C-C dihedral angle rotation
from Conformer (I) to Conformer (II) was 54.89 k] mol !, and Conformer (II) to Conformer
(I) was 54.59 k] mol~!. Because the PABA N-H bond lengths shown in Table S1 are identical,
and the conformer energies are nearly identical, it is likely that PABA does not exclusively
dissociate to one radical conformer.

e v

()

(I (V) L

Figure 9. The four possible conformers of the PABA radical. Red: oxygen, blue: nitrogen, black:
carbon, and white: hydrogen.

The experimental transitions assigned to the PABA radical produced irradiation of
PABA at all three wavelengths, as shown in Table 2. Many PABA radical transitions ob-
served in parahydrogen are doublets, while the corresponding PABA transitions were
singlets. The doublets observed at vg, 111, and 1,3 observed intensities matching the calcu-
lated relative intensities for Conformers (I) and (II). Figure 10 shows the v34 mode, v23 mode,
v11 mode, and v9 mode of the PABA radical conformers. The separation of the doublets are
03cm !, 1.4em™1, and 2.3 em ™! for vy, 117, and 153, respectively. The calculated frequency
differences of 0.26 cm™1, 3.09 cm ™!, and 5.36 cm ™! for vy, v17, and 13 are in agreement with

10
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the experimental frequency differences. Because the observed intensities and frequency
differences of the experimental doublets closely match the expected differences between
Conformers (I) and (II), these doublets likely arise from the production of both (I) and
(II) of the PABA radical from photolysis of PABA. The assignment of Conformer (II) can
be confirmed from v34, where the calculated intensity is 1 km mol~! for Conformer (I)
and 20 km mol~! for Conformer (II). This vibrational mode should only be observed for
Conformer (II), and a singlet is indeed observed at 1518.5 cm ™! for v34. This, along with
the observed doublets for vg, 11, and 1,3 indicate that Conformers (I) and (II) are produced
from photolysis of PABA. The doublet relative intensities are consistent with an approxi-
mately equal distribution between the two most stable conformers. The photodissociation
of PABA yields a mixture of the most stable PABA radical conformers, as expected from
the ground state geometry of PABA.

Vo

(In
0]

Absorbance

1 any O
V34

1520 1515 1090 1085 1080 1075 855 850 775 770

Wavenumber / cm"

Figure 10. The v34 mode, 3 mode, 11 mode, and v9 mode of the PABA radical conformers.

3.7. Overall Reaction

From the observed photoproduct and its temporal behaviour, it is concluded that the
following reaction scheme shown in Figure 11 is the only photodissociation process of
PABA under UVB and UVC irradiation. PABA loses one of its amino hydrogen atoms,
forming the PABA radical.

H H
s W AN
H+ < v — +H
O /O O /O O /O
H H H

Figure 11. The UVB and UVC photodissociation process of PABA.

The production of the PABA radical following UV photolysis of PABA is consistent
with the previous study by Mitchell et al. [25], who reported that PABA’s first electronically
excited state is at approximately 292 nm in the gas phase, where the electron density on
the amino group decreases and the electron density on the carboxyl group increases [25].

11
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They refer to PABA as a “push-pull” molecule, since it has an electron donating group
(an amino group) on one end of the phenyl ring and an electron withdrawing group (a
carboxyl group) on the other end at the para position of the phenyl ring. Due to the decrease
of the electron density on the amino group, it is expected that the dissociation occurs
on the amino group side. PABA, like other molecules of a similar structure, including
4-methyl-benzenamine, 2,6-dimethyl-benzenamine, 2,5-di-fert-butyl-benzenamine, and
2,4 6-tri-tert-butyl-benzenamine, forms a radical species resulting from the loss of an amino
hydrogen upon irradiation [37].

Following photolysis, the system was left exposed to IR for 18 h and no spectral
changes were detected. The PABA radical was very stable in solid pH;. The reverse
reaction of the PABA radical gaining a hydrogen atom via a tunneling reaction with a Hp
molecule or a H atom to reform PABA seems to be a very slow process in solid pH, at 3.8 K.

4. Conclusions

It was confirmed that PABA is resistant to UVA radiation, while it degrades upon UVB
and UVC irradiation. The major primary photoproduct of PABA photolysis is the PABA
radical whose infrared spectrum was observed for the first time. The confirmed presence of
this radical reinforces Shaw et al.’s mechanism forming the PABA-thymine adduct, further
confirming PABA’s carcinogenic properties and DNA destroying capabilities [9]. Although,
at present, ZnO and TiO; are most commonly used as sunscreen rather than PABA, humans
still use PABA-containing products for other purposes [2,3]. Therefore, it is important to
further investigate the chemical properties of the PABA radical.

In this work, we demonstrate that pH, matrix isolation spectroscopy is a powerful tech-
nique for the study of UV photochemical processes of sunscreen molecules. UV photolysis of
other sunscreen agents, such as 2-ethylhexyl 4-(dimethylamino)benzoate (Padimate O) [38—40],
would also be worth investigating using pHy matrix isolation spectroscopy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/photochem2010008/s1, Electronic Supplementary Information
(ESI) available: The observed wavenumbers of peaks used for integration (Table S1), the geometry
of the two PABA Conformers (I) and (II) (Table S2), the entire spectrum of PABA in a solid pH,
matrix (Figure S1), the frequencies and intensities of PABA Conformers (I) and (II) (Table S3), the
aromatic-centred anilino radical (Table S4), the aromatic-centred benzoic acid radical (Table S5),
the entire difference spectrum following >280 nm, 266 nm, and 213 nm irradiation (Figure S2), the
frequencies and intensities of the PABA radical Conformer (I) and (II) (Table S6), other photoproducts’
wavenumbers (Table S7), the temporal behaviour of the unknown ketene following 266 nm and
213 nm photolysis (Figure S3), and the vibrational frequencies and intensities of the PABA radical
Conformers (III) and (IV) (Table S8).

Author Contributions: Methodology, T.M. and P.D.; investigation, A.M. and B.M.; formal analysis,
AM.; writing—original draft preparation, A.M.; writing—review and editing, A.M.; BM., TM. and
P.D.; supervision, T.M.; funding acquisition, T.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by a Natural Sciences and Engineering Research Council
(NSERC) Discovery Grant in Canada and funds from the Canada Foundation for Innovation for the
Centre for Research on Ultracold Systems (CRUCS).

Institutional Review Board Statement: Not Applicable.
Informed Consent Statement: Not Applicable.

Acknowledgments: A. M. thanks E. R. Miller for his technical assistance with the xenon lamp and
E. R. Grant (UBC) for his thoughtful discussion on the thermodynamic stability of the conformers
of PABA.

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

12



Photochem 2022, 2

References

1.  Abarca, J.E; Casiccia, C.C. Skin Cancer and Ultraviolet-B Radiation Under the Antartic Ozone Hole: Southern Chile, 1987-2000. J.
Am. Chem. Soc. 2002, 18, 294-302.

2. Scott, H.W.; Dehority, B.A. Vitamin Requirements of Several Cellulolytic Rumen Bacteria. ]. Bacteriol. 1964, 89, 1169-1175.
[CrossRef] [PubMed]

3. Mahendiratta, S.; Sarma, P.; Kaur, H.; Kaur, S.; Kaur H.; Bansal, S.; Prasad, D.; Prajapat, M.; Upadhay, S.; Kumar, S.; et al.
Premature Graying of Hair: Risk Factors, Co-Morbid Conditions, Pharmacotherapy and Reversal—A Systematic Review and
Meta-Analysis. Dermatol. Ther. 2020, 33, 1-14. [CrossRef] [PubMed]

4. Snyder, D.S.; May, M. Ability of PABA to Protect Mammalian Skin from Ultraviolet Light-Induced Skin Tumors and Actinic
Damage. J. Investig. Dermatol. 1975, 65, 543-546. [CrossRef]

5. Flindt-Hansen, H.; Thune, P,; Larsen, T.E. The Inhibiting Effect of PABA on Photocarcinogenesis. Arch. Dermatol. Res. 1990, 282,
38-41. [CrossRef]

6. Zhou, L;Ji, Y; Zeng, C,; Zhang, Y.; Wang, Z.; Yang, X. Aquatic Photodegradation of Sunscreen Agent p-Aminobenzoic Acid in
the Presence of Dissolved Organic Matter. Water Res. 2013, 47, 153—-162. [CrossRef]

7. Wong, T. Sunscreen Allergy and its Investigation. Clin. Dermatol. 2011, 29, 306-310. [CrossRef]

8.  Chan, C.T.L;; Ma, C; Chan, R.C.T,; Ou, HM,; Xie, H.X.; Wong, A K.W.; Wang, M.L.; Kwok, WM. A Long Lasting Sunscreen
Controversy of 4- Aminobenzoic Acid and 4-Dimethylaminobenzaldehyde Derivatives Resolved by Ultra-fast Spectroscopy
Combined with Density Functional Theoretical Study. Phys. Chem. Chem. Phys. 2020, 22, 8006-8020. [CrossRef]

9. Shaw, A.A.; Wainschel, L.A.; Shetlar, M.D. Photoaddition of p-Aminobenzoic acid to Thymine and Thymidine. Photochem.
Photobiol. 1992, 55, 657-663. [CrossRef]

10. Meijer, G.; de Vries, M.S.; Hunziker, H.E.; Wendt, H.R. Laser Desorption Jet-Cooling Spectroscopy of Para-Amino Benzoic Acid
Monomer, Dimer, and Clusters. J. Chem. Phys. 1990, 92, 7625-7635. [CrossRef]

11. Magata, N. Solvent Effects on the Absorption and Fluorescence Spectra of Napthylamines and Isomeric Aminobenzoic Acids.
Bull. Chem. Soc. Jpn. 1963, 36, 654-662. [CrossRef]

12.  Lynch, K;; Pergolizzi, R.G. In vitro Method to Quantify UV Mediated DNA Damage. J. Young Investig. 2010, 20, 1-16.

13.  Shaw, A.A.; Wainschel, L.A.; Shetlar, M.D. The Photochemistry of p-Aminobenzoic Acid. Photochem. Photobiol. 1992, 55, 647-656.
[CrossRef] [PubMed]

14. Cismesia, A.P; Nicholls, G.R.; Polfer, N.C. Amine vs Carboxylic Acid Protonation in Ortho-, Meta-, and Para-Aminobenzoic Acid:
An IRMPD Spectroscopy Study. J. Mol. Spectrosc. 2017, 332, 79-85. [CrossRef] [PubMed]

15. Momose, T.; Fushitani, M.; Hoshina, H. Chemical Reactions in Quantum Crystals. Inf. Rev. Phys. Chem. 2005, 24, 533-552.
[CrossRef]

16. Momose, T.; Shida, T. Matrix-Isolation Spectroscopy Using Solid Parahydrogen as the Matrix: Application to High-Resolution
Spectroscopy, Photochemistry, and Cryochemistry. J. Chem. Phys. 1998, 108, 4237-4241. [CrossRef]

17.  Momose, T.; Hoshina, H.; Fushitani, M.; Katsuki, H. High-Resolution Spectroscopy and its Analysis of Ro-Vibrational Transitions
of Molecules in Solid Parahydrogen. Vib. Spectrosc. 2004, 34, 95-108. [CrossRef]

18. Tom, B.A.; Bhasker, S.; Miyamoto, Y.; Momose, T.; McCall, B.]. Producing and Quantifying Enriched para-Hj. Rev. Sci. Inst. 2009,
80,16108-16111. [CrossRef]

19. Wong, Y.T.A; Toh, S.Y.; Djuricanin, P.; Momose, T. Conformational Composition and Population Analysis of B-alanine Isolated in
Solid Parahydrogen and Argon Matrices. J. Mol. Spectrosc. 2015, 310, 23-31. [CrossRef]

20. Wakabayashi, T.; Momose, T.; Fajardo, M.E. Matrix Isolation Spectroscopy and Spectral Simulations of Isotopically Substituted
Ceo Molecules. |. Chem. Phys. 2019, 151, 234301. [CrossRef]

21. Schmidt, W,; Polik, J. R. WebMO Enterprise; Version 17.0.012e; WebMO LLC: Holland, MI, USA, 2016. Available online: https:
//www.webmo.net (accessed on 13 July 2021).

22. Borah, B.; Gomti Devi, T. The Vibrational Study on the Molecular interaction of L- Proline and Para-Aminobenzoic Acid. J. Mol.
Struct. 2020, 1203, 1-15. [CrossRef]

23.  NIST Chemistry WebBook S.R.D. 69 Online. Available online: https://webbook.nist.gov/cgi/cbook.cgi?ID=C150130&Units=SI&
Type=IR-SPEC&Index=0#IR-SPEC (accessed on 20 June 2021).

24. Fehrensen, B.; Luckhaus, D.; Quack, M. Inversion Tunneling in Aniline from High Resolution Infrared Spectroscopy and an
Adjiabatic Reaction Path Hamiltonian Approach. Z. Phys. Chem. 1999, 209, 1-19. [CrossRef]

25. Mitchell, D.M.; Morgan, PJ.; Pratt, D.W. Push-Pull Molecules in the Gas Phase: Stark Effect Measurements of the Permanent
Dipole Moments of p-Aminobenzoic Acid in Its Ground and Electronically Excited States. J. Phys. Chem. A. 2008, 112, 12597-12601.
[CrossRef] [PubMed]

26. Fleisher, A.J.; Morgan, PJ.; Pratt, D.W. High-Resolution Electronic Spectroscopy Studies of meta-Aminobenzoic Acid in the Gas
Phase Reveal the Origins of its Solvatochromic Behaviour. J. Mol. Struct. 2020, 55, 657-663.

27. Moore, B.; Toh, C.S.Y.; Wong, Y.T.A.; Bashiri, T.; McKinnon, A.; Wai, Y.; Lee, A.; Ovchinikov, P.; Chiang, C.; Djuricanin, P; et al.
Hydrocarboxyl Radical as a Product of a-Alanine Ultraviolet Photolysis. J. Chem. Phys. Lett. 2021, 12, 11992-11997. [CrossRef]

28. Ruzi, M.; Anderson, D.T. Matrix Isolation Spectroscopy and Nuclear Spin Conversion of NH3 and NDj3 in Solid Parahydrogen. J.

Phys. Chem. A 2013, 117, 9712-9724. [CrossRef]

13



Photochem 2022, 2

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

Ruzi, M.; Anderson, D.T. Fourier Transform Infrared Studies of Ammonia Photochemistry in Solid Parahydrogen. J. Phys. Chem.
A 2013, 117,13832-13842. [CrossRef]

Gée, C.; Crépin, S.D.C.; Bréchignac, P. Infrared Spectroscopy of Aniline (C¢H5NH>) and its Cation in a Cryogenic Argon Matrix
Chem. Phys. Lett. 2001, 338, 130-136.

Tsuge, M.; Chen, Y.H.; Lee, Y.P. Infrared Spectra of Isomers of Protonated Aniline in Solid para-Hydrogen. J. Phys. Chem. A 2020,
124, 2253-2263. [CrossRef]

Stephanian, S.; Reva, 1.D.; Radchenko, E.D.; Sheina, G.G. Infrared Spectra of Benzoic Acid Monomers and Dimers in Argon
Matrix. Vib. Spectrosc. 1996, 11, 123-133. [CrossRef]

Winther, F.; Meyer, S.; Nicolaisen, EM. The Infrared Spectrum of Methylketene J. Mol. Struct. 2002, 611, 9-22. [CrossRef]
Ryazantsev, S.V.; Feldman, V.I. Matrix-Isolation Studies on the Radiation-Induced Chemistry in HyO/CO, Systems: Reactions of
Oxygen Atoms and Formation of HOCO Radical. . Phys. Chem. A 2014, 119, 2578-2586. [CrossRef] [PubMed]

Fajardo, M.E.; Lindsay, C.M.; Momose, T. Crystal Field Theory Analysis of Rovibrational Spectra of Carbon Monoxide Monomers
Isolated in Solid Parahydrogen. J. Chem. Phys. 2009, 130, 244508-244517. [CrossRef] [PubMed]

Tam, S.; Fajardo, M.E. Observation of the High-Resolution Infrared Absorption Spectrum of CO, Molecules Isolated in Solid
Parahydrogen. Low. Temp. Phys. 2000, 26, 889-898. [CrossRef]

Land, E.J.; Porter, G. Primary Photochemical Processes in Aromatic Molecules. Trans. Faraday Soc. 1963, 59, 2027-2037. [CrossRef]
Roscher, N.M.; Lindemann, M.K.; Kong, S.B.; G.Cho, C.; Jiang, P. Photodecomposition of Several Compounds Commonly Used as
Sunscreen Agents. J. Photochem. Photobiol. A Chem. 1994, 80, 417-421. [CrossRef]

Fisher, M.S.; Menter, ] M.; Willis, 1. Ultraviolet Radiation-Induced Suppression of Contact Hypersensitivity in Relation to Padimate
O and Oxybenzone. Soc. Investig. Dermatol. 1989, 92, 337-341. [CrossRef]

Knowland, J.; McKenzie, E.A.; McHugh, PJ.; Cridland, N.A. Sunlight-Induced Mutagenicity of a Common Sunscreen Ingredient.
FEBS Lett. 1993, 324, 309-313. [CrossRef]

14



55

M

photochem

Article

Phosphorescence and Photophysical Parameters of Porphycene
in Cryogenic Matrices

Barbara Golec !, Aleksander Gorski ! and Jacek Waluk 1-2-*

Citation: Golec, B.; Gorski, A.; Waluk,
J. Phosphorescence and
Photophysical Parameters of
Porphycene in Cryogenic Matrices.
Photochem 2022, 2, 217-224. https://
doi.org/10.3390/ photochem2010016

Academic Editors: Gulce Ogruc Ildiz

and Licinia L. G. Justino

Received: 22 February 2022
Accepted: 7 March 2022
Published: 9 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44 /52, 01-224 Warsaw, Poland;
bgolec@ichf.edu.pl (B.G.); agorski@ichf.edu.pl (A.G.)

Faculty of Mathematics and Science, Cardinal Stefan Wyszyriski University, Dewajtis 5,

01-815 Warsaw, Poland

*  Correspondence: jwaluk@ichf.edu.pl; Tel.: +48-22-343-3332

Abstract: Matrix isolation studies were carried out for porphycene, an isomer of porphyrin, embed-
ded in solid nitrogen and xenon. The external heavy atom effect resulted in nearly a 100% population
of the triplet state and in the appearance of phosphorescence, with the origin located at 10163 cm 1L,
This energy is much lower than that corresponding to the T; position in porphyrin. This difference
could be explained by postulating that the orbital origin corresponds in both isomers to the second
excited singlet state, which lies much closer to S; in porphycene. Most of the vibrational frequencies
observed in the phosphorescence spectrum correspond to totally symmetric modes, but several ones
were assigned to the out-of-plane Bg vibrations. These bands are not observed in fluorescence, which

suggests their possible role in vibronic-spin-orbit coupling.

Keywords: phosphorescence; triplet state origin; singlet-triplet energy gap; vibrational frequencies;
porphyrin isomers

1. Introduction

The detailed characterization of the photophysical characteristics of a chromophore is
a prerequisite for successful applications. In particular, the properties of the triplet state,
such as its energy, yield of formation via intersystem crossing from the singlet state, life-
time, and the ability to generate singlet oxygen, are crucial when designing new materials,
e.g., photosensitizers, photovoltaic cells, or light emitting diodes. Moreover, the triplet
state parameters often determine the photostability of a molecule, since photodegrada-
tion usually involves the triplet state. It is therefore not surprising that large databases
containing triplet state data are available for many popular chromophores [1]. One of
them is porphyrin, justly called “pigment of life” [2]. In most porphyrins, the yield of
S;-T; intersystem crossing is high, exceeding 70-80%. The S;1-T; energy separation is about
3500 cm~!. Investigations of parent, unsubstituted porphyrin in xenon matrices yielded
values of 3683 and 3687 cm !, determined from the difference between the origins of absorp-
tion [3] and phosphorescence [4] of the two main sites observed in this environment. The
triplet lifetimes in argon and xenon, 2.6 and 0.63 ms, respectively [4], are not much different,
but the radiative constant of the triplet depopulation dramatically increases in the heavy
atom matrix, which allows for the registration of vibronically resolved phosphorescence in
the not so readily accessible spectral region of 8000~13,000 cm~!.

Porphycene (Pc)—a structural isomer of porphyrin (Pr) (Scheme 1)—has gained much
attention as a model for understanding single and double hydrogen transfer in the ground
and electronically excited states [5] and as a promising agent for photodynamic therapy of
cancer [6] and photoinactivation of bacteria [7]. Spectral and photophysical data for parent,
unsubstituted porphycene and its derivatives are quite rich regarding the singlet state
properties, but much less is known about the triplet characteristics. The triplet formation
efficiency is lower than in porphyrin [5,8]. Moreover, it can be reduced practically to zero
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by multiple substitutions at the meso positions [9]. The triplet lifetimes, measured in
solution [10,11] or lipid vesicles [12], are of the order of tens of microseconds. The triplet
energies are considerably lower than in porphyrin (ca. 10,000 vs. 12,500 cm~!). They
were determined for several porphycenes from the emission studies in the near IR region,
carried out at room temperature in degassed iodopropane solutions [13]; no spectra have
been presented. For the parent porphycene, Nonell et al. reported the phosphorescence
by comparing the emission in degassed and aerated bromobenzene solutions at room
temperature [14]. The spectrum consisted of two broad bands, centered around 1000 and
1150 nm.

Pr Pc

Scheme 1. (Left), porphyrin (porphine); (right), porphycene.

To the best of our knowledge, no vibrationally resolved phosphorescence spectra
of porphycenes have been published so far. The goal of our work was to obtain such a
spectrum by placing the chromophore in a rare gas matrix. Based on previous observations,
xenon was used, in order to enhance the triplet formation yield and, possibly, to increase the
radiative constant of T; depopulation. Next, in order to quantitatively study the external
heavy atom effect, we measured the spectra in solid nitrogen. Triplet and singlet lifetimes
as well as triplet formation efficiencies were compared for both matrices. Finally, we also
performed quantum chemical calculations for porphyrin and porphycene, in order to
understand the differences in singlet-triplet energy gaps and to assign the orbital origin of
the triplet state.

2. Materials and Methods

Porphycene was synthesized and purified as described previously [15].

Nitrogen and xenon matrices were prepared on a sapphire deposition window at-
tached to the cold finger of a closed-cycle helium cryostat (Displex 202, Advance Research
Systems). Porphycene was sublimed into the rare gas by heating up to 390 K. The depo-
sition window was kept at 10 K and 57 K during the deposition of nitrogen and xenon
matrices, respectively.

Phosphorescence was measured with a home-made spectrometer based on a BEN-
THAM DTMc300 double monochromator equipped with a TE cooled photomultiplier
(Hamamatsu H10330C-75, 950-1700 nm registration range). Two different laser sources
have been used for excitation: (i) a Powerchip 355 nm Laser (Teem Photonics) and (ii) a CW
ring laser (Coherent 899), pumped by an argon laser (Coherent Innova 300).

Steady state fluorescence spectra and fluorescence decays were obtained using an
Edinburgh FS 900 CDT / FL 900 CDT fluorometer (Edinburgh Analytical Instruments). A
NanoLED diode (297 nm, 1 MHz repetition rate) was used for time-resolved measurements.

Absorption spectra were recorded using a Shimadzu UV2700 spectrophotometer.
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Calculations were performed using the density functional theory (DFT) and its time-
dependent variant (TD DFT), as implemented in the Amsterdam Modeling Suite (version
2021.10-4) [16]. BP86-D functional [17,18] and TZP basis set were used in these simulations.

3. Results and Discussion

Figure 1 shows the absorption spectra of Pc obtained for nitrogen and xenon matrices.
The absorption of matrix-isolated Pc has been studied in detail before [19-22]. The presently
obtained spectra are similar to the reported ones. The linewidths are somewhat narrower
than in the previously published works, which enables a better resolution of a characteristic
multiple-site structure observed in nitrogen. In contrast, only one dominant site, exhibiting
a larger bandwidth, is observed for the xenon environment. Transitions to both S; and S,
are red-shifted in xenon, by 180 and 230 cm ™!, respectively. This leads to the S-S, energy
separation of 887 cm ™! in nitrogen and 837 cm~! in xenon. The S;-S; energy gap is thus
significantly—nearly four times—smaller than in porphyrin, for which the reported values
are about 3270 cm ™! (in argon) and 3100 cm ™! (in xenon).

0.6 -

a) Pc/N
0a. (a) Pc/N,

S
0.2 - P2

.

T I T I T I T I T I T I T I T 1
15500 16000 16500 17000 17500 18000 18500 19000 19500

(b) Pc/Xe

Absorbance

0.4 -

S,

0.2 - /

0.0 S
T T T ! ' I ' I ' I T T T T T 1
15500 16000 16500 17000 17500 18000 18500 19000 19500

Wavenumber [cm™]

Figure 1. Absorption of Pc in (a) nitrogen and (b) xenon matrices. T = 10 K. The arrows mark the
origin of the Sy-S; electronic transition.

Fluorescence spectra are shown in Figure 2. This experiment was performed with a
broad excitation and low spectral resolution, so that the site structure is no longer observed.
The purpose was to compare the intensities in both cases. The emission was much stronger
in nitrogen. The relative quantum yields were estimated from the fluorescence decay times
measured for both samples. Such a procedure assumes similar values of radiative decay
constants in different environments, which has been demonstrated for porphycene [23].
The lifetime of fluorescence (tf) in the nitrogen matrix, 21 ns, was 60 times longer than that
measured for the xenon environment (Table 1). The fluorescence lifetimes of Pc measured in
room temperature solutions are about 10 ns, whereas the quantum yields vary, depending
on the solvent, between 0.39 and 0.50 [23]. This would suggest a rather low triplet formation
efficiency in nitrogen. The experimentally obtained value is 0.36. On the other hand, the
value obtained for the sample in xenon is practically 1, as could have been expected based
on the dramatic shortening of the S; lifetime caused by the external heavy atom effect.
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Figure 2. Fluorescence of Pc in (a) nitrogen and (b) xenon matrices. T = 10 K. Excitation wavelengths:
(a) 370 nm and (b) 560 nm.

Table 1. Photophysical parameters of Pc in N, and Xe matrices.

TF, NS T, US P
N, 21 +£2 2000 =+ 40 0.36 + 0.04
Xe 0.35+ 0.1 45+ 0.5 1+0.05

The triplet decays reveal the opposite behavior (Table 1). The ratio of T; lifetimes (tT),
(2000 ps (N2))/ (45 ps (Xe)) is not much different from what is observed for the changes in
the T1 < S intersystem crossing rates. Interestingly, while the T lifetimes are very similar
for Pr in argon and Pc in nitrogen, in xenon it is the Pc triplet that decays much faster. A
possible explanation is the larger value of the radiative constant of triplet depopulation in
Pc. One should remember that the transition to the S; state is much weaker in Pr than in Pc.

While the phosphorescence was extremely weak in nitrogen-isolated Pc, it could be
readily obtained in xenon matrices (Figure 3). The electronic ground state vibrational
frequencies extracted from the phosphorescence spectrum are presented in Table 2. The
same table also contains the frequencies previously obtained from the fluorescence of Pc
in xenon. Because of the better spectral resolution in the present case, we could observe
and assign additional lines, such as combinations of low frequency modes with the strong
transition observed at 1554 cm~! (29 Ag). The assignments in Table 2 are based on our
previous work that included frequencies obtained from IR, Raman, fluorescence, and
inelastic neutron scattering data combined with quantum chemical calculations and isotopic
substitution [24].
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Figure 3. Phosphorescence of Pc in xenon matrices measured at three different spectral resolutions. T
=10 K. Excitation wavelength: 631.6 nm, corresponding to the location of the main site (see Figure 1b).

Most of the features present in the phosphorescence have their counterparts in the
fluorescence spectrum. However, in contrast to fluorescence, which reveals only totally
symmetric (Ag) modes, several bands in phosphorescence are assigned to out-of-plane
Bg vibrations. This indicates a possible contribution of the vibronic-spin-orbit coupling
mechanism [25] to the phosphorescence intensity.

Using the luminescence data available for both chromophores, we are now ready to
compare the pattern of low-lying electronic states in Pc and Pr. The most conspicuous
difference is the 51-T; energy gap. While the origins of the S-Sy transitions differ by less than
500 cm™! (16,270 cm~lin Prvs. 15821 cm™1 in Pc), the T; state in Pc is located at an energy
that is lower by nearly 2500 cm ! with respect to Pr (10,134 vs. 12,588 cm~!). An opposite
behavior is found for the relative positions of S; and S in the two chromophores. The
energy difference between the transitions to S; (Qx) and S; (Qy) in a xenon matrix exceeds
3100 cm~! in porphyrin [4], whereas in porphycene it amounts to only 838 cm~! [19].

We postulate that the lowering of the S; energy upon going from Pr to Pc is responsible
for the large stabilization of the lowest triplet state in the latter. Calculations suggest
that, in both molecules, the lowest triplet state is well described by the same electronic
configuration, involving the HOMO-LUMO electron jump (Table 3). Such a configuration
is dominant, for both Pr and Pc, in the Sy-S; transition, but not in Sp-S;. This implies a
larger singlet-triplet splitting for S;. Assuming a similar value of the singlet-triplet splitting
in both chromophores, one would expect a difference in the Ty location corresponding to
the difference in S, energies. This is indeed observed experimentally: the T; energies differ
by ca. 2500 cm ™!, the energies of S, by ca. 2700 cm ™.
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Table 2. Vibrational frequencies (in cm 1) observed in phosphorescence in xenon, compared with the
previously reported data [19] obtained from fluorescence in the same matrix.

Phosphorescence Fluorescence Assignment ?
179 184 2Ag
340 336 3Ag
368 358 4 Ag
511 510 2Ag+3Ag
541 538 2Ag+4Ag
621 7 Bg
660 665 7 Ag
686 2x3Ag
696 9 Bg
703 3Ag+4Ag
723 2x4Ag
847 1Ag+7Bg
863 9Ag
881 14 Bg
959 961 10 Ag
1010 3x3Ag
1056 14 Ag
1079 3x4Ag
1192 1203 17 Ag
1253 1265 19 Ag
1322 20 Ag
1354 21 Ag
1392 1395 23 Ag
1426 25 Ag
1458 26 Ag
1486 1497 27 Ag
1554 1562 29 Ag
1585
1614 30 Ag
1730 2Ag+29 Ag
1891 3Ag+29Ag
1918 4 Ag+29 Ag
2215 7Ag+29 Ag

2 based on ref. [24].

Table 3. Calculated transition energies.

S1 S> T Ty
17,1912 18,226 11,898 12,449
P (0.0927) b (0.1549)

54.4.% sH-L ¢ 56.3% H-L H-L sH-L

26% H-L 25.0% sH-L
17,505 (0.0007) 18,563 (0.0004) 14,087 14,870

Pr 61.5% H-sL 57.3% H-L
37.5% sH-L 41.4% sH-sL H-L H-sL

acm~1; P ogcillator strength in parentheses; ¢ dominant configurations; H, sH: highest and second highest occupied
molecular orbital; L, sL: lowest and second lowest unoccupied molecular orbital.

The calculations accurately predict the difference in the triplet energies of Pr and Pc,
(2200 cm~! vs. 2500 cm~! obtained in the experiment). They also correctly reproduce
the lower energy of S; in Pc (300 cm ™! vs. the observed value of 450 cm~!). The S;-S;
separation is well reproduced for Pc, but for the S, state both the energy and the oscillator
strength (relative to those of S;) are predicted rather poorly.
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4. Summary

Electronic spectroscopy studies of porphycene embedded in xenon matrices enabled
an accurate determination of the location of the lowest triplet state. The vibronically
resolved phosphorescence was recorded, exhibiting, in contrast to fluorescence, not only
totally symmetric modes. The triplet location in porphycene is significantly red-shifted
compared to porphyrin. This was explained by assigning the T; orbital origin to that of S,
a state which is strongly stabilized with respect to S; upon passing from Pr to Pc.

In view of the crucial role the triplet state plays in various photophysical, photochem-
ical, and photochemical processes, more detailed studies seem worthwhile, focusing on
such issues as, e.g., substituent effects that could lead to the inversion of the two lowest
lying triplet states in porphyrin and its isomers. Several relatively old papers suggest for
Pr that the Ty and T; states lie very close to each other and that their ordering may depend
on the environment [4,26-29]. The same may be true for porphycene, as suggested by the
calculated T1-T; energy gap, which is even smaller than in porphyrin (Table 3).
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Abstract: In this work, 2-F-4-OH benzoic acid was isolated in Ar matrices and conformational
changes were induced by near-IR irradiating the sample. Upon deposition, three conformers could be
observed in the matrix, denoted as A1, A2, and D1, respectively. A1 and A2 are trans carboxylic acids,
i.e., there is an intramolecular H bond between the H and the carbonyl O atoms in the COOH group,
whereas D1 is a cis carboxylic acid with an intramolecular H bond between the F atom and the H
atom in the COOH group, which otherwise has the same structure as Al. The difference between A1
and A2 is in the orientation of the carbonyl O atom with regard to the F atom, i.e., whether they are on
the opposite or on the same side of the molecule, respectively. All three conformers have their H atom
in their 4-OH group, facing the opposite direction with regard to the F atom. The stretching overtones
of the 4-OH and the carboxylic OH groups were selectively excited in the case of each conformer.
Unlike A2, which did not show any response to irradiation, A1 could be converted to the higher
energy form D1. The D1 conformer spontaneously converts back to A1 via tunneling; however, the
conversion rate could be significantly increased by selectively exciting the OH vibrational overtones
of D1. Quantum efficiencies have been determined for the ‘local’ or ‘remote’ excitations, i.e., when the
carboxylic OH or the 4-OH group is excited in order to induce the rotamerization of the carboxylic OH
group. Both ‘local” and ‘remote’ conformational switching are induced by the same type of vibration,
which allows for a direct comparison of how much energy is lost by energy dissipation during the
two processes. The experimental findings indicate that the ‘local” excitation is only marginally more
efficient than the ‘remote” one.

Keywords: conformational switching; near-IR laser irradiation; intramolecular vibrational energy
relaxation (IVR); quantum efficiency; hydrogen atom tunneling; 2-fluoro-4-hydroxy benzoic acid;
matrix isolation; IR spectroscopy

1. Introduction

To fully understand chemical reactions occurring in the environment, an investigation
of the excited states of molecules and their relaxation is of the utmost importance. A
vibrationally excited molecule may emit its excess energy via intra- or intermolecular
processes. One example of the latter is when an excited molecule collides with a nearby
one, transferring its excess energy in forms of vibrational, rotational, or translational energy.
In contrast to this, during intramolecular vibrational energy transfer or intramolecular
vibrational energy relaxation (IVR), the energy flows from one excited vibrational mode to
another while the energy difference dissipates into the surroundings. This also means that
in certain cases the excitation of a vibrational mode on one side of the molecule may result
in a change in the geometry of a functional group on another, remote side of the molecule,
called remote conformational switching.

The matrix isolation (MI) technique has been successfully used to study the conforma-
tional switching of molecules isolated in inert, nearly interaction-free matrices using mostly
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solidified noble or other inert gases (such as Ne, Ar, Kr, Xe, Ny, etc.) as matrix material. The
intermolecular relaxation of matrix-isolated molecules is greatly limited, thereby allowing
for the examination of the IVR processes. Furthermore, another primary advantage of
the technique is that the resulting IR spectrum contains sharp absorption peaks, meaning
that they do not overlap; thus, the different conformers can be distinguished from each
other, and the induced changes in their population can be monitored. It is important to
note, however, that in order to achieve this vibrationally induced conformational change,
selective excitation of the vibrational modes is required, which necessitates the use of
monochromatic laser irradiation sources.

The MI technique combined with near-IR laser is routinely performed to excite the
vibrational overtones of hydroxyl (-OH) functional groups, thus efficiently inducing their
rotation or even the conformational change of the whole carboxylic (-C(O)OH) group.
This has been successfully done in the case of many different carboxylic acid monomers
in Ar matrices, such as formic, [1-3] acetic, [4-6] trifluoroacetic, [7] tribromoacetic, [8]
propionic, [9] 2-chloropropionic, [10] glycolic, [11] pyruvic, [12], oxamic, [13] and various
dicarboxylic acids [14-16] as well as amino acids [17-22]. Furthermore, the OH rotamer-
ization induced by selectively exciting the OH vibrational stretching overtone of cyclic or
heterocyclic organic acid conformers has also been studied in Ar matrices for squaric, [23]
2-furoic, [24] and 2-fluorobenzoic acid [25]. It should be noted that the works above stud-
ied short-range IVR, where the rotamerization of a functional group is achieved by the
excitation of the vibrational overtone of that particular group.

Of greater interest are those cases when the excitation and the rotamerization occurs
in different parts of the molecule. Compared to its short-range counterpart, far fewer
matrix-isolation studies have been devoted to these long-range IVR processes. The first
one was cysteine, which showed the rotamerization of the thiol (-SH) group upon exciting
the vOH stretching overtone (vOH), although it occurred along with other conformational
changes in the molecule, thus rendering it not a selective method [21]. Nevertheless,
this work pointed to the feasibility of remote switching using molecular antennas. The
next step was to find a molecular system representing the first example for selective
conformational control. Accordingly, the rotamerization of the thiol group in 2-thiocytosine
was found to be reversibly carried out by pumping the amino (-NHy) group [26]. The
first remote switching using an NH group as a molecular antenna was done in the case of
6-methoxyindole, where the methoxy group could be selectively induced to rotate around
the C-O bond [27]. Another molecule that greatly exemplifies this phenomenon is kojic
acid, whose hydroxymethyl (-CH,OH) moiety goes through rotamerization upon exciting
the -OH group on the other side of the ring of the molecule [28]. The OH or NH, groups of
3-hydroxy-2-formyl-2H-azirine and 3-amino-2-formyl-2H-azirine, respectively, also serve
as molecular antennas that facilitate conformational control over the heavy aldehyde moiety
three bonds away [29]. The current ‘record holder’ system, investigated by matrix-isolation
IR spectroscopy, is E-glutaconic acid, in which long-range IVR could act over eight covalent
bonds to successfully induce the conformational change of an OH group [30].

In this work, we aimed to investigate the selective conformational switching of a
matrix-isolated 2-fluoro-4-hydroxy derivative of benzoic acid (2-F-4-OH benzoic acid in
short) achieved by narrowband near-IR laser irradiation. This molecule serves as a great
example, in which both ‘local” and ‘remote” switching can be done by exciting the same type
of vibration (i.e., OH overtone) selectively, and their efficiencies can be directly compared
with each other. Preliminary experiments showed that upon the excitation of the 2v(OH)
stretching vibrational overtone in a hydroxy carboxylic acid, change in the geometry of
the COOH group in another part of the molecule can be efficiently induced [31]. In other
words, higher energy cis carboxylic acid can be generated from the more stable trans form
by remote switching (using the notation of Pettersson et al. for the two types of carboxylic
acids) [1]. Moreover, the cis isomer is assumed to slowly convert back to trans over time
via tunneling, which can also be monitored by IR spectrometry. The experiments were
supplemented by quantum-chemical computations, which made the spectral analysis easier
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by allowing for simple comparison between the simulated spectra and the experimental
ones. It is important to emphasize that effective remote switching that acts over multiple
bonds has been observed in only a handful of molecular systems. As such, in order to fully
understand its mechanism, it is necessary to find more examples of this phenomenon and
study its overall efficiency.

2. Experimental Methods
2.1. MI-IR Experiments

A commercial 2-F-4-OH benzoic acid (<100%) sample obtained from Sigma-Aldrich
was used without further purification. The compound was inserted into a Knudsen cell
with a heatable cartridge in a small quartz sample holder directly connected to the vacuum
chamber. The adsorbed water and other volatiles had been removed the day before the
experiments by slightly heating the sample compartment to 355 K and keeping it at that
temperature for a couple of hours. A closed-cycle helium refrigeration system (Janis CCS-
350R cold head cooled by a CTI Cryogenics 22 refrigerator) was used to cool down the
Csl optical window to 13 K, which serves as the deposition temperature. The temperature
of the cold window was measured by a silicon diode sensor connected to a LakeShore
321 digital temperature controller; the base pressure in the cooled chamber is usually found
in the high 10~% mbar region. A sample sublimation temperature of 375 & 2 K was used
during the experiment whereupon the vapors were mixed and co-deposited in a 1:1000
ratio with Ar (Messer, 99.9999%) on the window. The orientation of the window (at a
relative angle of 45° with regard to the sample oven and the spectrometer beam) allows
for a simultaneous deposition and spectral collection. For the latter, a Bruker IFS 55 FT-IR
spectrometer equipped with an MCT detector cooled with liquid nitrogen was used. The
transmission mid-IR spectra were taken during and after the deposition by averaging
16 and 128 scans, respectively, in the 2000-600 cm ™! region with 1 cm~! resolution using
KBr as a beam splitter and a low-pass filter with a cutoff wavenumber of 1830 cm~!.
In order to define the 2v(OH) stretching overtones of each conformer necessary for the
laser irradiation experiments, preliminary near-IR spectra were collected with the same
instrument, without the cutoff filter, utilizing a W lamp and a CaF, beam splitter in the

spectral region of the 8000-2500 cm ™! region at a resolution of 1 cm™~!.

2.2. Near-IR Laser Irradiation

The deposited matrices were in situ irradiated through the outer KBr window of the
cryostat, applying a tunable narrowband laser light provided by the idler beam of an Opti-
cal Parametric Oscillator (OPO; GWU /Spectra-Physics VersaScan MB 240, fwhm ~ 5 cm ).
The OPO was pumped by a pulsed Nd:YAG laser (Spectra-Physics Quanta Ray Lab 150,
p~21-22W, A =355 nm, f = 10 Hz, duration = 2-3 ns). The laser coming from the
OPO device is perpendicular to the beam of the IR spectrometer, whereas the CsI cold
window has a relative angle of 45° to both of them, allowing for an online spectral collec-
tion during laser irradiation. The wavelength of the laser beam was selected so that the
2v(OH) modes of the conformers of the matrix-isolated molecule were selectively excited.
Accordingly, the sample was irradiated at 6952.0 cm 1, 6994.9 cm 1, 7077.1 ecm !, and at
7093.2 cm~! for approximately 60 min in each case; the photon fluxes were measured to
be (3.1 +0.6) x 1017 em~2 571 (6952.0 cm™1), (3.2 & 0.1) x 107 ecm™2 s~ (6994.9 cm™1),
(33 £0.1) x 107 ecm=2s71 (7077.1 cm™1), and (3.6 £ 0.1) x 1017 cm=2 571 (7093.2 cm™1),
respectively. Mid-IR spectra were collected online in the meantime, averaging 16 scans
(during the 6952.0 cm ! irradiation) and 12 scans (during the rest of the irradiations),
respectively; 128 scans were taken before and after irradiation. After the irradiation exper-
iments, the sample was left in the dark overnight while continuously collecting mid-IR
spectra, averaging 128 scans every 15 min.
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2.3. Theoretical Computations

The quantum chemical geometry optimizations, as well as the harmonic and anhar-
monic frequency computations, were carried out in Gaussian 09 (Rev. D01) with Becke’s
three-parameter hybrid functional B3LYP, using the non-local and local exchange correlation
functionals as described by Lee—Yang—Parr and Vosko-Wilk-Nusair III, respectively [32-35].
Dunning’s correlation-consistent cc-pVTZ basis set was used [36]. The anharmonic frequen-
cies were used to simulate the vibrational spectra by convoluting them with Lorentzian
functions with an FWHM of 0.5 cm ™! in the Synspec software [37]. The isomerization barri-
ers were estimated from the optimized transition states (TSs) using the Berny algorithm, as
implemented in Gaussian [38]. This was followed by the computation of intrinsic reaction
paths (IRPs) in the Cartesian coordinates [39]. The tunneling rates were estimated using
the Wentzel-Kramers—Brillouin (WKB) model described in detail elsewhere [40].

3. Results and Discussion
3.1. Structure and Energy of the Conformers

The conformational structure of the molecule is primarily defined by its two func-
tional groups, the 4-hydroxyl (-OH) and the carboxylic group (<COOH). The H atom on
both moieties may have two orientations (the respective torsional angles are denoted by
@1 and ¢@3), whereas -COOH has two forms based on the alignment of its carbonyl (C=0)
group (¢,). This means 23 = 8 different conformers, which are depicted in Scheme 1, in
which the torsional angles most important to the molecular structure are also marked. The
conformers with ¢3 close to 180° are named A (¢ ~ 180°) or B (¢ ~ 0°), respectively. The
same applies to structures C and D, which can have a @3 value of 0° with ¢; ~ 0° or 180°,
respectively, whereas the labels 1 or 2 after them differentiate the ones with ¢, ~ 180° and
0°, respectively. This means that the following notations for the eight conformers are used
throughout the manuscript: A1, A2, B1, B2, C1, C2, D1 and D2; their optimized geometries
are listed Tables S51-520 in the Supplementary Material.

According to the orientation of the groups discussed above, the conformers have
different stabilities. The most stable conformer is A1, which is closely followed by B1; the
only difference between them is the alignment of the 4-OH group. Apart from this, they
both have a trans-COOH carboxylic group (i.e., there is a weak intramolecular H bond
between the H atom of the OH group with the C=0 oxygen atom), whereas the O atom in
the C=0 group is on the opposite side with regard to the F atom. It should be noted that
the energy difference is predicted to be 0.8 k] mol~!, which is within the accuracy of the
computational level. The next pair of conformers have slightly higher relative energies (by
ca. 3 k] mol~!) denoted with A2 and B2. They, similarly to A1 and B1, only differ from
each other in the orientation of the 4-OH hydrogen atom as well, but, unlike A1 and B1,
their C=0 oxygen atoms are on the same side as the F atom. The next four conformers
have cis-COOH groups, meaning inherently higher relative energies due to breakage of
the abovementioned intramolecular H bond, which is counterbalanced to some extent in
the case of the C1 and D1 by the formation of a less energetic H bond with the F atom.
Their relative energy (with regard to the A1 form) is approximately 8 k] mol~!; this value
should more or less reflect on the difference of the H atom bond strength between the cases
when the H atom creates the bond with the C=O oxygen and when it bonds with the F
atom. Nevertheless, C1 and D1 only differ in the orientation of the 4-OH hydrogen atom,
whereas their C=O oxygen atoms (similarly to A1 and B1) are on the opposite side of the
molecule with regard to the F atom, thus allowing for H bonding between the carboxylic H
atom and the F atom. Lastly, C2 and D2 are unique in the sense that, due to steric effects,
their -COOH group is not in the same plane as the aromatic ring, which means that the ¢,
torsional angle is closer to 30° instead of 0° and can be both positive and negative (i.e., the
C=0 oxygen atom and the carboxylic OH group are slightly above or below the plane of the
aromatic ring). This results in the fact that both C2 and D2 are actually chiral and have two
enantiomeric forms differentiated by an asterisk in Table 1 (i.e., C2, C2*, D2, D2*), and the
only difference between C2 and D2 is the orientation of the 4-OH group. Apart from this,
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their C=0 oxygen atoms, similarly to A2 and B2, is on the same side of the molecule with
regard to the F atom and have cis-COOH groups (similarly to C1 and D1). As a matter of
fact, this causes distortion of the molecule as the COOH hydrogen atom becomes relatively
close to the H atom on the C atom in position six of the ring. Due to the unfavorable effects
listed above, there is no intramolecular H bond in them, and therefore, they are much less
stable than the other conformers; their relative energy lies more than 30 kJ mol~! above the
most stable A1 form. This also implies that their Boltzmann population at the sample inlet
temperature (375 £ 2 K) is expected to be significantly less than 1%, which prohibits their
IR detection in the deposited matrix.

(D1) (D2)

Scheme 1. Structures of the eight conformers of 2-F-4-OH benzoic acid, namely A1, A2, B1, B2, C1,
C2, D1, and D2 as denoted by the labels in bold and in parentheses below the structures. The three
torsional angles ¢1, ¢, and @3 are defined in structure A1. In case of C2 and D2, only one of the two
enantiomeric forms are depicted.
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Table 1. Torsional angles (in degrees) and anharmonic zero-point energy-corrected relative energy
values (k] mol™) of the 2-F-4-OH-benzoic acid conformers.

Torsional Angles /°

¢ 1 ¢ 2 4, 3 AEZPE,anharm b
Al 180.0 —180.0 180.0 0.0
A2 —180.0 0.0 —180.0 34
B1 0.0 180.0 180.0 0.8
B2 0.0 0.0 180.0 3.5
C1 0.0 180.0 0.0 9.1
C2 0.8 —33.6 —-11.2 30.0
C2* —0.8 33.6 11.2 30.0
D1 180.0 180.0 0.0 74
D2 179.8 —34.6 —-11.7 30.2
D2* —179.8 34.6 11.7 30.4

2 The torsional angles are defined in Scheme 1;® with regard to the minimum energy of —595.396627 hartree particle.

The relative energies of the TSs, along with their optimized geometries, are summa-
rized in Tables 521-549 in the Supplementary Material. Based on the values listed there,
the rotation of the 4-OH group along the ¢, torsional angle has a barrier of approximately
20 k] mol~! (A1<3B1, A2<+B2, C1<5D1, C2<+D2), and the same holds true for the rota-
tion along ¢, in the case of A1<+A2 and B1<+B2, but not for C1<+C2 and D1<+D2 where
the barriers of the ‘rightward” direction (C1—C2 and D1—D2, ~30 kJ mol~!) are much
higher than those in the reverse one (C1<-C2, D1+ D2, <10 k] mol~!) due to the energy
difference of the minima A1, B1 and A2, B2, respectively. Unsurprisingly, the barrier of the
rotation around ¢j3 is the highest one with values lying between 40-50 k] mol~! (A1<D1,
B1<>C1), except if one of the conformers is much more stable than the other one. In these
cases (A2++»D2, B24+C2), the barrier heights are about 50 and 20 k] mol 1, respectively,
depending on the direction of the transition. It should be noted that all the rotations
around the three torsional angles may go either clockwise or counterclockwise, but the TSs
produced by the two different rotational directions are mirror images of each other and,
therefore, have identical energy and vibrational spectra. It is also worth mentioning that the
TSs between the enantiomers C24+C2* and D2<+D2* have a planar structure, and their
energy is only slightly above the minima (=5 k] mol~!, approximately 400 in cm™ 1), which
allows for their rapid interconversion upon exposure to the spectrometer beam source.

3.2. Changes upon Near-IR Irradiation, Vibrational Analysis

Some selected regions of the near- and mid-IR spectra of the sample molecule de-
posited in an Ar matrix are visualized in Figures 1a, 2a, 3a and 4a. Furthermore, by having
a look at the mid-IR spectra in Figures 1b, 2¢, 3c and 4c, one can see that irradiating some
2v(OH) stretching overtone bands results in a selective conformational switch. The spectral
features can be divided into three different groups based on their general behavior upon
irradiation: (a) the ones that increase, (b) the ones that decrease, and (c) the ones that do not
change, which should belong to three different conformers or groups of conformers. One
should also bear in mind that the enantiomers C2, C2* and D2, D2* cannot be differentiated
by their IR spectrum. Furthermore, based on theoretical results, the conformers that differ
only in the orientation of their 4-OH groups have almost identical vibrational frequencies;
thus, they cannot be distinguished either (Tables S11-520). This leads us to the conclusion
that only four band groups should be detected in the matrix belonging to the conformer
pairs (1) A1/B1, (2) A2/B2, (3) C1/D1, and (4) C2/D2 (or C2*/D2*). However, as men-
tioned above, only three groups of bands could be distinguished based on their response
to laser irradiation. As such, the conformer pairs with the highest energy (i.e., group (4))
could be excluded based on the following considerations: First, they are 30 k] mol~! above
the most stable members of group (1), meaning that their Boltzmann population at the
deposition temperature is expected to be 0.003%. For comparison, the values for the other
groups are 72% for group (1), 23% for group (2), and 5% for group (3). It is important
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to note that the abundance of conformer groups in the freshly deposited matrix is very
similar to these theoretically obtained ones and can be determined to be 61% for group (1),
33% for group (2), and 6% for group (3). Consequently, group (4) is not expected in the
freshly deposited matrix. Secondly, no new bands arise during any of the near-IR excitation
(only the relative intensities of the bands that are already present change), suggesting that
members of this group are not generated upon irradiation. Furthermore, it can be assumed
that only the most stable members of each of the three groups (i.e., A1, A2, and D1) are
expected to be present in the matrix, since the higher energy members can be converted to
them via tunneling. This hypothesis will be justified in Section 3.5 where an estimate on
the tunneling rates are given.
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Figure 1. (a) Near-IR spectrum of the 2-F-4-OH benzoic acid in the 7110-6920 cm ! range after
deposition; (b) difference spectrum after laser irradiating the matrix at 6952.0 cm ! (black trace) and
at 6994.9 cm~! (red), respectively.

The bands belonging to A1 all decrease when its 2v(OH) stretching overtone bands,
found at 6952.0 cm ! and 7077.1 cm ™!, are excited. This occurs with the simultaneous
increase in the bands belonging to D1, i.e., the A1—D1 conversion is induced. Similarly,
when the matrix is irradiated at 6994.9 cm~! and at 7093.2 cm~!, the opposite can be
observed, i.e., the D1— A1 conversion; therefore these bands must belong to the 2v(OH)
stretching overtones of the former conformer. It is important to note the findings described
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above show that no matter which OH group is actually excited (i.e., the 4-OH or the
carboxylic one), all near-IR irradiation results in the same rotamerization process, which is
the cis—trans rotamerization of the carboxylic moiety. As a consequence, the irradiation of
the carboxylic OH group (6952.0 cm~! for A1 and 6994.9 cm~! for D1) will be called “local’
excitation, whereas that of the 4-OH group (7077.1 cm ™! for A1 and 7093.2 cm~! for D1)
will be called ‘remote” excitation hereafter.
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Figure 2. (a) Mid-IR spectrum of the 2-F-4-OH benzoic acid in the 1800~1400 cm~! range after
deposition; (b) simulated spectrum of conformers A1 (blue negative trace), A2 (red), and D1 (black)
based on the anharmonic computations; (c) difference spectrum obtained by subtracting the spectrum
taken after deposition from the one collected after ‘locally’ exciting A1 at 6952.0 cm 1.

In contrast to the results discussed above, the bands of A2 are not affected by any of the
irradiations, even if an excitation wavelength of 6978.8 cm~! is used, which is the frequency
of its local carboxylic 2v(OH) stretching overtone. Accordingly, Table 2 sums up the general
response of these three conformers to the excitation of various O-H stretching overtone
bands. The different response to near-IR laser irradiation, accompanied by a comparison of
the experimental and theoretical spectra, allows for assignment of the vibrational bands;
Tables 3-5 lists their spectral assignment for part of the mid-IR spectral range.
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Figure 3. (a) Mid-IR spectrum of the 2-F-4-OH benzoic acid in the 1400-1000 cm~! range after
deposition; (b) simulated spectrum of conformers A1 (blue negative trace), A2 (red), and D1 (black)
based on the anharmonic computations; (c) difference spectrum obtained by subtracting the spectrum

taken after deposition from the one collected after ‘locally” exciting A1 at 6952.0 cm L,

Table 2. General behavior of the bands of conformers A1, A2, and D1 upon near-IR laser excitation

of their O-H stretching overtone peaks.

Excitation Wavelength (cm~—1)

’ , ’ , 7093.2 7077.1
6952.0 (‘Local’) 6994.9 (‘Local’) (‘Remote’) (‘Remote’)
Al — + — +
A2 0 0 0 0
D1 + — + _

+: increasing signal, —: decreasing signal, 0: no change; ? ‘local’: excitation of the carboxylic OH, ‘remote”:
excitation of the 4-OH group.
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Figure 4. (a) Mid-IR spectrum of the 2-F-4-OH benzoic acid in the 1000-600 cm~! range after deposi-
tion; (b) simulated spectrum of conformers A1l (blue negative trace), A2 (red), and D1 (black) based
on the anharmonic computations; (c) difference spectrum obtained by subtracting the spectrum taken
after deposition from the one collected after ‘locally’ exciting A1 at 6952.0 cm~!. The atmospheric
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Table 3. Spectral assignment of conformer A1 for the mid-IR region of 1800600 cm™~!.

Experimental Theoretical d Description P
v (cm—1) L ? v (em—1) I (km mol—1) Mode escription
1742.5 288 1746.2 329 Vg v(C=0)
1625.1 80 1618.4 170 % v(CC)arom.
1600.3 58 1586.9 52 Vg V(CC)arom.
1517.3,1510.5 6.6 1498.2 11 Vg V(CC)arom.,
3, . . . B(CCH)
V(CCarom.,
1466.5, 1461.8 119 1459.6 113 V10 B(CCH)
v(C=0),
1376.9,1373.3 11 1369.2 49
Y B(COH)coon
1333.1 25 1335.4 46 V12 V(CC)arom.
V(C-O)4-0H,
1301.0 148 1298.8 121 Vi3 B(CCH)
1263.0 29 1246.5 1 vig B(CCH)
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Table 3. Cont.

Experimental Theoretical d D . b
v (cm—1) L 2 v (em—1) I (km mol—1) Mode escription
1243.9 1.9 ? ?
1219.9 5.6 1217.7 21 2V 25(ring)
1204.7 36 1206.4 22 Vis5 B(COH)40H
3(COH)cooH,
1184.9 128 1180.1 98 V16 B(CCH)
1151.8 44 ? ?
1144.2 44 1146.3 38 V17 B(CCH)
1117.4,1114.3 224 1115.6 212 V18 B(CCH)
v(C-O)coon,
1094.6 9.7 1084.7 26 V19 v(CF)
972.5 65 976.6 29 Vo1 B(CCO)arom.
863.5, 858.0 44 872.8 29 Voo v(CCH)
823.5 2.8 829.1 1.8 Vo3 v(CCH)
769.7 72 775.6 37 Vos HCOOH),
T(ring)
746.1 7.7 746.1 6.2 Vo5 5(ring)
735.0 9.5 731.7 7.8 Vo6 B(O=C-0)
691.1, 680.9 33 698.9 17 Vo7 T(CQOH)’
T(ring)
606.5 22 608.4 28 Vo9 5(ring)

2 Normalized experimental band areas obtained by multiplying each integrated band area by the sum of the
theoretical infrared intensities divided by the sum of the experimental band areas; ® v: stretching, B: in-plane
bending, y: out-of-plane bending, 6: in-plane deformation, T: out-of-plane deformation, ?: unassigned peak.

Table 4. Spectral assignment of conformer D1 for the mid-IR region of 1800-600 cm™".

Experimental Theoretical d D . b
v (cm—1) L ? v (em—1) I (km mol—1) Mode escription
1772.0 409 1778.2 257 Vg v(C=0)
1628.2sh 135 1619.1 140 vy V(CC)arom.
1601.2sh,b 15 1590.5 27 Vg V(CCO)arom.
B(CCH),
1508.7,1484.2 20 1499.6 16
o ¥(CC)arom.
1458.7,
1452.1, 1449.1, 95 1451.6 81 V10 V(ﬁc(g)caﬁr)“’
1444.1
1347.8,1340.1 465 1307.8 790 V12 B(COH)coon
V(CC)arom.,
1331.8 44 1333.1 34 Vi1 B(COH)
1308.1 43 ?
B(CCH),
1297.8 219 1298.8 247 v
o V(C-O)s0n
1251.0 28 1248.8 26 Vi B(CCH)
1226.9 8.3 ?
1215.9 10 ?
B(CCH),
1196.1 31 1213.2 9.5 v
" B(COH)coon
1179.8 15 11824 85 Vi B(COH)40n
1136.2 64 1122.1 97 V18 B(CCH)
1126.2 36 1139.6 10 V17 B(CCH)
v(C-O)coon,
1085.0, 1081.9 15 1060.9 0.012 V19 v(CF)
1048.3 14 ? ?
965.6 70 968.3 18 Vo1 B(CCC)arom.
854.4,851.5 45 872.4 41 Voo v(CCH)
825.9 10 832.5 6.3 Vo3 v(CCH)
763.2 51 754.4 11 Vos B(0=C-O)
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Table 4. Cont.

Experimental Theoretical d D . b

v (cm—1) L 2 v (em—1) I (km mol—1) Mode escription
736.8 55 739.4 23 vag 8(ring)

683.5, 678.1 25 692.1 8.6 Vay HCOOH),
T(ring)

625.1 24 632.5 10 Vos HCOOH),
T(ring)
610.5 36 612.1 20 Vag 5(ting)

2 Normalized experimental band areas obtained by multiplying each integrated band area by the sum of the
theoretical infrared intensities divided by the sum of the experimental band areas; ® v: stretching, B: in-plane
bending, y: out-of-plane bending, 5: in-plane deformation, T: out-of-plane deformation, ?: unassigned peak.

Table 5. Spectral assignment of conformer A2 for the mid-IR region of 1800-600 cm L,

Experimental Theoretical C b
v (cm-1) I @ v (em-1) I (km mol-1) Mode Description
1763.8,1757.3 378 1769.2 196 Vg v(C=0)
1607.9 4.8 1616.9 89 vy V(CC)arom.
1572.7 2.2 1587.0 98 Vg V(CC)arom.
B(CCH),
1515.1 13 1498.0 27
o ¥(CC)arom.
V(CC)arom.,
1468.4sh 11 1455.3 18 V10 B(CCH)
v(CC)arom.,
1357.5 16 1351.2 26 v
" B(COH)coon
v(C-O)s.0n,
1301.2sh 53 1298.8 162
s Y13 B(COH)coon
1(ring, COOH) +
1239.0 8.3 12455 57 Voy + V.
7ol ¥(CCH)coon
B(COH)coon,
1177.0 31 1173.0 97 V16 v(C=C)
11545 1.9 1157.0 20 vi7 B(CCH)
1128.6,1122.0 123 1125.1 327 Vig B(CCH)
1097.2 2.8 ? ?
1063.0,
1059.6, 1057.7 58 1048.8 96 V19 V(C_O)COOH
859.4sh 14 875.1 33 Vo Y(CCH), t(ring)
v(CCH),
8203 1.1 825.9 25 Va3 ~(COOH)
T(COOH),
770.8sh 26 775.5 22 Vou V(CCH)
7435 3.0 747.1 32 Va5 5(ring)
1(ring),
689.1 10 702.2 35 Vo7 «(COOH)

2 Normalized experimental band areas obtained by multiplying each integrated band area by the sum of the
theoretical infrared intensities divided by the sum of the experimental band areas; ® v: stretching, B: in-plane
bending, v: out-of-plane bending, 6: in-plane deformation, T: out-of-plane deformation, ?: unassigned peak.

3.3. Kinetics of the Near-IR Induced Rotamerization, Quantum Efficiencies

The temporal evolution of the spectrum can be monitored throughout the near-IR
irradiation, which provides us with a quantitative means of obtaining the conversion
rate. The kinetic curves are plotted in Figure 5 for the 1742.5 and 1628.2 cm~! bands for
conformers Al and D1, respectively. A single exponential function was used to fit the
decay profiles:
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ALX, 9) = Ar=zo(X, D)e ™ + Ar-co(X, ) M
where A¢(X, 9) is the integrated area (in cm~!) of the band of conformer X with a vibrational
frequency of 3 (X =Alor D1;5=17425cm ™! if X= Aland 7= 1628.2 cm™ ! if X = D1), t is
time passed since the beginning of the irradiation (in sec), and k is the pseudo-first order

rate constant (in s~ 1).
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Figure 5. Kinetic curves of the 1742.5 cm~! (a—d) and 1628.2 cm~! (e-h) bands upon near-IR
irradiations of 6952.0 cm ! (a,e), 6994.9 cm™! (b,f), 7093.2 cm~! (c,g), and 7077.1 cm~! (d,h).

The following equation could be used to fit the growth profiles:
A(X, 9) = Ai=o(X, D)(1-e7) @

Moreover, the quantum efficiencies can be estimated using the formula given below [3,6,41]
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¢(i) = k()/ 7' (5)[(9) 3)

where ¢(i) is the quantum yield of the process when exciting the ith vibrational mode at
the overtone wavenumber 7; k(7) is the rotamerization rate in s, whereas ¢(7) is the
absorption cross-section of that particular vibrational mode in cm?; and I(?) is the average
photon intensity of the laser beam at that wavelength in cm? s~1. We can obtain ¢ () in cm?
when the absorbance of the excited overtone band (A, dimensionless value) is divided by
the calculated column density of the decaying conformer at the beginning of irradiation
(N, in cm~2). Furthermore, the latter can be deduced from the integrated peak area of one
absorption band of the conformer (Ajnt, in cm) and by knowing the absorption coefficient
(e, in cm) and the area of irradiation (S = 1 cm?), respectively:

N =1n(10) Ajne/ xS 4)

Even though o is not known for our system, a rough estimate can be given based on
the computed anharmonic IR intensities (Tables 3 and 4). In order to determine N, the
strong and well-resolved v(C=0) stretching vibrational modes were used. Moreover, I(?)
can be obtained if the output power of the produced near-IR laser light (P, in W) is divided
by the photon energy (Ephoton, in J) times the surface area S. It should be noted that P was
measured without the KBr window in the beam path; thus, P and I(7) both represent an
upper estimate, which also means that the quantum efficiencies deduced here are lower
estimates. Table 6 lists all the derived values.

Table 6. Rotamerization rates (kx, in sec™!, where X = A1 or D1, respectively) of the conformers
upon near-IR irradiation. Positive values show growth, whereas negative ones indicate decay.
Computed quantum yields for the rotamerization of the carboxylic OH group when exciting the OH
stretching overtones.

Near-IR Irradiation (cm—1) 2

6952.0 (Local) 6994.9 (Local) 7093.2 (Remote) 7077.1 (Remote)

ka1 —(9.9402) x 107 (8.6+0.2) x 107* —(5.04+0.1) x 1074 (3240.1) x 107*
kp1 (9.3+0.3) x 10°* —(8.1+0.1) x 10~* (5.24+05) x 10°* —(3.8+£05) x 10~*
Aint (cm) 1.896 1.039 1.782 1.126
o« (cm) 5.5 x 10717 43 x 10717 5.5 x 10717 43 x 10717
N (cm™2) 8.0 x 1010 5.6 x 101° 7.5 x 1016 6.0 x 101°
A 0.0020 0.0008 0.0012 0.0006
o'(3) (cm?) 2.5 x 10720 14 x 10720 1.6 x 10720 1.0 x 10720
P (W) 0.044 + 0.008 0.045 £ 0.001 0.046 £ 0.001 0.050 = 0.001
Ephoton () 14 x 1071 14 x 10719 14 x 1071 1.4 x 10719
1(3) (em—2s71) (3.1 + 0.6) x 1017 (32+0.1) x 1017 (3.3+0.1) x 1017 (3.6 +£0.1) x 1017
$(i) (E3) 1.2 x 1071 1.9 x 101 9.7 x 1072 9.7 x 1072
Nigo (571 7.7 x 1013 4.7 x 1013 3.8 x 1013 2.1 x 1013
Nops (s71) 1.4 x 1015 5.9 x 1014 9.1 x 1014 5.0 x 1014
$(i) (E5) 5.5 x 1072 8.0 x 1072 42 x 1071 42 x 1072
¢(D)average (9 +£3) x 1072 (1.4 +0.5) x 1071 (7 £3) x 1072 (7 £3) x 1072
2 “local’: excitation of the carboxylic OH, ‘remote”: excitation of the 4-OH group.
As an alternative approach, ¢(i) can also be estimated as follows:
(P(l) = Niso/Nabs ®)

where Njs, denotes the number of molecules converted, and N, is equal to the number of
photons absorbed per time unit (both in s 1).

Niso = k(5)NS (6)

Naps = (1 — 10 — A)I(©)S @)
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The averaged value ¢(i)average Varies between 1.4 x 10~ and 7 x 1072 (Table 6), which
agree well with, for instance, those of the formic acid (1.7 x 1071, 7 x 10*2) [3], acetic acid
(2.2 x 1072) [6], and propionic acid (1.4 x 1072) [41], respectively, but they are significantly
higher than those of amino acids, such as glycine (8 x 10~%) [18] and alanine (5 x 10~* and
1 x 1073), respectively [19]. It is also worth noting that the relative uncertainty of ¢(i)average
is found to be around 30-40%, which is also in agreement with previous findings [6,41].
By having a look at the ¢(i)average Values belonging to the different excitation frequencies,
it can be deduced that those of the “local” processes do not differ significantly from each
other. Furthermore, the ¢(i)average values of the ‘remote’ processes are comparable to the
‘local’” ones, which is somewhat unexpected, since it would be straightforward to think that
energy dissipation is not negligible when exciting a distant functional group that results in
lower efficiencies for the ‘remote’ excitations. Nevertheless, this does not necessarily hold
true because, for instance, thioacetamide, which also shows a remote molecular switching
property upon near-IR irradiation, has ¢(i)average values of 3.7 x 1072 t0 7.2 x 1072 [42];
these are not significantly lower than the quantum efficiencies listed above. It has to
be kept in mind, however, that the IVR process in thioacetamide acts through only four
bonds instead of the eight in 2-F-4-OH benzoic acid, thus the current findings might still
be surprising. A possible explanation for the minor difference between the quantum
efficiencies of the ‘local’ and ‘remote’ excitations might be the rapid redistribution of the
vibrational energy within the molecule, which has a much higher rate than that of the
energy dissipation into the surrounding matrix. In this case, the latter would be the one
that determines the overall efficiency, i.e., it would matter less which vibrational mode of
the molecule is actually excited.

3.4. Tunneling Decay Kinetics

After the irradiation experiments, the matrix was irradiated once more with the
6952.0 cm ! laser light to bleach conformer A1 and generate as much D1 as possible. Then,
the sample was left in the dark overnight while continuously collecting the mid-IR spec-
tra. Furthermore, it is important to recall that a low-pass filter with a cutoff wavelength
of 1830 cm~! was installed between the spectrometer and the sample during the experi-
ment. This was done in order to prevent the processes induced by the broadband IR light
originating from the spectrometer beam source, which is known to facilitate unwanted
rotamerization processes [43—45]. It should be noted that the photon energy at the filter
cutoff wavelength is 21.9 kJ mol~!, which is significantly below the A1<—D1 rotamerization
barrier (36.7 k] mol~?, Table S49). However, this cutoff energy is comparable to, or even
higher than, the barrier of processes involving the change of other torsional angles. For
instance, the 4-OH group almost rotates freely around, and the rotation of the carboxylic
group should also be made possible upon exposure to the IR beam. It is also important to
note that the 36.7 k] mol~! barrier (which equals 3068 cm 1) should be easily overcome
without the presence of the filter by exciting the vibrational modes above this threshold,
such as the O-H stretching vibrations; this finding justifies the use of the filter.

Figure 6 shows the kinetic growth/decay of conformers A1 and D1, respectively, when
the already irradiated matrix was left in the dark overnight. To fit the experimental data,
the same single exponential functions defined by equations E1 and E2 were used as in
Section 3.3. The k values, as expected, are significantly (by roughly 2 orders of magnitude)
lower than those obtained for the vibrationally induced processes and have a fair agreement
with each other. The half-life of D1 was found to be around 115,000 &+ 4000 s, which is
some 32 h. It is interesting to note, however, that the second-order exponentials could
also be fitted on these data providing a somewhat improved fit. The same holds true for
the irradiation-induced processes, in most cases. This finding implies that there may be
matrix sites with different vibrationally induced rotamerization and tunneling rates; thus,
they can be classified as ‘slow” and ‘fast’, which is a phenomenon that has been previously
described [10,23,46].
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Figure 6. Kinetic curves of the (a) 1742.5 cm~! (A1) and (b) 1772.0 cm~! (D1) bands after the
6952.0 cm ™! near-IR irradiations when the matrix is left in the dark overnight.

3.5. Estimating the Tunneling Half-Life

The tunneling rates of the various feasible pathways can be estimated based on
computational considerations, which can be used to interpret the experimental findings.
The intrinsic reaction paths can be obtained after running IRC computations in Gaussian,
which allows for estimation of the width and the height of the barriers that fundamentally
determine the tunneling half-lives of the processes. Figures S1-54 show the computed IRC
profiles between the isomers, which also contain the barrier heights and widths used in the
calculations. The WKB method mentioned in Section 2.3 was used to predict the tunneling
rates using the equation below:

P(E) _ 8771210\/2M(V0*E)/h (8)

where P(E) is the probability of the tunneling process, m stands for the particle mass
(1.68 x 107% kg for H), Vj is the barrier height, E is the particle energy (both in J), & is
Planck’s constant, and w is the barrier width (in m). The tunneling rate k (in s™') can
be obtained by multiplying P(E) by the frequency of attempts (1, in s7'), which in the
latter can be estimated using the anharmonic frequency of the vibrational mode that takes
place in the process (5, in m™) by means of the formula v = @c, where c is the speed
of light (299,792,458 m s7!). The half-life /2 (in s7!) can be derived from k using the
equation t1/, = In2/k. It is important to note that, due to the inherent uncertainty of the
computational results, it is not extraordinary to have a difference of orders of magnitude
between the computational and experimental values. What really matters is how the
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calculated values compare to each other, and this is why the theoretically obtained values
can be scaled up with a uniform factor, so that they will be equal to their experimental
counterparts [47]. Here, only the D1— A1 process that can be observed, so the theoretical
value was multiplied by a scaling factor of 10,500, and the same was done for all of the
other processes as well. Scheme 2 visualizes the tunneling rates of all possible processes,
including the rotation of the 4-OH group, the OH group in the COOH moiety, and that of
the whole COOH group.

B2

1x10" y
4x10°y

4000 s
~—

l115 000s

2
$
N
N
o

Scheme 2. Calculated tunneling half-lives for all conformers. The values are scaled with a uniform
factor of 10,500, so that the half-life of the D1— A1 process is identical to that of the experimentally
obtained one. The fastest processes for each conformer are highlighted in bold, whereas the labels of
the conformers that can be experimentally observed are outlined.

What can be deduced from Scheme 2 is that all of the higher energy conformers (C1,
C2, D1, D2), even if they are in the sample in detectable amounts, quickly convert to lower
energy ones, such as A2, B2, or D1. For instance, if there is any C1 in the matrix at the
beginning, most of it should be converted to D1 by the end of the deposition, and the other
processes are even faster than that one. B2 converts to A2 in less than a minute, whereas
D1 is shown to slowly transform into Al. It is important to note that neither A2 nor B2
may convert to their counterparts Al or B1 via tunneling over a reasonable timescale and
that the conversion rate of D2— A2 is some seven orders of magnitude faster than that of
D1— A1, which may explain why the former process cannot be observed experimentally.
Most importantly, the scheme also nicely shows why only three forms may be expected to
be present in the matrix after deposition, namely A1, A2, and D1, which is in accordance
with the experimental results.

4. Conclusions

In this study, 2-F-4-OH benzoic acid was isolated in Ar matrices at low temperatures
while collecting its mid-IR spectra. The molecule has eight different conformers based
on the position of three fundamental torsional angles, which are the orientation of the
H atom in the 4-OH group and that of the O and H atoms in the -COOH group at the
other end of the aromatic ring. The spectral assignment can be made by comparing
the experimental spectrum with the theoretically predicted spectra of the conformers.
Based on the vibrational analysis, only the three most stable conformers (A1, A2, and D1)
are expected to be present in the matrix after deposition, which are supported by their
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calculated Boltzmann populations at the deposition temperature. When exciting the 2v(OH)
stretching overtones of the conformers, it can be deduced that A1 converts to D1 and vice
versa, meaning that rotation of the H atom on the COOH group is induced. In contrast
to this, no similar effect could be observed for conformer A2. The response of Al or D1
depends only marginally on whether the irradiation occurred ‘locally’ (i.e., by the excitation
of the OH of the COOH group) or ‘remotely’ (by the excitation of the 4-OH moiety). The
behavior of the bands upon excitation further confirms the vibrational assignment. The
kinetic rates of the rotamerization, as well as the quantum efficiencies of the ‘local’ and
‘remote’ excitations, were also determined. According to this, the efficiency is similar in
all cases independently on the excitation wavelength. The spontaneous conversion of the
higher energy conformer D1 to the more stable A1l via tunneling was also examined, and,
as such, its rate was determined and found to be roughly two orders of magnitude slower
than that of the vibrationally induced one.

This molecule represents a great example, where both the local and remote switching
could be studied simultaneously, thus allowing for their direct comparison. Therefore,
the molecular system presented here further extends our understanding of intramolecular
vibrational energy transfer processes.
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(C2-D2)q, (C2-D2),, (C2*-D2*)1, (C2*-D2%),, D1-D2, (D1-D2)*, and D2-D2*. Table S49: torsional
angles and harmonic zero-point energy corrected relative energy values of the transition states.
Figures S1-54: IRC profiles of the different rotamerization processes.
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Abstract: In this work, prereactive complexes, reaction products, and conformational preferences
derived from the photochemical reaction between CS; and CIF were analyzed following the code-
position of the reactants trapped in argon matrices at cryogenic temperatures. After codeposition
of CS; and CIF diluted in Ar, the formation of van der Waals complexes is observed. When the
mixture is subsequently irradiated by means of broad-band UV-visible light (225 < A < 800 nm),
fluorothiocarbonylsulfenyl chloride (FC(S)SCI) and chlorothiocarbonylsulfenyl fluoride (CIC(S)SF)
are produced. These species exist as two stable planar anti- and syn-conformers (anti- and syn- of the
C=S double bond with respect to the S-CI or S-F single bond, respectively). For both novel molecules,
anti-FC(S)SCI and anti-CIC(S)SF are the lowest-energy computed rotamers. As expected due to the
photochemical activity of these species, additional reaction products due to alternative or subsequent
photochannels are formed during this process.

Keywords: matrix-isolation; photochemistry; carbon disulfide; chloromonofluoride

1. Introduction

The preparation and study of properties of new covalent compounds has been and
will be a central challenge for chemists of all time. Through this knowledge, chemists and
scientists from related branches can design their work with novelty and unconvention-
ality. In this context, the synthesis of small and new covalent compounds, as a linking
piece between disciplines such as inorganic and organic chemistry, biology, biochemistry,
medicine, physics, materials science, different spectroscopies, and photochemistry, is one of
the goals of the present work. An emerging edge to be approached with the systematized
information obtained is the one referring to the world of conformations and their equilibria.

The matrix-isolation technique in combination with photochemistry is particularly
suitable for the isolation of novel small molecules for which no other alternative synthetic
route was found, and also the understanding of the reaction pathways that may lead to
more efficient control of the reactions [1-3]. Our research group has been able to isolate and
study different families of novel molecules by matrix-isolation photochemistry coupled
with FTIR spectroscopy (see, for example, Refs. [4-7] and references cited therein). A
prerequisite for a photochemical reaction in matrix conditions to occur is that the reactants
are held in the same matrix site. Due to the isolation conditions, the reaction is favored
when a prereactive molecular complex is formed between the reactants. Furthermore, the
geometry of the prereactive complex often determines the course of the photochemical
reaction [7].

In this work, we explored the Ar-matrix photochemical reaction between carbon
disulfide and chlorine monofluoride. The codeposition of CS, with CIF, both diluted in
Ar, gives rise to the formation of van der Waals complexes, which are stable species from
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a thermodynamic point of view. Several molecular complexes between CIF and different
Lewis bases were previously studied by a combination of matrix-isolation technique with
IR spectroscopy [6,8-16]. A T-shaped structure for 1:1 complexes of CIF with a series of
alkynes and alkenes was inferred from the Ar-matrix IR spectra, with the interhalogen
molecule interacting with the 7t electron density of the alkyne or alkene [8]. It was reported
that complexes with alkenes produced larger shifts than complexes formed with alkynes,
and the wavenumber shifts increased with increasing methyl substitution near the carbon-
carbon multiple bond. A redshift of the CIF stretching vibrational mode was also observed
for 1:1 molecular complexes of HySe and H3As with the interhalogen molecule isolated in
solid Ar, interpreted as an electron density transfer from the Se or As atom to the lowest
unoccupied antibonding molecular orbital of CIF [9]. Since the base subunit is donating
nonbonding electron density, only slight perturbations were observed in the base modes
of the complex. Comparable results were obtained for complexes of CIF with sulfur and
nitrogen-containing macrocycles [11].

After irradiation, the formation of the novel FC(S)SCl and CIC(S)SF species were de-
tected by FTIR spectra of the matrices. The relative stabilities of the syn- and anti-rotamers
of each of these molecules are discussed, and compared with analogue molecules. Their
formation could be related to roaming mechanisms or frustrated dissociation occurring
during the photoisomerization process of these penta-atomic species. The identification of
the van der Waals complexes and the two conformers of both novel molecules, FC(S)SCl
and CIC(S)SF, were assisted by the predictions of DFT calculations.

2. Materials and Methods

CAUTION: Handling pure fluorine implies that pertinent precautions should be
observed. The reactor and the vacuum lines have to be adequately pretreated with flu-
orine prior to use. CIF was obtained by the reaction of stoichiometric amounts of F,
(Solvay, Germany) and Cl, at 250 °C in a Monel vessel. The reaction mixture was sub-
sequently distilled to separate CIF from Cl,, ClF; and F,. The interhalogen CIF was
transferred into a 1 L stainless-steel container at a vacuum line and diluted with Ar in a
CIF:Ar = 2:100 proportion. Separately, a sample of CS, was mixed with argonina 0.5L
glass container in 1:100 ratio. Both containers were connected via needle valves and
stainless-steel capillaries to the spray-on nozzle of the matrix support. About 0.5-1.0 mmol
of the gas mixtures were codeposited within 10-20 min on the mirror support at 15 K (a
mirror plane of a rhodium-plated copper block). A 150 W high-pressure Xe lamp (Heraeus,
Hanau, Germany) in combination with a 225 nm cut-off filter were used for the matrix
irradiation. The light was directed through water-cooled quartz lenses onto the matrix
for 1 to a maximum of 90 min. The photolysis process was followed by IR spectroscopy.
Details of the matrix apparatus are given elsewhere [17]. Matrix IR spectra were recorded
on a Bruker IFS 66v/S spectrometer with a resolution of 0.5 cm~lin absorption/reflection
mode. The IR spectra were processed by curve-fitting analysis using the OPUS Program
and the intensities were determined integrating the areas of the individual peaks.

Quantum chemical calculations were performed using either Gaussian 03 [18] or
Gaussian 09 [19] program. Density Functional Theory (B3LYP and B3LYP-D3) method was
tried in combination with the 6-311+G(d,p) basis sets. Relaxed two-dimensional scans for
the 1:1 CS,:CIF complexes were performed in order to find the energy minima. Geometry
optimizations were sought using standard gradient techniques by simultaneous relaxation
of all the geometrical parameters. The calculated vibrational properties correspond in all
cases to potential energy minima with no imaginary frequencies.

The binding energies of the molecular complexes were calculated using the correction
proposed by Nagy et al. [20]. The basis set superposition errors (BSSE) have been calculated
by applying the counterpoise procedure developed by Boys and Bernardi [21]. The elec-
tronic transitions for the previously optimized structure of the molecular complexes were
calculated using the TD-DFT formalisms, with a maximum of 100 states and S = 1 [22,23].
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3. Results and Discussion
3.1. Codeposition of CS; + CIF in Ar Matrix

The reactants were codeposited simultaneously in the mirror plane cooled to about
15 K. The FTIR spectra of the matrix obtained before irradiation were analyzed and com-
pared with the experimental spectra of the monomers taken in similar conditions. The
signal corresponding to the CS; antisymmetric vibration, v4sCSy, of the carbon disulfide
molecule appears in the spectrum at 1527.9 cm~! (Figure 1). In addition, there are also
absorptions at 1524.4 cm ™! assigned to the 3#SCS isotopologue and at 1533.5 cm ™! orig-
inating by the dimer (CS;),. This dimer was also formed in the reaction between CS,
and F; achieved under similar conditions to the present work, where the corresponding
band appears at 1533.6 cm ™! [4]. Figure 1 also shows a band at 2169.5 cm™ 1, assigned to a
combination mode of CS; (v4CS; + vsCSy). The CIF interhalogen presents FTIR signals at
767.0 and 759.8 cm~!, due to v3°CIF and v3”CIF vibrations, and also mirror bands of lower
intensity at 769.9 and 762.7 cm !, attributed to matrix effects, and at 755.5 and 748.7 cm !

due to molecular aggregation (Figure 2) [6].
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Figure 1. FTIR spectra of the CS, /CIF/Ar matrix (CSp:CIF:Ar = 1:2:200) at about 15 K after deposition
(top, black trace) and, from top to bottom, after 1 (red trace), 3 (green trace) and 8 min (blue
trace) of irradiation with broad-band UV-visible light (225 < A < 800 nm) in the 2182-2167 and

1537-1515 cm~! regions.
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Figure 2. FTIR spectra of the CS, /CIF/Ar matrix (CS;:CIF:Ar = 1:2:200) at about 15 K after deposition
(top, black trace) and, from top to bottom, after 1 (red trace), 3 (green trace) and 8 min (blue trace) of
irradiation with broad-band UV-visible light (225 < A < 800 nm) in the 782-705 cm~1 region.

At this stage of the experiment, that is, when the matrix was not yet irradiated,
four new bands were observed at 2169.5, 1522.2, 718.5 and 712.2 cm ! (see Figures 1 and 2).
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These bands are not present in the experimental spectrum of the isolated monomers
of CS; and CIF and their subsequent behavior during the photochemical irradiation of
the matrix; that is, the tendency to decrease their intensities with the irradiation time
allows for them to be assigned to signals originated by the formation of van der Waals
complexes between CS, and CIF. In order to dispose of photochemical kinetic data that
allow for relevant information to be provided to the present study, the matrix formed with
a 1:2:200 CS,:CIF:Ar concentration was irradiated in the UV-visible range (A > 225 nm) for
1, 3, 8,15, 45, and 90 min. As can be observed in Figures 1 and 2, these new absorptions
completely vanish after 8 min of irradiation. Figure 3 shows the variation of the FTIR
band intensities assigned to the monomers, CS; and CIF, and that to the CS;:CIF van der
Waals complex as a function of the irradiation time. As can be observed in Figure 3, while
the intensities of the IR bands of the monomers show a slight decrease (their intensities
after 45 min of irradiation are approximately 80% of the initial values), the IR features
assigned to the complex follow a different kinetic behavior, disappearing after 8 min of
exposition to broad-band radiation. Figure 3 also reveals that the absorptions attributed to
the complex follow the same pattern as a function of irradiation time, a necessary condition
to be assigned to the same species.

3NCS, 10 CS,-CIF
3 @
c 4 2
g 1528.1/1524.4 cm §
224 2 —a—2169.5 cm ' x100
< -1
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4 0.5
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Figure 3. Plots of the intensities of the bands in the FTIR spectra of the CS,/CIF/Ar ma-
trix (CSy:CIF:Ar = 1:2:200) at about 15 K vs irradiation times with broad-band UV-visible light
(225 < A <800 nm). Left: bands assigned to CS, and CIF; Right: bands assigned to the 1:1 CS;:CIF
van der Walls complex.

Computational calculations are especially valuable for reproducing experimental
results. The geometry of the stable systems formed by CS, and CIF were determined
searching for the energy minima of the complexes varying the S---Cl and S---F distances
in 0.1 A steps and the C=S.--Cl and C=S---F intermolecular angles in 10° steps. Figure 4
shows the contour map of the potential energy surface for the CS,---CIF complex calculated
with the B3LYP/6-311G+(d,p) approximation. On the right part of Figure 4, the molecular
model corresponding to the optimized structure of the energy minimum calculated with
the same theoretical approximation is also represented in Figure 4. Equivalently, Figure 5
shows the molecular complex that links the CS, molecule with the fluorine atom of the
CIF interhalogen. As in many branches of chemistry, fluorine again shows its particularity.
When the van der Waals complex is formed using it as a bridge, the geometry of the
complex is now linear.

The calculated geometrical parameters of the optimized structures of the two com-
plexes are presented as Supporting Information (Table S1). An intermolecular distance
S---Cl of 2.9411 A, which corresponds to a van der Waals penetration distance of 0.62 A, and
an intermolecular C=5---Cl angle of 97.9° are predicted for the CS,---CIF complex. On the
other hand, for the CS,---FCl structure, a value of 3.2531 A is obtained for the S---F distance,
that gives a 0.05 A van der Waals penetration distance. The predicted intermolecular C=S---F
angle for the optimized structure is 180.0°, as shown in Figure 5. According to the B3LYP/6-
311G+(d,p) approximation, the CS,---FCl complex is 1.83 kcal/mol (7.66 kJ /mol) higher
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in energy than the CS,---CIF form. The former structure presents almost the same energy
that the isolated monomers (AE = E(CS;---FCI)-E(CS,)-E(FCl) = —0.06 kcal/mol), while
the latter complex is predicted to be energetically favored with respect to the monomers
by 1.89 kcal/mol. The Supporting Information contains detailed data of the calculated
energies and the corresponding corrections (Table S2). In agreement with this stability
difference, a value of —9.79 and —0.71 kcal/mol were obtained for the most important
contribution to the orbital stabilization energies of the CS,---CIF and CS;---FCI complexes,
respectively. The charge transfer resulting in the complex formation occurring mainly from
the free-electron pair of the sulfur atom to the o antibonding orbital of the CIF molecule
(IpS— 0" ) acquires a value of —0.0894 e for the CS,---CIF complex. On the other hand,
for the CS,---FCl structure, a much lower charge transfer of —0.0013 e was predicted, while
the main orbital interactions occur from the CIF unit to the CS; molecule: cCIF—RyS
(—0.71 kcal/mol) and IpF—0*C=S (—0.29 kcal/mol). Figure 6 shows a schematic repre-
sentation of these two orbital interactions. The geometries of the complexes are consistent
with the main contributions to the orbital interactions in each case. In the CS,---CIF adduct,
carbon disulfide acts as a donor molecule and chlorine monofluoride as the acceptor unit,
favoring the angular geometry. The donor and acceptor roles are inverted in the CS;---FCl
complex, determining the collinear geometry.

Relati
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Figure 4. Contour map of the potential energy surface of the S=C=S.--CIF molecular complex
calculated by the variation of the S---Cl intermolecular distance from 2.5 to 4.0 A in 0.1 A steps and

the C=S..-Cl intermolecular angle from 70 to 210° in 10° steps with the B3LYP/6-311G+(d,p) (left)
and molecular model of the optimized minimum (right).
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Figure 5. Contour map of the potential energy surface of the S=C=S.--FC]l molecular complex
calculated by the variation of the S---Cl intermolecular distance from 2.5 to 4.0 A in 0.1 A steps and
the C=S---F intermolecular angle from 70 to 210° in 10° steps with the B3LYP/6-311G+(d,p) (left) and
molecular model of the optimized minimum (right).

The vibrational spectra of the complexes were also calculated using the B3LYP/6-
311G+(d,p) approximation, and the predicted wavenumbers shifts with respect to the
monomers were compared with the experimental findings. A complete list of the calculated
frequencies is presented as Supporting Information in Table S3, while Table 1 compiles the
vibrational wavenumbers that were observed in the experimental FTIR spectra.
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Figure 6. Schematic representations of the main contributions to the orbital interactions in the
CS,---CIF (left) and CS,---FClI (right) complexes calculated with the B3LYP/6-311G+(d,p).

Table 1. Selected wavenumbers for the different complexes formed between CS, and CIF computed
with the B3LYP/6-311+G(d,p) approximation (wavenumbers are in cm ! and relative IR intensities
are given between parentheses) and comparison with the experimental value.

Ar Matrix

B3LYP/6-311+G(d,p)

S=C=S---C1-F S=C=S---F-Cl Tentative Assignment
v (cm—1) Av(cm—1)2 v(em-1)Pb Av(cm1)2 v(em-1) b Av(cm—1)2
2169.5 -83 Vas(SCS) + v4(SCS)
1522.2 —5.7 1547.1 (100) —6.2 1552.2 (100) -19 vas(SCS)
671.8 (<1) -2.1 673.3 (<1) —0.6 v5(SCS)
718.5 —48.6 646.5 (31.8) —93.3 740.3 (3.8) +0.7 v(**CI-F)
712.2 —47.7 640.8 (10.2) —92.2 733.2 (1.2) +0.5 v(*’CI-F)

# AV = Veomplex — Vmonomer- b Relative intensities between parentheses.

The simulated IR spectrum of the CS,---CIF complex is the one that best reproduces
the experimental results. The calculated v,5(S=C=S) is shifted by —6 cm~!, in complete
agreement with the experimental value (see Figure 1). The direction of the shift in the
CI-F stretching vibrational mode is what allows the structure to be assigned with con-
fidence. Meanwhile, in the complex that interacts through the Cl atom of the diatomic
molecule, a shift towards lower wavenumbers of approximately 90 cm~! is predicted, in
accordance with the redshift observed in the FTIR spectra depicted in Figure 2; for the
CS,---FCl adduct, the shift is less than 1 cm~! and in the opposite direction. This difference
in the v(CI-F) shift is closely related to the main components of the orbital interactions of
each of the structures, discussed previously. As mentioned in the Introduction, the interac-
tions between CIF and several N, O, S, Se, and As- containing compounds, as well as with
different alkyne or alkene molecules studied by IR matrix-isolation spectroscopy [6,8-13,16],
were previously interpreted as an electron density transfer from the corresponding Lewis
base to the lowest unoccupied antibonding molecular orbital of CIF, in accordance with the
results presented here.

From the comparison between the experimental and calculated IR spectra described
above, it can be concluded that the additional bands in the FTIR spectrum taken imme-
diately after deposition with respect to the FTIR spectra of the monomers, and whose
intensities decrease until they disappear after 8 min of irradiation, belong to the CS,---CIF
structure. This is also in agreement with the lower energy predicted for this species. Previ-
ous studies on other Lb---CIF complexes (Lb is one of several Lewis bases), either by FTIR
matrix-isolation spectroscopy, OCS---CIF [16] and OCSe---CIF [6], or by microwave spec-
troscopy, HyS---CIF [14] and H,O ---CIF [14], also conclude that the structures interacting
through the chlorine atom of the CIF molecules are the lower-energy forms. Regarding
the CS,---FCl adduct, its presence cannot be completely discarded, since the expected
small wavenumber changes would be overlapped to monomer bands. Furthermore, a
close inspection of Figure 1 reveals a shoulder of the [v;5(SCS) + vs(SCS)] combination
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band blueshift by ~2 cm~! that might be tentatively attributed to this complex, taking into
account the calculated vibrational data presented in Table 1.

TD-DFT calculations with the B3LYP/6-311+G(d,p) approximation were performed
for the optimized CS;---CIF structure, to simulate the electronic transitions of this species
in the energy range of the irradiation source used for the photochemical experiments,
in order to predict the possibility of photolysis of this species under the experimental
conditions. The calculated wavelengths for the one-electron transitions are listed in Table 2,
together with the theoretical oscillator strength (f) and a tentative approximate assignment.
Only transitions with A > 200 nm and f > 0.002 are included in the Table. A schematic
representation of the molecular orbitals involved in the electronic transitions presented in
Table 2 is presented in Figure 7.

Table 2. Electronic transitions calculated with the TD-DFT (B3LYP/6-311+G(d,p)) approximation for
the CS,---CIF complex 2.

Oscillator - Tentative Approximate
A (nm) Strength Transition Assignrpisant b
374.6 0.0002 HOMO — LUMO m, (C=S1) — m,* (S=C=S)
340.1 0.0010 (HOMO-2) — LUMO Ip, Cl — m,* (5=C=S)
333.9 0.0003 (HOMO-3) — LUMO 1, (C=52) — m,* (S=C=S)
311.7 0.1381 (HOMO-1) — LUMO T p. (C=51) — 7;* (5=C=5)
271.7 0.0002 HOMO — (LUMO0+2) 1, (C=S1) — o* (CI-F)
263.7 0.2342 (HOMO-1) — (LUMO0+2) Tip. (C=S1) — ¢* (CI-F)
220.7 0.0138 (HOMO-3) — (LUMO0+1) m, (C=52) — Thip.* (5=C=S)
215.2 0.0236 (HOMO-2) — (LUMO0+2) lp, C1 — o*(Cl-F)

2 Only transition with oscillator strength > 0.002 are included. ? S1 and S2 correspond to the interacting and
noninteracting sulfur atom, respectively. The z axis is perpendicular to the molecular plane.

3.2. Photochemistry of CS, + CIF in Ar Matrix

The examination of the FTIR spectra taken after irradiation of the matrix allows for
the observation that whereas intensities corresponding to the set of bands assigned to
the CS,:CIF molecular complex decrease, another group of bands arises, evidencing the
formation of species that were not originally present in the codeposited Ar matrix of CS;
and CIF at cryogenic temperatures. Some of the IR absorptions appearing after irradiation
that could not be associated with any known compound were assigned to novel pentatomic
molecules with XC(S)SY general formula, with X, Y = F, Cl, based on (i) the comparison with
previous results on similar systems and (ii) the comparison with the IR spectra predicted by
DFT methods for these species. Selected spectral regions of the FTIR spectra of the matrix
at different irradiation time are presented in Figure 8. A complementary way to evaluate
this information is displayed in Figure 9, which shows the variation of band intensities as a
function of irradiation time for the signals assigned to the proposed photoproducts.

The region between 1250 and 950 cm ! in the FTIR spectra of the irradiated matrix is
particularly rich in information concerning the formation of the new molecules reported in
this work. The absorptions at 1228.9/1226.0 and 1213.5/1208.2 cm~1, which grow and then
decay on continued irradiation (Figures 8 and 9), were assigned to the v(C=S) stretching
vibration of syn-FC(S)SCl and anti-FC(S)SC], respectively. The positions of these signals are
in very good agreement with the computed wavenumbers at 1220.9 and 1214.0 cm ! using
the B3LYP/6-311G+(d,p) level of approximation, as presented in Table 3. According to this
computational calculation, the anti-form of FC(S)SCl is the one with the lowest energy. The
syn-rotamer is calculated to be 0.76 kcal/mol higher in energy than the anti-form. The IR
absorption coefficients values for the v(C=S) vibrational mode are 383 and 288 km /mol for
the syn- and anti-conformer, respectively. Even taking into account the higher absorption
coefficient of the syn-rotamer, the experimental abundance of the syn-form is greater than
that of the anti-form. Unlike what was observed in other similar photochemical reactions, a
process called randomization was not observed in this case [7].
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LUMO (rt,* (S=C=S))

HOMO-1 (., (C=51))

LUMO+2 (c* (CI-F))

HOMO-3 (, (C=S2))

Figure 7. Schematic representation and approximate assignment of the molecular orbitals of the
CS,---CIF complex involved in the electronic transitions with A > 200 nm and f > 0.002, calculated
with the B3LYP/6-311+G(d,p) approximation.
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Table 3. Wavenumbers (in cm 1) assigned to syn-FC(S)SCl, anti-FC(S)SCl, syn-CIC(S)SF and anti-
CIC(S)SF after irradiation of CS,/CIF/Ar matrix (CSy:CIF:Ar = 1:2:200) and computed values with
the B3LYP/6-311+G(d,p) approximation (relative IR intensities are given between parentheses).

syn-FC(S)SCl anti-FC(S)SCl syn-CIC(S)SF anti-C1C(S)SF Tentative
Ar Matrix Calculated Ar Matrix Calculated Ar Matrix Calculated Ar Matrix Calculated Assignment
1228.9 1213.5
1226 O}(100) 12209(100)  [50c5 +(100)  12140(100) 11609 (100)  11595(100)  1061.8(100)  1084.3 (100) v (C=S)
976.3 (40) 965.5 (66) 997.5 (50) 1040.6 (78) - 743.1 (4) 802.7 (78) 893.6 (56) v (C-X)?
718.5 589.6 (3) - 628.9 (2) - 514.4 (8) - 481.4 (12) v (C-S)P
7122 526.4 (7) - 4642 (63) ;%'g}(m) 728.3 (93) 668.8 (50) 671.4 (63) v (5-Y)

2 v4s (C1-C-S) for syn- and anti-CIC(S)SE. b (Cl-C-S) for syn- and anti-CIC(S)SE.

Two absorptions at 1160.9 and 1061.8 cm ™! (Figures 8 and 9) can be attributed to the
presence of the bond isomer CIC(S)SF in its two planar syn-CIC(S)SF and anti-CIC(S)SF
conformations, respectively. The experimental values compare fairly well with those
computed at 1159.5 and 1084.3 cm ! using the B3LYP/6-311G+(d,p) level of approximation
(Table 3). The values of the absorption coefficients corresponding to the C=S stretching
vibrations of the two rotamers are very similar. According to the performed calculations,
the syn-conformer presents an absorption coefficient of 316 km/mol, while a value of
253 km/mol is predicted for the anti-form. The formation kinetics for the two conformers
is also similar; the maximum intensity of these absorptions is reached at around 8 min
of UV-visible irradiation for both rotamers. As in the case of its FC(S)SCI constitutional
isomer, anti-CIC(S)SF was found to be the lowest-energy conformer, being the syn-CIC(S)SF
rotamer 2.16 kcal/mol higher in energy than the anti-form. The compared photoevolution
of the anti- and syn-CIC(S)SF forms is in this case indicative of a randomization process
with approximately equal experimental concentration of each form after irradiation (see
Figure S1 in the Supporting Information).

Figure 10 shows the molecular models of the two novel photochemically obtained
species, each with its two rotamers, optimized with the B3LYP/6-311+(d,p) approximation.
Table S4 of the Supporting Information compiles the theoretical geometric parameters of
these species.

S F
5

o2 e

anti-CIC(S)SF syn-CIC(S)SF

9
9
9

anti-FC(S)SCI syn-FC(S)SClI

Figure 10. Molecular models of anti-CIC(S)SF, syn-CIC(S)SF, anti-FC(S)SCl and syn-FC(S)SCl calcu-
lated with the B3LYP/6-311+G(d,p) approximation.
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The presence of anti- and syn-CIC(S)SF rotamers was also reconfirmed experimentally
due the additional absorptions appearing when the Ar matrix of codeposited CS, and
CIF at cryogenic temperatures was irradiated. For the syn-rotamer the computed band at
743.1 cm ™! (v, C1-C-S) was not observed in the experimental spectra, in accordance with
its predicted absorption coefficient of only 9.2 km/mol. The absorption at 782.2/779.2 cm ™!
could in principle be attributed to the ~778 cm~! IR band of the triatomic species CISF,
isolated by the photolysis of FC(O)SCl in Ar matrix [24]. Although the formation of this
molecule cannot be completely discarded, the absence of the other band expected in the
recorded region of the spectra, at 543/537 cm™!, allows us to conclude that the major
contribution to the signals around 780 cm ™! is originated by syn-CIC(S)SF.

In addition to the bands assigned to the XC(S)SY (X, Y = F, Cl) molecules, other features
were observed to appear in the IR spectra taken after irradiation. Figure 11 shows the
intensity vs. irradiation time plots of the most intense of these IR absorptions. A complete
list of the wavenumbers appearing during the irradiation of the CS;:CIF mixture in Ar
matrix, as well as their tentative assignment, is presented in the Supporting Information
(Table S5). A weak band at 1481.9 cm™! is developed in the spectra after irradiation.
Figure 9 shows the time photoevolution of this absorption, assigned to the v;5(S=C=5S)
vibrational mode of the Cle---SCS complex, by the comparison with the reported value at
1481.5 cm~! [5]. Two signals can be observed at 1353.6 and 1346.0 cm ™! in the FTIR spectra,
attributed to the v(5=C) vibrational mode of the SCF; species [25].

Cl-8=C=S 004 S=CF,
[+]
800104  14819cm’ s 13536/1346.0 cm '
c
g 5
2 0.02-
0.0054
00004 L oo .,
0 30 60 90 0 30 60 90
time (min) time (min)
-SCI
0.044 - %
3 1287.5/1284.0/11281.3 cm 004
5 8 598.8/595.7 om’’
] 8
2 S
< @
0024 2002
OVOD Ll Ll L 0.00 L) LI L L]
0 30 60 9 0 30 60 90
time (min) time (min)

Figure 11. Plots of the intensities of the bands assigned to Cle---5=C=S (top left), S=CF, (top right),
CS (bottom left) and SCl (bottom right) in the FTIR spectra of the CS, /CIF/Ar matrix (CS;:CIF:Ar
= 1:2:200) at about 15 K vs. irradiation times with broad-band UV-visible light (225 < A < 800 nm).

A set of bands at 1185.3/1182.2/1179.3 cm ™! that follows a similar behavior against
the irradiation time and presents the expected intensity ratio with respect to the v(5=C)
mode was attributed to the v,(F—C—F) of SCF,, reinforcing the proposed assignment.
For its formation, the migration of a F radical from the original matrix cage containing
CS; and CIF, an already-documented process [26,27], is mandatory. The formation of
S=CCIF can be ruled out since the most intense FTIR bands of this compound, reported
at 1257.4,1014.9, and 612.4 cm~! [28], are not present in the corresponding vibrational
spectra. The absorptions observable at 1287.5, 1284.0, and 1281.3 cm ™" can be attributed to
complexed CS species, by comparison with its 1276 cm ! reported value for the isolated
molecule [29]. A signal with a characteristic 35C1/%7C1 pattern, at 598.8/595.7 cm !, is

53



Photochem 2022, 2

tentatively assigned to the SCle radical, presumably perturbed by the other species present
in the same matrix cage (reported values are 574.4 and 566.9 cm~1) [30].

The features observed to develop at 961.5 and 953.2 cm ! (see Figure S2 in the Support-
ing Information) could not be assigned to any product arising from the CS,:CIF mixture.
Instead, they are originated by the CICIO molecule, formed through the photolysis of
Cl,O [31]. As described in the literature, Cl,O is a by-product in the preparation of CIF [32].
In fact, the IR absorptions of Cl,O are present in the initial spectrum of the CS,:CIF Ar
matrix with very low intensities, at 677.1/674.8 and 638.9/636.2/633.5 cm ! [33], and
decreased as the bands of CICIO increased.

4. Conclusions

The codeposition of CS, and CIF, both diluted in Ar, at about 15 K conducts to the
formation of the CS,---CIF complex, as revealed by the comparison of the IR spectrum taken
immediately after deposition with the one calculated with DFT methods. Although this
complex is predicted to be energetically favorable with respect to the CS,---FCl adduct, the
presence of the latter cannot be completely discarded, since if the signals corresponding to
this species were present, they would probably be overlapped with those of the monomers
due to the expected small wavenumbers shifts. The photolysis of the CS;---CIF species with
broad-band UV-visible light (225 < A < 800 nm) is completed after 8 min of irradiation, in
agreement with the predicted electronic transitions of this complex by TD-DFT calculations.
The first step in the photolysis of the complex isolated in solid Ar is the formation of
the constitutional isomers, FC(S)SCI and CIC(S)SF, each of them in their two anti- and
syn-rotamers. Although no conclusive evidence exists so far, roaming mechanisms [34]
involving either F or Cl atoms could not be ruled out to explain the formation of these
two molecules. The novel pentatomic molecules isolated in this work are also photoactive,
and evolve inside the Ar-matrix cage, forming CS, the SCl radical, the CS;---Cl complex,
and the thiofluorophosgene molecule, F>CS, in a mechanism that involve the migration of
fluorine atoms in the matrix. The proposed photoproducts are summarized in Scheme 1.

/
s s
\\c s — \\c s ;
—s,. = S F,C=S
e \CI e
Cl---S=C=S
S=C=$--CF — » v
-SCI
s\ s\ F
>c—s\ —— >c—s/ cS
cl F cl
~

Scheme 1. Proposed photoproducts detected in the FTIR spectra of the CS,/CIF/Ar matrix
(CSy:CIF:Ar = 1:2:200) at about 15 K after irradiation with broad-band UV-visible light (225 < A < 800 nm).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/photochem?2030049/s1, Figure S1: Plot of the relative intensities
of the v(C=S) absorptions of syn- and anti-CIC(S)SF as a function of the broad-band UV-visible
irradiation time; Figure S2: FTIR spectra of the CS; /CIF/Ar matrix (CS,:CIF:Ar = 1:2:200) at about
15 K after deposition (bottom, black trace) and (from bottom to top) 1 (red trace), 3 (green trace),
8 min (blue trace), 15 min (orange trace), 45 min (grey trace) and 90 min (purple trace) of irradiation
with broad-band UV-visible light (225 < A < 800 nm) in the 970-940 and 655-635 cm~1 regions;
Figure S3: Plot of the relative intensities of the v(C=S) absorptions of syn- and anti-CIC(S)SF as a
function of the broad-band UV-visible irradiation time; Figure S4: FTIR spectra of the CS,/CIF/Ar
matrix (CSy:CIF:Ar = 1:2:200) at about 15 K after deposition (bottom, black trace) and (from bottom
to top) 1 (red trace), 3 (green trace), 8 min (blue trace), 15 min (orange trace), 45 min (grey trace)
and 90 min (purple trace) of irradiation with broad-band UV-visible light (225 < A < 800 nm) in
the 970-940 and 655-635 cm 1 regions; Table S1: Geometric parameters for the different complexes
formed between CS, and CIF (distances in A, angles in degrees) calculated using the B3LYP/6-
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311+G(d,p) approximation; Table S2: AEGCE) AECP  BSSE and GEOM corrections (in kcal.molfl),
transferred charge (g), orbital stabilization energy (AE® in keal.mol 1) for the different complexes
formed between CS; and CIF computed using the B3LYP/6-311+G(d,p) approximation; Table S3:
Wavenumbers for the different complexes formed between CS, and CIF computed with the B3LYP/6-
311+G(d,p) approximation (wavenumbers are in cm ! and relative IR intensities are given between
parentheses) and comparison with the experimental values; Table S4: Geometrical parameters of anti-
CIC(S)SF, syn-CIC(S)SF, anti-FC(S)SCl, and syn-FC(S)SCl calculated with the B3LYP/6-311+G(d,p)
approximation (distances in A and angles in degrees); Table S5: FTIR wavenumber and proposed
assignment of the photoproducts formed by UV-visible irradiation of CS; and CIF co-deposited in
an Ar matrix (CSy:CIF:Ar 1:2:200) at cryogenic temperatures. Refs. [5,25,29,30,35] have been cited in
supplementary materials.
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Abstract: Ultraviolet-induced photodissociation and photo-isomerization of the three most stable
conformers (SSC, GAC, and AAT) of glycolic acid are investigated in a low-temperature solid argon
matrix using FTIR spectroscopy and employing laser radiation with wavelengths of 212 nm, 226 nm,
and 230 nm. The present work broadens the wavelength range of photochemical studies of glycolic
acid, thus extending the understanding of the overall photochemistry of the compound. The proposed
kinetic model for the photodissociation of glycolic acid proceeds from the lowest energy conformer
(SSC). The model suggests that ultraviolet light induces isomerization only between the SSC and
GAC conformers and between the SSC and AAT conformers. The relative reaction rate coefficients are
reported for all proposed reactions. These results suggest that the direct photodissociation of GAC and
AAT conformer does not occur in an argon matrix. The main photodissociation channel via the SSC
conformer produces formaldehyde-water complexes. The proposed photodissociation mechanism
emphasizes that the conformers’ relative abundancies can significantly affect the photodissociation
rate of the molecule. For example, in the case of high relative GAC and AAT concentrations, the
ultraviolet photodissociation of glycolic acid requires the proceeding photo-isomerization of GAC
and AAT to SSC.

Keywords: glycolic acid; hydroxy acid; dissociation; isomerization; chemical kinetics; reaction
mechanism; matrix isolation; vibrational spectroscopy; photochemistry

1. Introduction

Glycolic acid (GA), the smallest x-hydroxy acid, is a suitable prototype molecule for
photochemical studies. The molecular structure of GA, with functional OH groups at both
ends of the molecule, and its ability to form inter- and intramolecular hydrogen bonds
gives versatile possibilities to investigate how vibrational energy relaxes and redistributes
in the molecule and how hydrogen bonding affects these relaxation processes [1,2]. The
three lowest energy conformers of GA are populated at room temperature, and they offer a
set of probe conformers for both dissociative and non-dissociative photochemical studies.

Most photochemical studies have focused on the vibrational excitations on the elec-
tronic ground state, both in the gas phase and in low temperature matrices [3-8]. The
reported light-induced processes reported in the literature for glycolic acid isolated in low-
temperature matrix experiments are shown in Figure 1. Broadband infrared excitation of
GA initiates conformational photo-isomerization reactions [3-5]. Selective conformational
photo-isomerization reactions between the conformers can be initiated by near-infrared
excitation of first and second OH stretching overtones [6,7]. At shorter wavelengths, the
excitation of high OH stretching overtones by visible light, at 532 nm, is also followed by
conformational photo-isomerization reactions [8]. Photons from visible to infrared light
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were then found to be capable of vibrationally exciting GA in the electronic ground state
and, thus, capable of initiating isomerization processes. Recently, Krupa et al. [8] widened
the wavelength range of the photochemical studies of GA to ultraviolet radiation. They
investigated the photochemistry of GA in an argon matrix using laser light at 212 and
226 nm. The ultraviolet excitation led to the photo-isomerization and photodissociation of
GA. The main dissociation channels produced molecular complexes of formaldehyde and
water with carbon monoxide [9].

SSC GAC
VIS
P
VIS
C »
NIR ¢
VIS
C:',',:fz g,':z o NIR|| NIR
¢
SST AAT

Figure 1. The experimentally identified photo-induced processes of GA in a low-temperature argon
matrix. The photo-induced reactions between SSC and SST have been observed only in a nitrogen
matrix and denoted as @Nj in the Figure. NIR stands for near-infrared radiation, and VIS for visible
light radiation. The Figure is adapted from information in Ref. [8].

Previous photochemical studies show that the conformational photo-isomerization
of GA can be initiated by both vibrational excitations on the electronic ground state and
electronic excitations, while only the latter also leads to photodissociation. The competing
isomerization and dissociation reactions raise an exciting research question: what are the
photodissociation and photo-isomerization kinetics of individual conformers? The kinetics
of individual conformers is essential information to estimate how changes in relative
concentrations of the conformers affect the ultraviolet photokinetics of GA. For example,
in some instances, such as atmospheric or interstellar environments, longer wavelengths
can also be available for vibrational excitation. GA is present in the atmosphere [10],
where the wavelength intensity distribution repeatedly changes so that a wide variety
of excitations can happen depending on the sunlight spectrum and the conditions of a
specific atmospheric region [11-13]. The mechanisms in narrow wavelength ranges are of
prime importance for understanding the overall photochemical mechanisms in the case
of broad spectral range excitations. So far, only a kinetic model for the high overtone
excitation-induced isomerization reactions of GA has been proposed [8].

The present study aims to develop a kinetic model to describe the ultraviolet-induced
photochemistry of GA. The model provides a better understanding of the processes that
follow the electronic excitation of the molecule. Together with the previous studies on the
electronic ground state photochemistry of GA, the present work promotes an understanding
of how different mechanisms could affect the photochemistry of a single molecule when
photons from infrared to ultraviolet are available for excitations.

2. Materials and Methods

The GA/argon matrices were prepared by passing an argon gas (Messer 5.0) flow
over solid GA (Janssen Chimica, Warsaw, Poland, purity 99% or Sigma-Aldrich, Lisbon,

58



Photochem 2023, 3

Portugal, Reagent Plus®, purity 99%) at room temperature. This method yields suitable
monomeric matrices, even though the guest-to-host ratio can be controlled only by the gas
flow rate and temperature of the substrate. A precise guest-to-host ratio is unspecified
throughout the study. The typical deposition temperature was 15 K, and measurements
were performed at 10-15 K.

Ultraviolet photolysis at 212, 226, and 230 nm was performed in Wroctaw, and near-
infrared photolysis with subsequent 230 nm photolysis experiments were carried out in
Coimbra. The experimental setup in Wroctaw consisted of a closed-cycle helium cryo-
stat APD-Cryogenics (ARS-2HW), equipped with Csl windows; a Bruker IFS 66 FTIR
spectrometer, equipped with a liquid Nj cooled MCT detector; a Scientific Instruments
9700 temperature controller, equipped with a silicon diode; a UV radiation source; and
the frequency-doubled signal beam of a pulsed (7 ns, repetition rate of 10 Hz) optical
parametric oscillator Vibrant (Opotek Inc., Carlsbad, CA, USA), pumped with an Nd:YAG
laser (Quantel, Lannion, France). For more details, refer to Ref. [9].

The experimental setup in Coimbra consisted of a closed-cycle helium cryostat APD-
Cryogenics (DE-202A), equipped with external KBr windows and with a Csl substrate
mounted at the cold tip of the cryostat; a Thermo Nicolet 6700 FTIR spectrometer, purged
through the optical path with dry, CO,-filtered air to avoid interference of atmospheric H,O
and CO,, equipped with a deuterated triglycine sulfate detector (DTGS) and a KBr beam
splitter; and a Scientific Instruments, model 9650-1 temperature controller, equipped with a
silicon diode; NIR radiation source: tunable narrowband (~0.2 cm ™! spectral width) light
generated by the idler beam of a Quanta-Ray MOPO-SL optical parametric oscillator (OPO),
pumped by a pulsed Nd:YAG laser (pulse duration: 10 ns; repetition rate: 10 Hz). UV
radiation source: same as for the NIR irradiation, but in this case, the frequency-doubled
signal beam of the OPO has been used.

Mathematica software was used for the analytical solutions of the differential equations
and data fitting [14]. The built-in functions DSolve and NonLinearModelFit of the software
were utilised.

3. Results

We studied the UV photochemistry of the three most abundant conformers of GA (SSC,
GAC, and AAT) in low-temperature argon matrices. Three different laser wavelengths
(212, 226, and 230 nm) were used in the photodissociation studies. The initial relative
concentrations of the conformers were varied before ultraviolet photodissociation using
NIR irradiation with the photon energies of 6954 cm~!.

The first set of photodissociation experiments consisted of UV photodissociation of
freshly deposited samples of GA in an argon matrix. After deposition, three conformers of
GA were identified in the IR spectra (Figure 2) [3,6]. The SSC conformer shows the strongest
absorbance, reflecting its higher relative concentration than the other conformers used
under the experimental conditions. The relative populations of the SSC, GAC, and AAT
conformers at room temperature, obtained from a previous computational study, are 94.8,
3.7, and 1.3%, respectively [8]. The photolysis of GA in an argon matrix at 212 and 226 nm
yielded similar results, in agreement with a recent report [9]. Figure 2 shows the main
changes in the IR spectra of GA upon UV irradiation of the sample at 212 nm. The increase
in the absorbances of the GAC and AAT conformers follows the photo-induced decrease of
those ascribed to the SSC conformer, which suggests a significant conformational photo-
isomerization channel of the SSC conformer.

The generation of the photoproducts upon photolysis at 212 nm is illustrated in
Figure 3. The main photoproducts were the molecular complexes H,O-CO, HCHO-H,O,
HCHO-CO;, and HCHO-CO. There was no qualitative difference between the photolysis
at 212 nm and 226 nm, in agreement with a precedent study [9].
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Figure 2. IR spectra of GA in argon matrix before and after irradiation with A = 212 nm. Three GA
conformers and HCHO-H,O photoproduct (D) are labeled in the graphs.
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Figure 3. The IR spectra of the photodissociation products of GA (A = 212 nm). (A) is HO-CO; (B) is
HCHO-COy; (C) is HCHO-CO; (D) is HCHO-H,O. An asterisk indicates a thermally unstable site.
Monomeric CO, and CO perturbed by neighboring species are also marked in the spectra.

In the present study, we extended the wavelength range used in the photolysis to
230 nm to study the photo-induced kinetics in more detail. Qualitatively, the same products
appeared in the photolysis at 230 nm as at 212 nm and 226 nm. Figure 4 shows the
relative abundance kinetic curves for the SSC, GAC, and ATT conformers upon irradiation
at different wavelengths. The initial relative concentration of each conformer was set
according to the above-mentioned computational values. The computational abundances
have been successfully used in the kinetic analysis of high overtone-induced isomerization
of GA isolated in solid argon [8]. The main differences observed in the photodissociation
and photo-isomerization kinetic curves along an increasing wavelength of irradiation
are: (i) The lowering of the relative concentrations of both GAC and ATT conformers,
(ii) The approach of the decay curves of the SSC conformer to the total decay curve of
GA (see Figure 4). The former observation suggests that the possible photo-equilibrium
between the SSC and the other conformers changes as the wavelength changes. The latter
observation suggests that the total dissociation of GA proceeds via the SSC conformer. This
also indicates that the photodissociation of GAC and AAT conformers could be hindered.
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However, these findings do not fully exclude the existence of possible photodissociation
channels also for GAC and AAT conformers.
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Figure 4. The relative abundance kinetic curves of the SSC, GAC, and ATT conformers in the irradia-
tion at 212 nm (A), 226 nm (B), and 230 nm (C). The initial relative abundances of the conformers
are set to 94.8, 3.7, and 1.3 % for SSC, GAC, and AAT, respectively [8]. Numbers in parenthesis are
the wavenumbers of the vibrational bands from where the kinetic data were obtained. The total
population (SSC + GAC + AAT) is calculated from the average values of the measured relative
population of each conformer.

Inspection of the distributions of photodissociation products was expected to shed
more light on the photo-induced kinetics of the conformers. Remarkably, the IR spectra
of the photoproducts were found to be almost identical when about 50 percent of the GA
was dissociated, despite using different wavelengths in the photolysis (Figure 5). The
similarity of the spectra suggests that the main photodissociation channel remains almost
the same when the photolysis wavelength is varied. At this point, the main dissociation
channel seems to proceed mainly via the SSC conformer. The kinetics of the SSC con-
former in the 230 nm photolysis supports this assumption. These findings suggest that the
photodissociation of the GAC and AAT conformers is indeed hindered in an argon matrix.

— 212nm
— 226 nm
— 230nm

0.14f

0.12F

0.10F

A* A

0.08|

0.06fF

0.04

Normalized absorbance

0.02F

0.00

S ) 3 % < <% < < 5 D . < <. < <. 7
Dy V2, NS Ve, S &, &, 2o Np Ny s T 2 e 2, 2, 6
B b G % % R, % Y % Y % ) s 9 %

Wavenumber (1/cm)

Figure 5. The IR difference spectrum of the photodissociation products of GA at different photodisso-
ciation wavelengths. The intensity of each spectrum is normalized by the intensity of the SSC band at
3561 cm ! after deposition. The dissociation degree of GA is about 50 percent in each spectrum. A is
H,0-CO; B is HCHO-CO5; C is HCHO-CO; D is HCHO-H,O. An asterisk indicates a thermally
unstable site. CO** stands for monomeric CO that is perturbed by the neighboring species.

In the next series of experiments, we varied the relative populations of the conform-
ers via NIR-induced conformational isomerization. The NIR excitation band centered at
6954 cm~! overlaps the first OH stretching overtones of the SSC and GAC conformers at
6954 cm~! and 6958 cm !, respectively. The excitation at 6954 cm ! led to SSC — GAC and
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GAC — AAT isomerizations [6]. Figure 6 shows the variation of the relative populations of
the conformers in the NIR-induced isomerization and subsequent UV photolysis experi-
ments. Upon NIR irradiation, SSC isomerizes to GAC, which subsequently isomerizes to
AAT. Therefore, the prolonged NIR exposure yields a high AAT concentration.
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Figure 6. (A): The change of the conformer populations upon NIR irradiation at 6954 cm~!. Error
bars indicate the error in the determined relative populations of the conformers. (B): The change of
the conformer populations in UV photolysis at 230 nm, subsequent to the NIR irradiation.

The NIR irradiation experiments allowed us to test our assumption of the initial
concentrations of the conformers. There is strong evidence that the NIR irradiation does
not cause photodissociation of GA or the formation of other conformers than SSC, GAC,
and AAT in the argon matrix [6]. Therefore, one may expect the total GA concentration to
remain unchanged, and only the relative concentrations of the SSC, GAC, and AAT vary. At
each phase of the NIR irradiation, the sum of the relative concentrations of the conformers
must obey the equation:

cssc i + caaclih e + canr kg = 100% (1)
where c is the conversion coefficient to convert the IR intensity, I, of a certain IR band to
the relative concentration of the conformer, and i is the phase of the photolysis. Here, the
three conformers (SSC, GAC and AAT) are assumed to exist in the present experimental
conditions. The system of linear equations was solved for the three cases where different
NIR doses were applied to the samples. The coefficients are also solved for different IR
band combinations of the conformers. The experimental errors for the concentrations were
calculated as a standard deviation of the results from the different combinations. The exper-
imental concentrations agree well with the computational values (Table 1). Experimentally,
the SSC concentration is only about 2 percent higher, and the GAC concentration is about
2 percent lower than the computational values suggest [4,8]. The AAT concentration does
not show significant deviation from the computational values. The computational values
refer to 298 K, whereas the present experiments were carried out at ca. 15 K. Lower temper-
ature favors the lowest energy SSC conformer, and conformational cooling can a priori be
expected to take place to some extent during deposition. However, the good agreement
between the calculated and observed relative populations demonstrates that the population
of the conformers practically did not change upon deposition, allowing us to conclude that
the conformational cooling during matrix deposition was, in fact, negligible, justifying the
use of the calculated relative conformational concentrations in Figure 6.
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Table 1. Estimated initial relative populations of the GA conformers in the Ar matrix and literature
values obtained from quantum chemical calculations. For the experimental data, the standard
deviations are shown in the parenthesis.

Experiment SSC GAC AAT Cor(l)f:)};:l:ers Method
1 97.4 (0.74) 1.2 (0.97) 1.1(0.29) 0
2 96.4 (0.17) 2.92 (0.17) 0.69 (0.07) 0 Expt.
3 96.5 (1.29) 2.08 (1.32) 1.35 (0.13) 0 Ar matrix
Average 96.8 (0.73) 2.07 (0.82) 1.05 (0.16)
L 94.8 37 13 0.2 Calc. [8]
iterature 94.98 409 0.73 0.86 Calc. [5]

After different NIR exposures, the samples were UV-irradiated (A = 230 nm). The
increase in the concentration of the SSC conformer was evident at the early stages of the
230 nm photolysis (see Figure 6). This finding supports the assumption of the existence
of significant GAC/AAT — SSC isomerization channels in the UV irradiation of matrix-
isolated GA. Remarkably, the UV irradiation performed after the NIR conformational
conversions led to similar amounts of the photodissociation products as obtained in the UV
photolysis carried out without preceding NIR irradiation (Figure 7). These results suggest
that only one dissociation channel exists since the dissociation of different conformers is
supposed to yield a somewhat different distribution of the photodissociation products.
However, as mentioned above, the distribution of the products seems to be very similar
in the different experiments. These findings strongly support the significance of the SSC
products’ photodissociation channel within the 212-230 nm wavelength range.
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Figure 7. The IR difference spectrum of the photodissociation products of GA at 230 nm. The
NIR irradiation of the sample was used to vary the initial relative concentrations of the precursor
conformers (refer to Figure 6 and text for more details). The intensities are normalized by the intensity
of the SSC band at 3561 cm ! after deposition. The dissociation degree of GA is about 25% in each
spectrum. A is HyO-CO; B is HCHO-CO,; C is HCHO-CO; D is HCHO-H,O. An asterisk indicates
a thermally unstable site. CO** stands for monomeric CO that is perturbed by the neighboring
species. The initial relative concentrations prior to the UV photolysis (SSC/GAC/AAT, %): No
NIR: 96.9/2.1/0.9; NIR1: 62.1/17.8/20.3; NIR2: 36.0/33.2/30.8; NIR3: 30.5/20.5/49.0.

Combining all the findings, we may assume that the photo-induced kinetics proceeds
via five channels: SSC = GAC, SSC = AAT, and SSC — products. Nevertheless, the
possible existence of the GAC = AAT channels cannot be neglected here, as there is no
direct evidence for their non-existence. The direct photodissociation of the GAC and AAT
conformers is also possible a priori. The simplest reaction scheme, including all these
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reaction channels, can be described with the following equations, where k; represents a
reaction rate constant:

ky ko
products b AAT= ssC =GAC 2 products
kq ks 2)
ks 4
products
and
kg
GAC=AAT 3)
ko

These reaction equations lead to the reaction rate equations:

d[SsC
[di’ ] = — (k1 + ko + k3)[SSC] + k4[GAC] + k5[ AAT] 4)
d|GAC
[ 7 ] = —k4[GAC] +k1[SSC]  —k7[GAC]  —kg|GAC] + k9[AAT] )
optional optional equilibrium
photodissociation
d[ﬁfﬂ — _ks[AAT] + kaSSC]  —ke[AAT]  +ks[GAC] — ko[AAT].  (6)
optional optional equilibrium
photodissociation

The variable t in the above equations is a general (time) variable representing the
number of photons delivered from a source.

The analytical solutions of the differential equations were obtained with the Mathe-
matica software with and without the optional photodissociation and equilibrium channels
of the GAC and ATT conformers. The solution functions were fitted simultaneously to the
experimental kinetic data of the conformers with shared parameters k; to k9. The model
without the optional photodissociation and equilibrium channels of the GAC and AAT
conformers fits well with the experimental kinetic curves of 212 nm and 226 nm photodis-
sociation experiments. The 230 nm photodissociation curves modeled slightly deviate from
the model without pre-NIR photolysis. However, the model fits well to 230 nm data when
the relative concentrations of the conformers are varied prior to the 230 nm irradiation
(NIR3 in Figure 7 was used in the fitting). The results of the data fitting are shown in
Figure 8.

When all the optional reactions in the reaction rate equations were used in the data
fitting procedure, the solutions became more uncertain, and the problem seemed to have
approached over-parametrisation. The increasing complexity of the model, with more
parameters, did not, in fact, show any improvement in the data fitting. To avoid over-
parametrisation, we sought acceptable solutions with the minimum number of parameters.
The best solutions were obtained with the model, including the reactions described by
the rate coefficients kj to ks, i.e., when the photodissociation and equilibrium channels of
the GAC and AAT conformers were not accounted for. The results supported the above
assumption of the conformer-dependent photodissociation of GA.
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Figure 8. The results of the kinetic model fitting to the experimental data. (A): 212 nm photodissocia-
tion. (B): 226 nm photodissociation. (C): 230 nm photodissociation. (D): 230 nm photodissociation
after NIR irradiation (NIR3, see Figure 6).

It needs to be mentioned that some experiments suffered from fluctuating laser power
during the photolysis. We controlled the laser power during the experiments, but we
believe that in some cases (specifically the experiments designated as “No NIR”, “NIR1”,
and “NIR2”, see Figure 7), the laser power fluctuations were the main problem for the
poorer data fitting. The small number of data points also increased the risk of over-
parameterization in these cases. The obtained parameters are collected in Table 2.

Table 2. The reaction rate coefficients of the photodissociation and photo-isomerization reactions of
the GA conformers and the photoproducts.

k; Initial Concentrations (%)

W"‘(’Eﬁ‘)‘gth ki Kk ks ki ks Hy0-CO HCHO-H,0 HCHO-CO, HCHO-CO [SSC|, [GAC], [AATJ,
212 106 036 051 252 170  0.098 0.33 0.018 0.034 95.9 43 2.0
226 043 019 025 152 144 0051 0.14 0.022 0.031 94.0 3.4 1.9
230 065 031 042 324 249  0.066 0.28 0.043 0.080 92.0 1.0 0.9
230(NIR3)1 081 002 032 167 046 0.11 0.22 0.0093 0.40 29.6 19.1 471

I The 230 nm experiments are carried out with different laser systems, line widths and wavelength accuracies, so
the values are not directly comparable.

The final test of the chosen kinetic model was the data fitting of the kinetic curves
of the photodissociation products. According to the observations and analyses described
above, the photodissociation products were assumed to form from the SSC conformer. We
have not yet discussed the possible photodissociation of the primary photoproducts of the
SSC conformer, but it must be included optionally in the kinetic model of the photoproducts.

primary secondary
P; )

Then, the primary ( and secondary (P j ) photoproducts are formed as

ki primary ki secondary
SSC = P; —P f (7)
The rate equation of the primary photoproducts can be written as

cﬂpiinary} = k;[SSC] — K| [Pfrim“y} ®)

where k; and k; are the rate coefficients of the growth and decay of the photodissocia-
tion product i. The [SSC] function is obtained from the kinetic analysis of the precursor
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conformer. Before the analysis, the IR intensities of the photoproducts were converted
to percentages. We used a similar approach here as we used with the GA conformers
(Equation (1)). The total concentration of the photoproducts was assumed to be equal to
the loss of the GA concentration. At each experimental phase, the total concentration of
photoproducts must obey the equation

Yl = [GAJ, - [GA® ©)

where the c; is the conversion coefficient from the IR intensity, I;, to concentration for the
product 7 at the phase of the experiment k. At each phase, the lefthand side of the equation
must equal the total loss of the GA. For this, we analysed a large number of IR bands of the
photoproducts. The IR bands were assigned according to Ref. [9]. However, most bands
overlap with the bands of other absorbers, and spectral simulations were needed to extract
each component from the bands. All the acceptable solutions for Equation (9), with all
possible peak combinations, suggested that HCHO-H,O is the main photoproduct. Thus,
we filtered the solutions that agreed with the assumption of the main photoproduct. The
concentrations were taken as an average over the satisfactory results. Then, the solution
of the rate Equation (8) was fitted to the experimental data. The results are shown in
Figure 9 and Table 2. The best fits were obtained by setting k/, as the experiments did
not show further photodissociation of the primary photoproducts. The validity of the
results was supported by Y ; k; = k3. This analysis supports the assumption of the single
photodissociation channel of the GA via the SSC conformer and the formation of four
primary photoproducts with branching ratios of k; / k3.

50F 50f
__ 40} 40
® 30} 30
T 20f 20
S 10} 10
® 0 , 0
€ 3
& 20
S 50f
O 40} S HEHomO0
2 30} 10 S Henoes?
T 20¢
& 101 % 0

of #%== | : L

0o 2 4 6 0o 1 2 3

Number of photons (102°)

Figure 9. Relative concentrations of the photoproducts. The concentrations obtained from the data
are shown with the error bars representing the standard deviation of the averaged experimental
values. Solid lines represent the results of the data-fitting procedure. (A): 212 nm photodissociation.
(B): 226 nm photodissociation. (C): 230 nm photodissociation. (D): 230 nm photodissociation after
NIR photolysis (NIR3, see Figure 7).

4. Discussion

The present study introduces a tentative photochemical kinetic model for the UV
photolysis of GA in a low-temperature argon matrix. The main findings obtained by
fitting the kinetic model to the experimental data are the existence of a single dissociation
channel via the SSC conformer and the simultaneous occurrence of the SSC = GAC and
SSC = AAT conformational photo-isomerization reactions. For comparison, the same
photo-isomerization reactions were suggested by the kinetic model developed for the
high overtone-induced photochemistry of GA [8]. The first OH overtone induced by NIR
irradiation of matrix-isolated GA was found to lead to the isomerization reaction between
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the GAC and AAT conformers, but no isomerization reaction between SSC and AAT [6].
The generation of the AAT conformer is favored over the GAC conformer in ultraviolet
irradiation, while the GAC conformer is favored in visible light irradiation [8].

The main result of the present study is the conformer-dependent photodissociation of
the matrix-isolated GA. The electronic excitations of the GAC and AAT at 212, 226, and
230 nm are followed by relaxation processes that result in their conversion into the SSC
conformer. The observed conformer-dependent isomerization for GA appears in line with
the previously reported conformer-dependent photodissociation of formic acid [15] and
N-C bonded bicyclic azoles [16].
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Abstract: The conformational space of the natural product thymol (2-isopropyl-5-methylphenol) was
investigated using quantum chemical calculations at the BBLYP and MP2 levels, which revealed the
existence of four types of conformers differing in the orientation of the isopropyl and hydroxyl groups.
Thymol monomers were isolated in noble gas (Ar and Xe) matrices (at 15 K) and characterized by
IR spectroscopy. With the support of B3LYP harmonic vibrational calculations, the two most stable
trans-OH-conformers, differing in the isopropyl orientation, were identified in the cryomatrices. The
two less stable cis-OH conformers were not detected as they shall undergo fast tunneling to the
most stable ones. Annealing experiments in a Xe matrix up to 75 K did not lead to any conversion
between the two isolated conformers, which is in accordance with the significative energy barrier
computed for rotamerization of the bulky isopropyl group (~24 k] mol~!). Vibrational excitation
promoted by broadband or by narrowband irradiation, at the 2v(OH) frequencies of the isolated
conformers, did not lead to any conversion either, which was interpreted in terms of a more efficient
energy transfer to the hydroxyl rotamerization (associated with a lower energy barrier and a light
H-atom) than to the isopropyl rotamerization coordinate. Broadband UV irradiation experiments
(A > 200 nm) led to a prompt transformation of matrix isolated thymol, with spectroscopic evidence
suggesting the formation of isomeric alkyl-substituted cyclohexadienones, Dewar isomers and open-
chain conjugated ketenes. The photochemical mechanism interpretation concords with that reported
for analogous phenol derivatives.

Keywords: thymol; photochemistry; matrix-isolation; IR spectra; conformational isomerization; H-tunneling

1. Introduction

Thymol (2-isopropyl-5-methylphenol, Scheme 1) is a naturally occurring monoter-
penoid phenol derivative of p-cymene (1-isopropyl-4-methylbenzene), being one of the
main chemical constituents of essential oils extracted from thyme plants. This compound is
reported to exhibit, among others, antioxidant, analgesic, anti-inflammatory, antimicrobial,
and anticancer activities [1-5]. Besides its pharmacological activities, thymol is also used as
a flavoring and preservative ingredient in the food and cosmetic industries [6], as well as
an insecticide, acaricide, and antiseptic agent [7,8].

Despite the wide range of bioactivities, the number of studies on the structure of
thymol available in literature is relatively scarce [9-11]. X-ray data show that in the
crystalline state, the thymol molecules are held together through O-H:--O hydrogen bonds
forming hexamers, which in turn are linked to each other by van der Waals contacts, while
the crystal conformation is characterized by having the O-H group pointing away from
the isopropyl fragment and the tertiary C-H bond of this fragment pointing towards the
hydroxyl oxygen [9]. In gas phase, combination of microwave spectroscopy with theoretical
calculations led to the experimental identification of three conformers for thymol, with one
of them being much more populated than the other two [10].

Photochem 2022, 2, 405-422. https:/ /doi.org/10.3390/ photochem2020028 69 https://www.mdpi.com/journal /photochem
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(@) (b)

Scheme 1. Molecular structures of thymol (a) and carvacrol (b), including numbering of the heavy

atoms and identification of the two conformationally relevant dihedral angles for the thymol structure.
The H atoms connected to the aromatic ring are implicit.

Some infrared (IR) spectroscopic studies have been performed for thymol in the solid
state [12,13] and in solution [14]. However, as far as we are aware, IR spectra of the
monomeric compound have never been reported, nor has its light-induced transformations.
Therefore, one of the objectives of the present paper is to fill this gap and to present, for
the first time, a detailed analysis of the IR spectra of thymol isolated in low-temperature
Ar and Xe matrices, and of the transformations triggered by exposing the matrix-isolated
compound to IR- and UV-radiation.

Thymol is a positional isomer of carvacrol (5-isopropyl-2-methylphenol, see Scheme 1).
The two molecules only differ in the relative position of the OH and isopropyl groups.
In thymol, they are in ortho-position, while in carvacrol, they are in meta-position. Very
recently, we have studied the conformational, vibrational and photochemical properties of
carvacrol isolated in a low-temperature Ar matrix [15]. In that study, it has been shown
that the molecule exists as two conformers in the cryogenic environment, differing from
each other by the orientation of the isopropyl fragment. Exposition of the matrix-isolated
carvacrol to broadband IR radiation was found to be effective in changing the relative
population of the two conformers, by internal rotation of the bulky isopropyl fragment.
A more specific goal of the current work is to verify whether this channel of vibrational
energy dissipation is still effective in thymol, where the OH and isopropyl groups are
closer together, making the barrier for internal rotation of the isopropyl group higher than
in carvacrol.

2. Methods
2.1. Experimental Methods

Solid thymol (melting point of 49-51 °C) was supplied by Fluka with a purity degree
of 99.5%. The matrix host gases (Ar N60 or Xe N48) were provided by Air Liquide. The
low-temperature matrices were prepared by placing a small amount of thymol crystals
into a glass tube, which was then connected to a cryostat (APD Cryogenics, Allentown,
PA, USA, closed-cycle He refrigerator, with a DE-202A expander) through a needle valve,
kept at ~298 K. The vapor of the sublimating compound was co-deposited with an excess
of the matrix gas onto a CsI window cooled to 15 K. The temperature of the CsI window
was measured directly at the sample holder by using a silicon diode temperature sensor
connected to a digital controller (Scientific Instruments, Allentown, PA, USA, model 9650-1),
providing the stabilization of temperature with an accuracy of 0.1 K. IR spectra of the matrix-
isolated compound were recorded in the mid-IR range (4000-400 cm~!) with 0.5 cm ™!
resolution using a Nicolet 6700 Fourier-transform infrared (FTIR) spectrometer (Porto,
Portugal), equipped with a deuterated triglycine sulphate (DTGS) detector (Porto, Portugal)
and a KBr beam splitter (Porto, Portugal). For the experiments carried out in xenon, spectra
in the near-IR (NIR) range (7500-4000 cm ™!, 1 em ™! resolution) were also recorded using
the same spectrometer equipped with an Indium Gallium Arsenide (InGaAs) detector and
a CaF, beamsplitter.

The thymol/Xe matrix was irradiated through the outer quartz window of the cryostat
by using narrowband frequency-tunable NIR light provided by the idler beam of a Quanta-
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Ray MOPO-SL optical parametric oscillator (Mountain View, CA, USA) (pulse energy 10 m],
duration 10 ns, repetition rate 10 Hz) pumped with a pulsed Nd:YAG laser. Alternatively,
the sample was irradiated with broadband IR light provided by a kanthal wire electrically
heated to a reddish-orange glow. Broadband UV-irradiations were also performed on the
thymol/Ar matrix by using a 200 W output from a medium pressure Xe/Hg lamp (Oriel,
Newport, UK).

2.2. Computational Methods

The thymol molecule has two conformational degrees of freedom, corresponding to
the H-C7-C2—C1 (x) and H-O11-C1-C2 (3) dihedral angles (see Scheme 1). For identi-
fication of the conformers exhibited by this molecule, a two-dimensional (2D) potential
energy surface (PES) was computed by increasing both dihedral angles in steps of 20°
over the 0-360° range, in all combinations, while all the remaining internal coordinates
were optimized by using the B3LYP [16-18] hybrid DFT method in conjunction with the
Pople-type 6-311++G(d,p) basis set. Then, the equilibrium geometries of the thymol con-
formers, as well as of the putative photoproducts resulting from the UV-photolysis of the
matrix-isolated compound, were fully optimized followed by harmonic vibrational calcula-
tions at the same DFT level. For the thymol conformers, calculations were also carried out
by combining the second-order Meller-Plesset (MP2) perturbation method [19] with the
aug-cc-pVDZ Dunning’s correlation consistent basis set. Single-point energy calculations
were further carried out on the MP2 optimized geometries using the QCISD method [20]
combined with the same aug-cc-pVDZ basis set. The Cartesian coordinates of the B3LYP
and MP2 optimized geometries of the thymol conformers are provided in Tables S1 and S2.

The B3LYP/6-311++G(d,p) harmonic wavenumbers were corrected by using the follow-
ing scale factors [15,21]: 0.950 (>3200 cm~ 1), 0.960 (3200—2000 cm 1) and 0.980 (<2000 cm ™).
A full list of the B3LYP/6-311++G(d,p) calculated wavenumbers (scaled) and IR intensities
computed for the thymol conformers are provided in Table S3. For graphical comparison
with the experimental spectra, the scaled wavenumbers and IR intensities (in km mol ')
were convoluted with Lorentzian functions with a full width at half-maximum (fwhm) of
2 cm~! and peak heights matching the calculated IR intensities by using the Chemcraft
software [22].

All quantum-mechanical computations reported in this work were performed with
the Gaussian 09 software package [23], while the vibrational assignments were carried out
with the vibAnalysis software [24].

3. Results and Discussion
3.1. Conformers and Barriers to Internal Interconversion

The B3LYP/6-311++G(d,p) 2D-PES calculated for thymol, as a function of the H-
C7-C2—C1 («) and H-O11-C1-C2 (p3) dihedrals, is represented in Figure 1 as a contour
map. Two of the four minima found on the PES exist as pairs of mirror-image struc-
tures lying within relatively broad and shallow potential energy valleys along the o
coordinate, extending from —40 to +40°. One of those doubly degenerate minima is
found at («, B) = (£35°, 0°) and is designated as gc (g*c/g ™ c), while the other is located at
(o, B) = (£35°,180°) and is labeled as gt (g*t/g—t), where gi, c and t are abbreviations of
gauche plus/minus, cis and trans orientations, respectively. The first and second letters re-
fer to the orientation around the o and (3 dihedrals, respectively. The g*c/g~cand g*t/g~t
pairs of mirror-image structures are separated by first-order saddle points characterized by
o = 0°. Two additional unique minima are found on the PES at («, 3) = (180°, 180°) and
(180°, 0°) and are respectively called tt and tc. In Figure 2 are represented the geometries
of the four identified thymol conformers, while in Table 1 are given their electronic (AE)),
zero-point corrected (AEy) and Gibbs energies (AG) at 298.15 K (temperature of the gaseous
compound before the matrix deposition), calculated with the B3LYP/6-311++G(d,p) and
MP2/aug-cc-pVDZ model chemistries on geometries fully optimized at the respective
levels. In Table 1 are included the QCISD/aug-cc-pVDZ electronic energies calculated
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for the MP2/aug-cc-pVDZ optimized geometries. The results of our computations are
concordant with those published earlier by Schmitz et al. [10].

H-011-C1-C2 (B) dihedral angle / degree

-60 0 60 120 180 240
H-C7-C2-C1 (o) dihedral angle / degree

Figure 1. Contour plot of the potential energy surface computed for the thymol molecule as a
function of the H—C7—C2—C1 (&) and H-0O11-C1-C2 (p) dihedral angles (specified in Scheme 1).
Both angles were incrementally fixed in steps of 20°, in all combinations, while all the remaining
parameters were optimized at the B3LYP/6-311++G(d,p) level of theory. The minima are indicated in
the plot as gt (g"t/g ™ t), gc (g7 ¢/g¢), tt and tc (geometries are shown in Figure 2). The color bar on
the top represents the relative energy scale (zero is assigned to the energy of the global minimum, gt).
The isoenergy lines are traced with steps of 1 k] mol ™.

Figure 2. Geometries of the thymol conformers, including some geometrical parameters calculated at
the MP2/aug-cc-pVDZ. For the doubly generated gt and gc conformers, only one of the mirror-image
structures (g*t and g*c) is shown.
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Table 1. Relative energies and Boltzmann populations calculated for the thymol conformers at
different levels of theory 2.

Conformer
Level of Theory
gt tt gc tc
B3LYP/6-311++G(d,p)
AEg 0.00 1.37 3.24 7.34
AEy 0.00 1.11 3.54 6.07
AG (298 K) 0.00 1.27 4.96 5.18
Pop. (%) 66.9 20.0 9.0 41
(75.9) (24.1)
MP2/aug-cc-pVDZ
AEg 0.00 2.51 2.54 7.94
AEy 0.00 1.94 2.43 7.01
AG (298 K) 0.00 1.52 2.12 5.43
Pop. (%) 57.0 15.5 243 3.2
(81.3) (18.7)
QCISD/aug-cc-pVDZ P
AEq 0.00 2.29 2.56 7.30

2 AEg—relative electronic energy; AEj—relative electronic energy corrected for zero-point vibrational energy;
AG—relative Gibbs energy at 298 K; all relative energies are expressed in k]J mol~! and were calculated with
respect to the energy of the most stable conformer gt. Equilibrium populations (Pop.) were estimated by means
of the Boltzmann distribution based on the AG values at 298 K (weighting factors of 2/2 or 1/1 were used
for conformers gt/gc or tt/tc, respectively). Values in parentheses correspond to the expected populations of
conformers gt and tt with the contributions of the populations of conformers ge and tc, respectively. P Single-point
calculations performed on the MP2/aug-cc-pVDZ optimized geometries.

At all levels of theory, gt is the lowest-energy conformer. It has the hydroxyl group
pointing away from of the isopropyl fragment, while the C7-H bond is & gauche with
respect to the C2-C1 bond (see Figure 2), with « taking values of +35.6° (B3LYP) or
£39.0° (MP2). The deviation of the C7-H bond from the aromatic ring plane should be
attributed to the presence of the hydroxyl group in ortho-position relative to the isopropyl
fragment, a feature also observed in a structural microwave spectroscopic study of the
2,6-diisopropylphenol analog [25]. Note that in carvacrol or p-isopropylphenol, where the
OH and isopropyl substituents occupy meta- or para-positions, respectively, all conformers
identified for these molecules were found to have the tertiary C—H bond of the isopropyl
group lying in the aromatic ring plane [15,26,27]. The geometry of gt is not too different
from that adopted by the thymol molecules in the crystal, although in the latter case the
C7-H bond is less deviated from the ring plane (o« = +13.3°) [9]. The second most stable
conformer, tt, also has the hydroxyl group pointing away from the isopropyl fragment, but
the C7-H and C2-C1 bonds are trans to each other, bringing the two methyl groups of the
isopropyl close to the oxygen atom (Figure 2). This conformational arrangement results in
an increase of the electronic, zero-point corrected, or Gibbs energies by 1.1-2.5 k] mol !
relative to the global minimum.

As shown in Figure 2, the (C7)H---O distance in gt and the (C8)H---O (equivalent of
(C9)H.:--O) distance in tt are smaller than the sum of the van der Waals radii of the oxygen
and hydrogen atoms (2.72 A). This suggests the formation of C-H---O interactions in both
trans-OH-conformers, as has been claimed in previous studies carried out for thymol [10]
and 2-isopropylphenol [28]. These interactions, however, should be very weak because
of the significant deviation of the C-H---O bonding angles (96-116°) from the linearity:
it is well known that the strongest nonbonded interactions are observed for the linear
arrangements (optimal value of 180°) [29,30]. In the gc and tc conformers, the hydroxyl
group is directed towards the isopropyl fragment. Such an orientation does not allow the
formation of stabilizing C-H---O interactions. Instead, it originates one (gc) or two (tc)
repulsive CH:--HO close contacts (see Figure 2). Both factors explain the lower stability of
these cis-OH-conformers, and in particular of tc, relative to the gt and tt ones.
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To characterize the conformational composition of the gaseous sample of thymol
immediately before the matrix deposition, the populations of the thymol conformers in the
gaseous phase were estimated from the values of AG at 298.15 K, through the application of
the Boltzmann statistics, and the obtained values have been included in Table 1. According
to these estimates, gt is by far the most abundant conformer in the gaseous phase, with a
population of 57-67%. Conformer tt is also predicted to be present in the gaseous phase,
but in a smaller amount (15-20%), while the population of conformer gc is of only 9%
when it is estimated from the B3LYP Gibbs energies, increasing to 24% when obtained
from the MP2 Gibbs energies. Nevertheless, as will be shown below, the difference of
population predicted for this conformer by the two theoretical methods is not relevant from
the experimental viewpoint. Finally, a very small the gaseous phase abundance (3-4%) is
predicted for the less-stable tc conformer.

For the interpretation of the results of the matrix-isolation experiments, it is also rele-
vant to have an idea of the energy barriers corresponding to the conversion of the higher into
the lower energy conformers [31-33]. In Figure 3 are represented the OH-torsional barriers
interconnecting the pair of conformers (gc and gt), and the pair of conformers (tc and tt).
The heights of these barriers in the direction of conformational relaxation were calculated to
be 10-12 k] mol~!. These values are of the same order as those computed for the conversion
of higher into lower energy OH-rotamers in various compounds containing the phenol
moiety, such as 2-cyanophenol (15 k] mol~') [34], 2-isocyanophenol (12 k] mol 1) [35],
hydroquinone (11 kJ mol 1) [36], tetrachlorohydroquinone (19 kJ mol 1) [37], and car-
vacrol (16 k] mol 1) [21]. Although these energy barriers are too high to be surmounted
in a low-temperature matrix environment, for all these previously studied derivatives of
phenol compounds, the higher energy OH-rotamers escaped from spectroscopic detection
in matrixes of inert gases because of their fast depopulation in favor of the corresponding
lower energy OH-rotamers by means of quantum tunneling of hydrogen atom [38,39]. The
same behavior has been reported in various matrix-isolation studies carried out for other
compounds containing conformers differing from each other by 180° rotation of an OH
group, namely carboxylic acids [40—44] and aminoacids [45]. Therefore, it is expected that
in the case of thymol, the gc and tc cis-OH-conformers shall also undergo fast tunneling
OH rotamerization to the respective gt and tt trans-OH-forms in the low temperature Ar
and Xe matrices, thus preventing experimental identification of the cis-OH-forms.

To theoretically address this issue, we carried out computations of reaction paths for
the flip of the OH group in the (g¢, gt) and (tc, tt) pairs of conformers. Initially, the first-
order transition states for OH-torsion were optimized, and the respective force constants
were computed analytically. The intrinsic reaction paths were then followed from the
transition states in both directions. The intrinsic reaction coordinate (IRC) was set using the
“IRC = Cartesian” option of the Gaussian software and is expressed in units of Bohr. The
computed reaction paths for the OH torsion in the (gc, gt) and (tc, tt) pairs are presented in
Figure 3.

The probability of tunneling through a parabolic barrier was estimated by using
the equation

P(E) _ e—4nw%/k (1)

where a particle with mass m tunnels through a barrier with height E and width w, and  is
the Planck constant [38,39]. Using the calculated barrier heights E of 10.32 and 8.57 k] mol !
and widths w of 2.915 and 2.715 Bohr for the gc — gt and tc — tt conversions, respectively,
one can estimate the tunneling probability (transmission coefficient) of the light H-atom
(m=1) in gc as 2.97 x 1078, and in tc as 4.08 x 10~7. The tunneling rate is a product
of the transmission coefficient and the frequency of attempts. Assuming that the OH
group is vibrating at an OH torsional frequency of 317 cm~! in gc and 275 cm~! in tc
(computed values), tunneling rates of 2.82 x 10° s~! (half-life time of ~2.5 microseconds)
and 3.36 x 10° s~! (half-life time of ~0.2 microseconds) were estimated for the gc — gt and
tc — tt rotamerizations, respectively. According to these results, there is no doubt that the
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gc and tc conformers are unlikely to survive long enough in low temperature Ar and Xe
matrices to allow their spectroscopic detection.
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Figure 3. IRC profiles for the flip of OH-group in (gc, gt) (a) and (tc, tt) (b) pairs of thymol conformers,
computed at the B3LYP/6-311++G(d,p) level of theory in Cartesian (non-mass-weighted) coordinates.
The vertical arrows (E = 10.32 or 8.57 k] mol 1) designate the computed ZPE-corrected energies of
the transition states with respect to the reactants (gc or tc, left in each frame). The horizontal arrows
designate the estimated barrier widths (w = 2.915 or 2.715 Bohr) of the barrier at the ZPE level of the
reactants. The relative zero energies correspond to the products (gt or tt, right in each frame).

Conversion of the tt into the gt conformer involves the internal rotation of a bulky
isopropyl group and should only occur through an over-the-barrier mechanism. The torsional
barrier for this isomerization was computed to be ~24 k] mol~! (see Figures 1 and S1). This
value is too high to allow the occurrence of a tt — gt relaxation in a matrix environment
at a temperature as low as 15 K [46,47]. Accordingly, both conformers are expected to be
trapped in the as-deposited Ar and Xe matrixes with populations of 76-81% (gt) and 24-19%
(tt). These values were obtained by considering the conversion of the estimated gas phase
populations of gc to gt and of tc to tt (see Table 1).

It is interesting to compare the potential energy profile for the rotation of the iso-
propyl group in thymol with that computed for the closely related carvacrol and p-cymene
molecules (see Figure S1). The heights of the barriers separating the conformers of these
last two molecules differing from each other by internal rotation of the isopropyl group are
~10 k] mol~!, which is 2.5 times lower than the one computed for thymol. For these three
molecules, the first-order transition state separating the conformers is characterized by
having the tertiary C-H bond of the isopropyl group nearly perpendicular to the aromatic
ring plane. In p-cymene and carvacrol, this gives rise to steric repulsions between the
two methyl groups of the isopropyl fragment and their neighboring aromatic C-H bonds,
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whereas in thymol, one of the methyl groups stays too close to the OH group, leading to
stronger steric repulsions, which is responsible for the significant increase in the barrier
height associated with the isopropyl group rotamerization. As it will be shown below, this
result has important implications for the outcomes of the experiments of thermal and IR
excitations carried out for matrix-isolated thymol.

3.2. Infrared Spectra of Matrix-Isolated Thymol, Annealing and IR Irradiations

Monomers of thymol were trapped in Ar and Xe matrixes at 15 K, as described in
Section 2.2, and the mid-IR spectra recorded for the freshly deposited samples are shown
in Figure 4a,b (3675-3580 and 1650-700 cm ! regions), while the spectral positions and
relative intensities (expressed qualitatively) of the observed bands are collected in Table 2.
The two experimental spectra are well reproduced by the population-weighted theoretical
spectrum of the matrix-isolated compound, which is displayed in Figure 4c. This spectrum
was obtained by summing the individual spectra calculated for the conformers present
in the matrix, shown in Figure 4d, with the computed IR intensities weighted by their
expected populations in the noble gas matrices: 0.79 for gt and 0.21 for tt (mean values
obtained from the B3LYP and MP2 computations, see Table 1). From the comparison of the
experimental and theoretical spectra, an assignment of the experimental bands was carried
out and has been included in Table 2.
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Figure 4. Experimental IR spectra of thymol isolated in (a) Ar and (b) Xe matrices at 15 K; (c) Theo-
retical IR spectrum of thymol, obtained as a sum of the BSLYP/6-311++G(d,p) spectra calculated for
the two experimentally relevant conformers with their intensities scaled by the respective expected
populations in the noble gas matrices. This spectrum was simulated by applying Lorentzian functions
(fwhm =2 cm™1) centered at the scaled wavenumbers; (d) Scaled wavenumbers and unscaled IR in-
tensities extracted from the harmonic vibrational calculations carried out at the B3LYP/6-311++G(d,p)
level for the gt and tt conformers.
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Table 2. Bands observed in the experimental IR spectra of thymol isolated in Ar and Xe matrices,
compared with the harmonic wavenumbers (U/em™ 1) and absolute IR intensities (A" /km mol 1)
calculated for the gt and tt conformers at the BBLYP/6-311++G(d,p) level, and vibrational assignment.

Ar,15K? Xe, 15K ? Calc. gt b Calc. ttP
- ~ ~ - Assignment ¢
v Int. v Int. v Ath v Ath
322?3’,&/33225’1?/ vs 3617/3611 vs 36455 56.6 36415 528 +(OH)
1629 m 1624 m 1623.9 349 1622.9 36.3 Y(CC)ring
1591 m 1586 m 1584.8 20.6 1583.5 215 Y(CC)ring
1519 (split) m 1517 (split) m 1518.2 24.7 1516.5 20.5 V(CC)ring; S(CH)ring
1481.9 5.1 14873 33 8(CHa)iso,as' (+)
1476.9 9.2 14714 11 8(CHz)iso.ms” (+)
1460 (split) s 1455 (split) s 14677 248 14663 36.7 8(CHz)as'
1461.7 6.0 1456.6 0.8 8(CHs)is,as” (—)
1459.3 13 14693 14 8(CH3)iso as’ (—)
1457.6 7.3 1458.0 7.3 5(CH3)e
1420 s 1416 s 1417.0 545 1420.0 56.6 8(CH)sing; V(CO)ying; V(CO)
1387.4 3.8 1386.3 3.4 8(CH3)isos (+)
1383 w 1380 w 1385.5 1.1 1386.5 5.3 5(CHs)s
1365 w 1362 w 1367.4 6.8 1365.8 8.0 8(CHs)iso,s ()
1347 w 1344 vw 1355.1 6.8 1355.1 46 5(C7H)
1318.0 16.0 1316.6 17.1 Y(CO)ying; 5(OH)
1315 w 1314 w 13137 17 1317.6 23 YO
1294/1287 vs 1291/1284 vs 1289.8 36.5 - - V(CC)ring; 5(CH)sing
1278 m 1274 m - - 1278.9 46.2 V(CC)ring; 5(CH)sing
1269,/1259 w 1265 vw 1264.0 274 1260.5 8.1 Y(CO) + V(C5C10); V(CC)ring
1228 w 1228 vw - - 1218.4 182 v(C2C7)
1219 s 1216 s 1208.7 28.2 - - v(C2C7)
1174.4 28 1175.0 383 8(OH); 5(C-H)gin
1180 s 179 m - - 1168.7 32 ¥(CO) — v(C5C10); 5(§H)ring
1166 w 1162 m 1160.8 16.7 - - ¥(CO) — V(C5C10); 5(CH)ying
1149 vs 1147/1145 s 1147.7 56.1 - - 5(OH); 8(CH)sing; V(CO)ring
1123 m 1120 m - - 1123.1 111.8 5(ring); 5(OH); ¥(CO)
1116 m 1115 m 1108.7 248 - - v(C7C8) — v(C7C9)
1089 m 1087 m 1082.6 21 - - 5(ring)
1065,/1059 w 1063 w 1060.7 83 - - 0(CHz)ieo (+)
1051 w 1049 vw - - 1047.4 25 0(CH3)ico (+)
1037 w 1034 w 1036.7 32 1037.2 27 o(CH3)'
1007/996 vw 1008 vw - - - - -

959 VW 956 vw 948.3 2.7 - - p(CH3)is0 (—)
948,/940 m 945/937 m 939.6 16.0 939.7 175 ¥(CO) — v(C5C10); 8(ring)
918 w 918 vw 912.4 0.9 9142 0.8 0(CHz)iso (—); Y(C7H)
886 w no. 870.8 1.0 872.8 0.5 v(C7C8) + v(C7C9)

849,/846 w 850/844 vw 831.6 7.0 832.4 6.8 v(C6H)
814,/809/807 s 805 vs 805.0 345 805.1 33.8 Y(C3H) + y(C4H)
741 vw 738 vw 736.3 43 730.5 41 5(ring)
700 w no. 681.3 13 684.0 49 ¥(C2C7) — ¥(C5C10); 8(ring)
594 w 593 w 594.0 7.8 594.6 8.5 v(C5)
577 w 577 w 5715 129 576.9 6.4 5(ring)

3 Absorptions falling in the 3100-2800 cm ™! range, corresponding to the CH and CHj stretching vibrations,
were not analyzed. Experimental intensities (Int.) are expressed qualitatively: vs = very strong; s = strong;
m = medium; w = weak; vw = very weak. The most intense component of each multiplet band is highlighted in
bold. P Calculated harmonic wavenumbers are scaled by 0.980 and 0.950, for the regions below 2000 cm~! and
above 3200 cm ™!, respectively. Some weak calculated absorptions with no correspondence in the experimental
spectrum are not included (a full list of the vibrations calculated for the two conformers is provided in Table S3).
¢ Based on the results provided by the “vibAnalysis” software [24] supported by ChemCraft animation of the
vibrations. Atom numbering is presented in Scheme 1. Abbreviations: v, stretching; 3, in-plane deformation;
v, out-of-plane deformation; T, torsion; p, rocking; as, antisymmetric; s, symmetric; iso, isopropyl group, sh,
shoulder. Signs “+” and “—" designate combinations of vibrations in the same phase and in the opposite
phase, respectively.

The intense band observed in the experimental spectra at wavenumbers above 3600 cm !

is assigned to the stretching vibration of the OH group (vOH). In the spectrum of thymol
recorded in Ar matrix, this band appears as a relatively broad and split feature with two main
components at 3643 and 3638 cm ! and a shoulder at ~3635 cm~!. OH stretching bands
at practically the same positions have been identified in the IR spectra of phenol [48] (also
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having two main components) and of some phenol derivatives such as tyramine [49] and
carvacrol [15], isolated in solid Ar. In the spectrum of thymol trapped in Xe, the vOH band is
sharper and appears as a doublet at 3617 /3611 cm !, shifted to lower frequencies, as compared
with thymol in Ar. Such a shift of the OH-stretching frequency is typical for matrix-isolated
compounds [32,33]. In this range, the spectrum of thymol in a xenon matrix exhibits a very
similar profile to that of the population-weighted theoretical spectrum. This similarity suggests
that the higher and lower frequency band components in the experimental spectrum are
assigned, respectively, to the gt and tt conformers, which agrees with the order of wavenumbers
predicted for the VOH absorptions of the two rotamers: 3645.5 cm ™! (A" = 56.6 km mol 1) for
gtand 3641.5cm™! (Ath = 52.8 km mol 1) for tt.

In the fingerprint region, a detailed comparison of the experimental and theoretical
spectra allows the identification of seven bands that can be assigned to the most populated
gt conformer. These bands appear between 1300 and 1000 cm~! and are centered in the
spectra recorded in Ar/Xe at 1294/1291, 1219/1216, 1166/1162, 1149/1145, 1116/1115,
1089/1087 and 1065/1063 cm !, while the corresponding theoretical absorptions are pre-
dicted at 1289.8, 1208.7, 1160.8, 1147.7, 1108.7, 1082.6 and 1060.7 cm 1. Spectral markers of
the tt conformer are located at 1278/1274, 1228,/1228, 1123/1120 and 1051/1049 cm ™! (see
Table 2), with the respective calculated absorptions predicted at 1278.9, 1218.4, 1123.1 and
1047.4 cm™!.

As we have mentioned in the previous section, the gc and tc conformers are not ex-
pected to be present in the as-deposited matrixes because of their fast depopulation (on
the microsecond time scale) in favor of the gt and tt forms by quantum mechanical tun-
neling during deposition of the matrixes. This is experimentally supported by a thorough
comparison between the experimental and calculated spectra shown in Figure 52, where
intense absorptions calculated for the two higher-energy forms have no correspondence in
the experimental spectra.

The experimental populations of the two matrix-populated conformers were estimated
from the integrated intensities of selected pairs of band components (Ar: 1294/1278,
1219/1228, 1149/1123; Xe: 3617/3611, 1291 /1274, 1216/1228, 1145/1120), normalized by
the calculated absolute intensities of the corresponding vibration modes. The obtained
values were 75 & 6% for gt and 25 £ 6% for tt, which are in good concordance with the
theoretical predictions. This gives an approximate gt:tt experimental ratio of 3:1, which
will be discussed later on in this paper.

One attempt to promote conversion between the two rotamers in the matrix, in order
to allow their unequivocal identification, consisted of performing annealing experiments.
Taking into consideration the magnitude of the energy barrier corresponding to the con-
version of the tt into the gt conformer (~24 kJ mol 1), this conformational relaxation may
only be observed in a matrix with stronger relaxant properties and with the possibility of
heating to the highest possible temperature. Xe matrix was therefore the obvious choice for
performing these experiments. The sample was annealed up to 75 K, which is the upper
limit of thermal stability of solid xenon. However, no changes in the band intensities were
observed that could be attributed to the conversion of the higher energy conformer into the
most stable form. Apparently, the high energy barrier separating the two matrix-isolated
conformers, combined with necessity of internal torsion of a bulky isopropyl group, pre-
cludes the occurrence of a tt — gt relaxation in the Xe matrix, even upon heating the sample
at a temperature as high as 75 K. According to the correlation proposed by Barnes [50], a
temperature above 80 K would be needed to overcome an energy barrier of ~24 k] mol !
Hence, the non-observation of a thermally induced tt — gt relaxation is not surprising
under the present experimental conditions.

Another attempt to induce changes in the population of the two matrix populated
conformers consisted of the excitation of monomers of thymol isolated in solid Xe with
narrowband or broadband IR radiation. The narrowband IR excitations were undertaken by
tuning the optical parametric oscillator at the first overtone of the OH stretching vibration
(2vOH). Before performing the irradiations, a near-IR spectrum was recorded to identify the
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position of the 2vOH band. This band appears as a doublet with a main component centered
at7061 cm~!, and a shoulder at 7047 cm ! (see Figure S3), which is very close to its position
observed in the near-IR spectrum of thymol dissolved in CCly solution (7056 cm 1) [14].
The shape of the 2vOH band is identical to that of the fundamental vOH feature observed in
the mid-IR spectrum, meaning that the higher and lower frequency components should be
ascribed, respectively, to the 2vOH absorptions of the gt and tt conformers. Absorption of a
near-IR photon with wavenumber in the 7061—7047 cm™ range introduces in the molecule
an energy of ~84 k] mol™!. This amount of excitation energy is 3.5 times larger than the
barrier height computed for the interconversion between the conformers in both directions,
which, in principle, is more than sufficient to overcome the barrier for conformational
isomerization for a free monomer in the gas phase by internal rotation of the isopropyl
group. However, exposure of thymol isolated in a Xe matrix to laser light tuned to 7061 or
7047 cm~! for ~30 min did not result in any spectral modifications that could indicate that
a conformational transformation had occurred. We also attempted to promote changes in
the population of the two matrix-isolated conformers by letting the matrix be exposed to
broadband IR-radiation emitted from a kanthal wire electrically heated to a reddish-orange
glow, a methodology that has been successfully applied by us to induce changes in the
relative abundances of the two conformers of the structurally similar carvacrol isolated in
an Ar matrix [15]. However, in the present case, we did not observe any spectral indications
of the occurrence of conformational changes.

A possible explanation for the lack of infrared-induced conformational isomerization
of the isopropyl group in thymol tt or gt is that the energy deposited in the 2vOH mode is
more efficiently transferred to the lower energy OH-rotamerization coordinate (Figure 5),
which will result in the isomerization of tt into tc or gt into gc. However, because tc and
gc are high-energy cis-OH conformers that should decay very fast by H-tunneling back
to the most stable tt and gt trans-OH-forms, respectively, no spectral changes would be
observed in the course of the infrared irradiation experiments monitored using steady-state
spectroscopy. Interestingly, as shown in Figure 5, in comparison with thymol, the carvacrol
molecule has the C3Hy and OH competitive rotamerizations with an opposite barrier height
trend. That feature is likely to provide for carvacrol a more efficient energy transfer to
its lower energy C3zHy rotamerization coordinate, even when the energy is deposited in
the 2v(OH) or v(OH) mode. This explains why the conformational isomerization of the
isopropyl group in carvacrol was previously observed upon broadband IR irradiation [15].

3.3. UV-Induced Transformations

Monomers of thymol 1 isolated in a low temperature Ar matrix were subjected to
irradiation with broadband UV-light at A > 200 nm emitted directly from a Xe/Hg lamp. The
experimental conditions for the UV-irradiations were established taking into consideration
the UV-spectrum of thymol in methanol solution, which exhibits absorption maxima at
A =221 and 280 nm [13]. The times of exposition of the sample to the UV-light varied
from 2 to 120 min. After each irradiation, an IR spectrum was collected to monitor the
transformations occurring in the matrix-isolated compound.

Spectral indication of occurrence of photoreactions started to be observed shortly after
the first four minutes of irradiation. The most notorious spectral change was the appearance
of a relatively broad feature within the 2125-2090 cm~! range, centered at ~2106 cm ™!
(see Figure 6a). This band is very characteristic of the antisymmetric stretching vibration
of the ketene group [vas( C=C=0)] [21,48,51-54], thus revealing the photogeneration of
compounds bearing this fragment. According to the results of previous photochemical
studies carried out for matrix-isolated compounds containing the phenol [15,21,48,49,54,55]
moiety, the photoreaction pathway leading to the formation of ketenes is initiated by
detachment of the H-atom from the O-H bond in 1. Then, recombination of the released H-
atom with the highly reactive phenoxyl-type radical 2 at the ortho- or para- ring carbon atoms
with respect to the CO group, gives rise to alkyl-substituted cyclohexadienones, which may
exist in three isomeric forms, labeled as 3a, 3b and 3c (see Scheme 2). The preference of
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the H-atom to reconnect at these ring positions is theoretically supported by the results
of an NBO analysis carried out at the B3LYP/6-311++G(d,p) level for 2. In fact, besides
the oxygen atom, atoms C2, C4 and C6 are those exhibiting, by far, the largest natural
spin densities (see Figure S4). The presence of 3 in the UV-irradiated thymol/Ar matrix
is spectroscopically confirmed by the appearance of two bands at 1677 and 1659 cm ™!
(Figure 6a), which are typical positions of the stretching vibration of a C=O group in
cyclohexadienones [15,21,48,56]. Finally, cleavage of the weaker C—C bond at a-position
with respect to the C=O group in 3a or 3b, yields open-chain conjugated ketenes 5a or 5b,
respectively (Scheme 2).
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Figure 5. B3LYP/6-311++G(d,p) relaxed potential energy scans calculated for (a) carvacrol and
(b) thymol regarding the rotamerization of the hydroxy (OH) and isopropyl (C3Hy) groups. The
bottom and top x-axis (red and blue) refer to the corresponding dihedral angle changes of the first
and second most stable conformations, respectively, which are illustrated for each species at the
right side of the panel. The conformers of carvacrol are designated according to the scheme adopted
in this work for thymol: the first letter designates the orientation of the tertiary C-H bond of the
isopropyl fragment relative to the C-O bond, while the second refers to the orientation of the O-H
group relative to the vicinal alkyl group.

To theoretically support the proposed assignments, we have carried out full geome-
try optimizations and harmonic vibrational calculations for the relevant isomeric forms
adopted by 3 and 5, which are characterized in Tables S4-56. For species 5, only the struc-
tures adopting Z-configuration around the central C=C bond have been considered in the
calculations. This assumption was based on the results of a recent study on the photo-
chemistry of 1,3-cyclohexadiene isolated in solid parahydrogen, where only the Z-type
isomers of the open-ring photoproducts were found to appear during the initial stages of
the UV-irradiations [57]. The range of wavenumbers predicted for the v,5(C=C=0 ) mode
of 5 was 2106-2084 cm™! (At = 637-1485 km mol™) and for the v(C=0 ) mode of 3 was
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1679-1654 cm™! (Ath = 165-318 km mol™'). These values are very close to the positions of
the new observed absorptions of photoproducts, emerging upon UV-irradiations of thymol
(Figure 6). We also tried to identify a spectral signature of 2. However, the few strong
infrared absorptions predicted for this species could not be observed experimentally, which
is not surprising, due to its high reactivity.
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Figure 6. (a) Fragment of the IR spectrum of thymol 1 (Ar, 15 K) recorded after 4 min of UV-
irradiation (black trace) and before any UV-irradiation (red trace). (b) B3LYP/6-311++G(d,p) calcu-
lated wavenumbers (scaled) and IR intensities corresponding to the antisymmetric C=C=0 stretching
modes of all surveyed isomeric forms of the open-ring ketenes 5 (green), C=0O stretching modes of
all Dewar valence isomers 4 (blue), and C=O stretching modes of all isomeric forms of the alkyl-
substituted cyclohexadienones 3 (orange). For the structures of 3, 4, 5, see Scheme 2.
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Scheme 2. UV-induced isomerizations experimentally observed for thymol 1 isolated in solid Ar at 15 K.

81



Photochem 2022, 2

Alongside with the IR bands assigned to 3 and 5, a new band centered at ~1773 cm ™!
was also observed in the infrared spectra recorded in the early stages of the UV-irradiations
(Figure 6a). A band at nearly the same position has been previously detected in the
photochemical studies performed for matrix-isolated phenol (1789 cm™) [48] and carvacrol
(1775 cm™) [15] and has been ascribed to the stretching vibration of a C=O bond of a Dewar
valence isomer. Therefore, an analogous species, labeled as 4 in Scheme 2, must be also
formed during the UV-irradiations of 1. It is most likely produced with the intermediacy of
3a or 3b, by analogy with the identical process observed for the electronically equivalent
a-pyrone [52,58,59] and methyl-substituted o-pyrones [51,60]. The wavenumbers predicted
for the possible structures adopted by 4 (see Table S7) fall between 1801 and 1794 cm !
(Ath = 281-340 km mol 1), see Figure 6b.

Increasing the time of exposition of the sample to the UV-radiation led to the occur-
rence of photodecomposition reactions, as revealed by the appearance of a narrow band
at ~2137 cm™! which is a spectral indication of the formation of carbon monoxide (CO)
(Figure 6a and Figure S5). This band was found to continuously grow up as the time of
irradiation increases, whereas the opposite behavior was observed for the bands assigned
to cyclohexadienones 3 (and the open-chain ketenes 5), see Figure S5. By analogy with our
recent discussion on the photochemical behavior of matrix-isolated carvacrol [15], the most
probable species resulting from the photodecomposition of thymol and its photoproducts
are alkyl-substituted cyclopentadienes. These photoproducts are most likely formed by
decarbonylation of the alkyl-substituted cyclohexadienones 3, which exist in photoequilib-
rium with the open-chain ketenes 5 (see Scheme 2) and as long as isomers 3 are consumed,
isomers 5 are also consumed (indirectly) [15], see Figure S5. These species are constituted
exclusively by carbon and hydrogen atoms, thus having intrinsically low intensities in the
IR spectra. Furthermore, such decarbonylated products share common groups (methyl,
isopropyl) with their precursors and their new bands may overlap with already existing
bands of the precursors. Therefore, it is difficult to experimentally confirm their presence
in the UV-irradiated matrix.

4. Concluding Discussion

In this work, we investigated the conformational structure of monomeric thymol
by a combined experimental and computational approach. Geometry optimizations at
the B3LYP/6-311++G(d,p) and MP2/aug-cc-pVDZ levels of theory predicted that thymol
may adopt four unique conformations defined by the mutual orientation of the vicinal
isopropyl and hydroxyl groups. Two of these conformations, with the gauche-isopropyl
group, are doubly degenerate and represent mirror-equivalent structures with broad and
shallow double-minima on the potential energy surface of the isopropyl torsion. The two
conformations with the trans-isopropyl group represent narrow and deep single minima.
The two cis-OH-conformers are destabilized due to the internal repulsions between the
hydrogen atoms of the hydroxyl and isopropyl groups. The two trans-OH-forms (gt and tt)
are the most stable and are expected to be the most populated forms in the gas phase of
thymol and (consequently) also for thymol isolated in the cryogenic matrix.

Infrared spectroscopy was used to characterize the conformational composition of
thymol experimentally. In agreement with the computations, the infrared spectrum of
the as-prepared matrix revealed that only the two most stable thymol conformers (trans-
OH-forms gt and tt, with the OH group pointing away from the vicinal isopropyl group)
co-exist in the matrix. The experimental integrated intensities of the marker bands due
to the gt and tt forms, reduced by their respective computed absolute infrared intensities,
suggest an approximate 3:1 ratio in favor of gt. The two higher energy cis-OH forms, which
may have residual populations in the gas phase prior to deposition, were shown to convert
into their more stable trans-OH-counterparts by fast quantum mechanical tunneling during
deposition of the matrix.

By analogy with the previously studied carvacrol (differing from thymol only by
position of the OH group), we attempted to promote a partial conformational isomerization
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between the gt and tt conformers. For this purpose, we irradiated the matrix-isolated
thymol either with broadband IR light (provided by electrically heated kanthal wire) or
with narrowband near-IR light (provided by an optical parametric oscillator tuned to the
frequency of the first overtone of the OH-stretching mode). Despite all of these attempts,
the initial populations of the gt and tt conformers did not change. The annealing of thymol
isolated in a xenon matrix up to the temperatures over 75 K (i.e., up to the limit of the
thermal stability of solid xenon), aiming at relaxation of the higher-energy tt form into the
global energy minimum gt form, did not result in the conformational interconversion either.
From these experiments, one could safely postulate that conformational populations of the
gt and tt forms in a freshly deposited matrix, in the 3:1 ratio, correspond to the ratio of
conformational populations of these forms in the gas phase (at room temperature) during
the deposition of the sample. Taking into consideration the computed relative Gibbs free
energies of the gt and tt forms at room temperature, such a conformational composition is
only possible when the gt and gc forms contribute to the Boltzmann equilibrium with the
weighting factors of two and the tt and tc forms with the weighting factors of one. This
represents an experimental proof of the fact that the two mirror-equivalent g*t and gt
forms of thymol, separated by a torsional energy barrier not exceeding 0.7 k] mol~!, are
indeed two individual minima, and not a single symmetry-averaged ct minimum.

The lack of conformational relaxation of matrix-isolated thymol was explained with
the aid of computations of potential energy surfaces for the torsion of the hydroxyl and
isopropyl groups in thymol and in the related molecules. Furthermore, the torsional barrier
for isopropyl group in thymol is nearly 2.5 times higher than in its isomeric carvacrol. On
the other hand, the torsional barrier for the hydroxyl group in carvacrol and thymol are
approximately equal, but in thymol it is about a half as low compared to the torsional
barrier of its isopropyl group. In our mechanistic interpretation, the energy provided by
vibrational excitation (infrared or near-IR) of thymol is dissipated much more efficiently
via the hydroxyl torsion, and therefore the isopropyl torsion does not occur.

The matrix-isolated thymol was subsequently irradiated with broadband UV-light
(A > 200 nm), and the resulting transformations were monitored by IR spectroscopy. As
is typical of phenol derivatives, the photoexcitation of thymol resulted in production of
corresponding alkyl-substituted cyclohexadienones. Mechanistically, such a photochemical
behavior was explained in terms of the OH group cleavage (with generation of an alkyl-
substituted phenoxyl radical), followed by recombination of the released H-atom (also
a radical) at the ortho- or para- positions of the ring (with respect to the CO group). The
natural spin densities of the phenoxyl-type radical, extracted from the NBO calculations,
indicate that precisely the ortho- or para- carbon atoms of the ring are the most favorable
positions for the above-mentioned recombination of the radical pair. The cyclohexadienone
photoproducts were found to undergo further isomerizations, yielding Dewar isomeric
species and open-chain conjugated ketenes. Decarbonylation of the photoproducts was
also observed for longer irradiation times.

On the whole, the present investigation fills a gap in the knowledge about the struc-
tural, vibrational, and photochemical properties of monomeric thymol. This fundamental
knowledge constitutes a basis for the understanding of the bioactivity of this and re-
lated compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ photochem2020028/s1. Tables S1 and S2, Cartesian coordinates for the
conformers of thymol optimized at B3LYP/6-311++G(d,p) and MP2/aug-cc-pVDZ levels of theory;
Table S3, Scaled wavenumbers (cm~!) and IR intensities (km mol~1) calculated for the thymol
conformers by means of B3LYP harmonic vibrational calculations; Tables S4-57, Geometries and
selected energetic and vibrational parameters calculated at the B3LYP level for different photoproducts
resulting from the UV-isomerizations of matrix-isolated thymol; Figure S1, B3LYP potential energy
scans for the intramolecular torsion of the isopropyl group computed for thymol, carvacrol, and
p-cymene; Figure S2, Detailed comparison of the experimental spectra of thymol isolated in Ar and
Xe matrices with the spectra calculated for the four conformers of thymol; Figure S3, Fragment
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(71007020 cm 1) of the near-IR spectrum of thymol isolated in Xe showing the band assigned to the
first OH-stretching overtone; Figure 54, Natural spin densities computed for the heavy atoms of the
two conformers of the phenoxyl-type radical of thymol by means of a Natural Bond Orbital (NBO)
analysis carried out at the UB3LYP/6-311++G(d,p) level of theory; Figure S5, Evolution of the bands
due to photoproducts emerging in the 2160-2080 cm ! and 1690-1650 cm ™! regions, as function of
the time of UV-irradiation.
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Abstract: A fundamental goal of photochemistry is to understand how structural features of a
chromophore can make specific bonds within a molecule prone to cleavage by light, or photolabile.
The meta effect is an example of a regiochemical explanation for photolability, in which electron
donating groups on an aromatic ring cause photolability selectively at the meta position. Here,
we show, using a chromophore containing one ring with a meta-methoxy group and one ring
with a para-methoxy group, that two stereoisomers of the same compounds can react with light
differently, based simply on the three-dimensional positioning of a meta anisyl ring. The result is
that the stereoisomers of the compound with the same configuration at both stereogenic centers are
photolabile while the stereoisomers with opposite configuration do not react with light. Furthermore,
time-dependent density functional theory (TD-DFT) calculations show distinct excitation pathways
for each stereoisomer.

Keywords: diastereoselectivity; photochemistry; protecting groups; diastereodifferentiating

1. Introduction

The regioselective meta effect was first reported in the photochemical solvolysis of
nitrophenyl phosphonate and sulfonate esters [1] and later in a series of m- and p-isomers of
nitrophenyl and cyanophenyl trityl ethers [2]. The meta effect has been used in the design
of photoreleasable protecting groups (PPGs) [3,4], including a broad range of chromophores
used to protect carbonyl compounds [5,6]. Early calculations showed that excited singlet
states of m-methoxy-substituted benzylic acetates led to heterolysis and that increasing
meta substitution enhanced photolability [7,8]. More recently, we have reported indirect
pathways to photocleavage that occur after an ultrafast back electron transfer to the ground
electronic state for m-methoxy substituted aromatic compounds. For suitably substituted
compounds, the electronic-nuclear couplings facilitate sufficient energy transfer to cause a
dissociation reaction [9].

While the meta effect has been thought of as a regioselective phenomenon, in prin-
ciple, a more subtle change in the chromophore, such as a stereochemical change, could
also influence whether a bond is photolabile. While differential reactivity to light is well
documented in diastereomers, such as is seen in stereoselective bond-forming photore-
actions [10-12] and diastereoselective photoisomerization reactions [13], we are aware of
no examples in which a change to the absolute configurations of stereocenters results in a
bond becoming photolabile.

Here, we report on diastereomers that either do or do not photocleave based on
the configuration of their stereogenic centers. This is in contrast to the few known cases
of diastereomer differentiating photocleavage reactions where two different products
result based on the stereochemistry of the input molecule [10,14,15]. In this diastereomer
differentiating reaction, only the stereoisomer with a meta methoxy ring positioned anti to
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a third chromophore is photolabile. Given the utility of photolabile bonds in the design of
PPGs [16], for patterning surfaces [17], automating DNA synthesis [18], releasing biological
substrates [19], and for the design of molecular logic gates and actuators [20,21], the on/off
type of reaction reported here is likely to be a useful extension of the meta effect.

2. Synthesis

The synthesis (Scheme 1) utilizes a similar strategy to one reported for derivatizing
salicylic acid to form a carbonyl PPG [3] but takes advantage of the fact that nitriles react
with only a single equivalent of Grignard reagent, thereby allowing two different groups to
be added sequentially to a nitrile and then the resultant ketone, generating an asymmetric
center at the benzylic position. Specifically, benzyl protected 2-hydroxy benzonitrile was
reacted with the Grignard of m-bromoanisole to form ketone 1. Addition of the Grignard of
p-bromoanisole to ketone 1 in a subsequent reaction produced alcohol 2. Removal of the
benzyl protecting group to produce diol 3 was accomplished with hydrogen over palladium
on carbon. Finally, 3-phenylpropanal and pTSA were added to produce acetal 4 while
introducing a second stereogenic center to produce a pair of racemates.

o)
_N
" 1. m-OMe-Ph-MgBr OMe 4 p-OMe-Ph-MgBr
op, 2 0" 78% o 2. H,0", 82%
1
MeO

O OH H,, Pyridine, Pd/C .
O OMe 95%

o}
H
OH OH OMe 5 O
O p-TSOH, 99% O O
OMe

MeO
MeO
3 4

Scheme 1. Synthetic route to acetal stereoisomers.

3. Results

Crystals of 4 were obtained from ethyl acetate and hexanes and the structure deter-
mined by x-ray crystallography (see Supplementary Information). The unit cell contained
four molecules of (25,4R)-4 and four molecules of (2R,45)-4 consistent with the absence
of optical activity. The synthesis results in four stereoisomers, two with like stereogenic
centers, (25,45)-4 and (2R,4R)-4, and two with unlike stereogenic centers, (2S,4R)-4 and
(2R ,45)-4. The racemate with unlike [22] stereogenic centers (u) ((25,4R)-4 and (2R,4S5)-4)
was the predominant form isolated at 76%, with the racemate with like stereogenic centers
(I) comprising the remaining 24%. The u racemate has an acetal '>*C NMR peak at 92.45 ppm
and was readily distinguishable from the [ racemate at 92.87 ppm (Figure 1). Similarly,
'H NMR was also used to distinguish the two racemates (see Supplementary Information).
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Figure 1. 3C NMR time series taken during irradiation of acetal 4 with UV light.

When a 0.02 M mixture of ] and 1 racemates was irradiated with UV light from a 75 W
Xenon lamp in a 90:10 MeCN:H,O mixture at room temperature, 3-phenylpropanal and
diol 3 were released (Scheme 2). Over 10 h, little photohydrolysis of the u racemate at
92.45 ppm was observed whereas 67% of the [ racemate was converted to 3-phenylpropanal
and diol 3 as measured by integrating the 13C acetal peak. A similar trend was observed in
the 'H NMR confirming the decrease in the ! racemate over 10 h although overlap of the
two acetal peaks and the two methoxy signals made quantification of the 'H NMR difficult
(see Supplementary Information, Figure S2).

Calculations were performed using the quantum chemical program packages Q-
Chem [23] and Gaussian 16 [23,24]. For both racemates, the first excited state, Sq, has a
stable structure not far away from the ground state Franck-Condon vertical excitation point
(the stable structure of Sp). This is illustrated in Table 1, where the reorganization energies
are listed for the four stereoisomers with respect to both states Sy and S; (calculation
details in Supplementary Information). The reorganizational energies are relatively small
compared with the electronic excitation energies. Similarity of the Sy and S; states is also
demonstrated by the root-mean-square deviation in the atom locations between Sy and S4
being only 0.1507 A. Generalized Mulliken-Hush (GMH) analysis [25,26] reveals that the
electronic couplings are quite large (>50 kcal/mol). From our previous time-dependent
density functional theory (TD-DFT) studies of similar systems [9] this suggests an ultrafast
(sub-picosecond) internal conversion process upon excitation from Sy to S;. Here, the
electronic transition associated with the internal conversion process is in the adiabatic
regime, which is characterized by (damped) electronic coherence [9]. Thus, photoexcitation
acts as an “energy pump”: through absorption followed by internal conversion, the photo
energy is converted to the nuclear energy that is used to drive the dissociation reaction at
the ground state. The efficiency of this “energy pump” depends on the electronic-nuclear
coupling, which is illustrated in Figure 2 by the nuclear force vectors at the Franck-Condon
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geometries. The more the force vector is aligned with the reaction coordinate for the
dissociation reaction, the more likely the cleavage is to occur.
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Figure 2. During photohydrolysis, all 4 stereoisomers are present but the lowest energy pathway
available varies with the stereochemistry. The reaction pathway is represented from Sy to Sy (left)
from S; to Sy (right) for the I diastereomers (a) and the u diastereomers (b) of 4. The blue arrows show
the vector for the force on each atom during excitation (left) or de-excitation (right) in the lowest

energy pathway.
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Table 1. Excitation energy (Ex), de-excitation energy (DeEx) and reorganization energies (M)
(kcal/mol) in different electronic states among all stereoisomes. A (S;—Sp) and A (Sp—S;) were
used for energy difference calculations.

Stereoisomer Ex (Sq) A (S1—Sp) DeEx (Sq1) A (Sp—Sq)
2R, 4R 119.6 35 112.8 34
25,4R 120.3 3.1 114.3 2.9
2R,4S 120.3 3.1 114.3 2.9
25,45 119.6 35 112.8 34

When the molecule has two like stereogenic centers, ((25,45)-4 or (2R,4R)-4), the
primary excitation pathway involves motion in the meta anisyl ring (Figure 2a). In this
case, the meta methoxy ring is positioned anti to the aromatic ring of the phenylethyl
group which increases its reactivity. Furthermore, the loss of energy also involves motion
that is focused on the meta ring which is known to cause photolability. The overall result
is that these structures are more prone to photocleavage. When the molecule has two
unlike stereogenic centers, ((2R,45)-4 or (25,4R)-4) and the meta-methoxy ring is syn to
the phenylethyl group, the excitation pathway is diffused, involving both the meta and
para anisyl rings (Figure 2b). Additionally, here, the loss of energy occurs along with
increased motion of atoms in the para substituted rings rather than the meta. In this case,
the racemate is not prone to cleavage.

Although stereoselective bond-forming photoreactions [10-12] and distereoselective
photoisomerization reactions [13] are somewhat common, analogous bond breaking reac-
tions are not. One example we find of a diastereomer differentiating photocleavage reaction
comes from -arylbutyrophenones that alternately undergo Yang cyclization or elimination
for different diastereomers [14]. Another example are 3-(2-phthalimido-propionate)-yl
PPGs [15] in which the the diastereomer undergoes an E2 elimination to produce a trans
alkene in high yield, whereas the erythro compound is unable to populate an antiperi-
planar conformation of carboxylate and acetate; therefore, instead, the two groups are
removed sequentially in an Elcb mechanism producing a mixture of trans and cis alkene.
In both examples there are two different reaction pathways for the different diastereomers.
Additionally, the stereogenic centers in those cases are on adjacent carbons whereas here
they are on a dioxane ring such that a spacer exists between the stereogenic centers in the
2 and 4 position. In the current system where there is not a second reaction pathway, the
molecule either photoreleases its benzylic substituent or it does not. This system, therefore,
will be well-suited for applications involving PPGs, surface modifiers, or in vitro or in vivo
substrate release. Another category of prior photocleavage examples involve a Norrish type
II photoelimination; however, the observed diastereoselectivity originates from a chiral
auxiliary [27].

The unique pathway for one diastereomer over the other suggests that interactions
between the different aromatic rings are important to the photocleavage mechanism. Either
the energy pump is more effective in the u racemate with the anti-phenyl ring or de-
excitation force in the meta anisyl ring is more aligned with the dissociative reaction
coordinate. Conversely for the syn-arranged rings, either the pump is less effective or
de-excitation force in the para ring is less aligned with bond dissociation.

4. Discussion and Future Directions

It is likely that other ring systems and other separations between stereogenic centers
could result in the same phenomena and that the two stereogenic centers could both be
placed on the PPG as opposed to having one originating from the protected substrate
as seen here. The inclusion of stereogenic centers on different ring positions could be a
general method for creating distance between the stereogenic centers while maintaining
communication between the rings. It should be possible to create a set of protecting
groups that have identical chemical functionality but with one reactive to both light and
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acidity and one reactive to only acidity, creating a simple logic gate with actuator [21].
Other potential applications include monitoring racemizing conditions by the observation
of a photoreleased substrate, and racemization could also be used to slowly introduce
photolability to a substrate over time.

Alternatively, if both stereogenic centers were contained within the protected substrate,
this approach could be used to isolate one diastereomer from the other. Here, achiral light
causes diastereomers to react differently due to the arrangement of their chromophores
and this suggests that chiral light could in turn affect an enantiospecific transformation
using similar compounds which suggests this class of compounds could be used for chiral
separations by photoderacemization [28], or that proteins or other chiral environments
could be used to induce changes in the stereoselectivity of this reaction [29].

The design of new molecules as stereoselective PPGs can build off the structural
lessons learned here as well as the computational techniques. In similar systems, atten-
tion to the positioning of aromatic rings near the PPG could again be used to enhance
stereoselectivity. For novel compounds, TD-DFT can preview the likely initial steps in the
photoreaction pathway. This will facilitate exploration of new chromophores for applica-
tions in stereoselective photochemistry.

The fact that two different positionings of the meta ring behaved differently also
points out that only a single meta ring is needed to cause this PPG to release. This also
demonstrates that communication between the rings, for example by energy transfer, is
slow enough that the two positions act independently. This informs new strategies for PPG
design and suggests new methods for the design of orthogonal protecting groups [6,30]
Additionally, the computational methods described here could be used to predict which
stereoisomers would be most likely to react with light.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/photochem2010006/s1, Figure S1. Crystal structure of (2R,45)-4-
(4-methoxyphenyl)-2-phenethyl-4-(3-methoxyphenyl)-4H-benzo[d][1,3]dioxine; Figure S2. 'H NMR
time series taken during 10 h irradiation of a 76:24 (u:l) mixture of acetal 4 with UV; Figure S3.
'H NMR spectrum of (2-(benzyloxy)phenyl)(3-methoxyphenyl)methanone; Figure S4. 13C NMR
spectrum of (2-(benzyloxy)phenyl)(3-methoxyphenyl)methanone; Figure S5. 'H NMR spectrum of 2-
(benzyloxy)phenyl)(3-methoxyphenyl)(4-methoxyphenyl)methanol; Figure S6. 13C NMR spectrum of
2-(benzyloxy)phenyl)(3-methoxyphenyl)(4-methoxyphenyl)methanol; Figure S7. 'H NMR spectrum
of (2-hydroxy(3-methoxyphenyl)(4-methoxy phenyl)methyl)phenol; Figure S8. 13C NMR spectrum
of (2-hydroxy(3-methoxyphenyl)(4-methoxy phenyl)methyl)phenol; Figure S9. 'H NMR spectrum
of acetal 4, (£)-4-(4-methoxyphenyl)-2-phenethyl-4-(3-methoxyphenyl)-4H-benzo[d][1,3]dioxine;
Figure S10. 13C NMR spectrum of 4, (£)-4-(4-methoxyphenyl)-2-phenethyl-4-(3-methoxyphenyl)-4H-
benzo[d][1,3]dioxine; Figure S11. IR spectrum of (2-(benzyloxy)phenyl)(3-methoxyphenyl)methanone;
Figure S12. IR spectrum of 2-(benzyloxy)phenyl)(3-methoxyphenyl)(4-methoxyphenyl)methanol; Fig-
ure S13. IR spectrum of (2-hydroxy(3-methoxyphenyl)(4-methoxy phenyl)methyl)phenol; Figure S14.
IR spectrum of (+)-4-(4-methoxyphenyl)-2-phenethyl-4-(3-methoxyphenyl)-4H-benzo[d][1,3]dioxine..
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Abstract: A combined spectroscopic and computational approach has been used to study in detail
the complexation between Ga(Ill) and ARS in solution. The NMR results revealed the formation
of four Ga(Ill)/ ARS complexes, at pH 4, differing in their metal:ligand stoichiometries or configu-
ration, and point to a coordination mode through the ligand positions C-1 and C-9. For equimolar
metal:ligand solutions, a 1:1 [Ga(ARS)(H,O)4]* complex was formed, while for 1:2 molar ratio so-
lutions, a [Ga(ARS);(H,0),]~ complex, in which the two ligands are magnetically equivalent, is
proposed. Based on DFT calculations, it was determined that this is a centrosymmetric structure with
the ligands in an anti configuration. For solutions with a 1:3 molar ratio, two isomeric [Ga(ARS)3]°~
complexes were detected by NMR, in which the ligands have a mer and a fac configuration around
the metal centre. The DFT calculations provided structural details on the complexes and support
the proposal of a 1,9 coordination mode. The infrared spectroscopy results, together with the calcu-
lation of the infrared spectra for the theoretically proposed structures, give further support to the
conclusions above. Changes in the UV /vis absorption and fluorescence spectra of the ligand upon
complexation revealed that ARS is a highly sensitive fluorescent probe for the detection of Ga(III).

Keywords: Ga’®*; alizarin sulfonate; ARS; NMR; ATR-FTIR; DFT; UV /vis; fluorescent probe

1. Introduction

Gallium is widely distributed in the earth’s crust and has a variety of applications in
industry, such as in semiconductor materials for red, orange, and yellow light-emitting
diodes (LEDs) [1], and in the production of low melting point alloys [2]. The antineoplastic
potential of compounds of gallium, in particular of some simple salts such as Ga(Ill) nitrate,
was also recognized soon after the discovery of the antitumor properties of cisplatin. Ga(Ill)
shows coordination properties similar to other group Illa metal ions, such as AI(III) and
In(IlI), and it also shares some properties with Fe(IlI) in terms of ligand affinity, coordina-
tion geometry, ionic radius, electronegativity, etc. This is thought to enable its ability to
interfere with the cellular iron metabolism and seems to be crucial for its antineoplastic
effects [3-5]. Although gallium has gained relevance in the biomedical area by presenting
anti-proliferative activity in some malignant tumours in humans, its presence in water
for human consumption can cause immune system diseases and reduced blood leukocyte
counts [6]. Its use in industry may lead to contamination of groundwater and its possible
impact on human health and the environment makes it important to develop methods
capable of detecting and quantifying the distribution of gallium in view of its remediation.

The use of molecular chemosensors that show fluorescence responses modulated
by the interaction with metal ions has numerous advantages, such as high sensitivity
and specificity, low cost, simplicity of operation, as well as the possibility of monitoring
biological samples in real time with fast responses [7], and has application in many diverse
areas, from analytical chemistry, medicinal chemistry, and biochemistry, to clinical and
environmental sciences.

Anthraquinones and their derivatives are organic compounds that are highly relevant
due to their enormous versatility in many diverse applications, such as in industry as
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dyes [8-10], in medicine as pharmaceutical drugs [11,12], and in chemistry as analytical
reagents [13,14]. Hydroxyanthraquinones are particularly important for applications based
on chromatic properties, since their lowest excited singlet state, with 71, m* character, enables
them to absorb visible light and have bright colours, contrary to anthraquinone which
has a n,7t* lowest excited singlet state [15,16]. The optical properties of the substituted
anthraquinones depend on factors such as the nature and position of the substituents and
the establishment of hydrogen bonds and other intermolecular interactions [15]. Alizarin,
(1,2-di-hydroxyanthraquinone, 1,2-HAQ) is one of the most stable natural pigments and
the main colouring component (together with purpurin, 1,2,4-HAQ) of the natural pigment
madder, extracted from Rubia tinctorum L., and is widely used to dye textiles. Nowadays,
alizarin is usually obtained from synthesis. Alizarin has also been investigated as a photo-
sensitizer in dye-sensitized solar cells, showing high incident photon-to-current conversion
efficiencies [17-19]. By introducing a sulfonate group into the alizarin structure, a deriva-
tive with greater water solubility is obtained (1,2-dihydroxyanthraquinone-3-sulfonate,
or alizarin red S (ARS)), whose photophysics and photochemistry has been extensively
studied due to its chromatic and fluorescence properties. ARS also shows interesting elec-
trochemical behaviour and its performance as a negolyte in redox flow batteries has been
investigated recently [20]. Its complexation behaviour with various metal ions has also
been the subject of intense investigation, since its phenolic and carbonyl groups (Scheme 1)
offer the possibility for metal-ligand complexation.

Scheme 1. Monoanionic form of alizarin sulfonate (ARS) and numbering scheme used in the discus-
sion of results.

For a bidentate chelation with ARS, two coordination modes are possible: (i) via
the (deprotonated) hydroxyl groups in positions 1 and 2 or (ii) via the (deprotonated)
hydroxyl group in position 1 and the adjacent carbonyl group in position 9. Both modes
of coordination have been proposed, depending on the metal ion, and in some cases
related with the solution’s pH. Coordination through positions 1,9 has been proposed
to be favoured in aqueous acidic solution, while coordination through positions 1,2 has
been associated with alkaline media. With Al(III), in acidic solution, it was suggested
that ARS forms 1:1 and 1:2 (AI(IIT):ARS) complexes [21-23] coordinating to the metal
through positions 1 and 2 [22,23] or through positions 1 and 9 [24]; a 1:3 complex, with
1,9-chelation, has also been suggested for the Al(Ill)/alizarin system in alkaline water
suspensions [25]. Fewer studies are found concerning the In(Ill) and Ga(Ill) alizarinate
complexes. The kinetic and thermodynamic parameters were studied for the 1:1 In(III):ARS
complex in highly acidic aqueous solution, and a 1,2-chelation mode was proposed [26].
An early spectrophotometric study [27] showed that Ga(Ill) can bind to ARS forming a
reddish chelate in the pH range of 3.0-5.0 in water. A 1:2 stoichiometry was proposed for
the Ga(Ill)/ ARS complex, and a tentative suggestion that ARS may bind Ga(III) in a 1,2
coordination mode was made.

Taking into account the importance of understanding the coordination chemistry of
ARS, from both an analytical and fundamental point of view, and the relevance of study-
ing Ga(IlI) compounds, we have carried out a speciation and structural characterization
study of the complexes formed in the Ga(IIl) / ARS system in a water:methanol (1:1, v/v)
solution. We have used a variety of spectroscopic and computational methods that can
bring additional insight on the number, type, and structure of the complexes formed in this
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system. The structural characterization studies were carried out both in solution, using
nuclear magnetic resonance spectroscopy (NMR), and in the solid state, using infrared
spectroscopy. These studies were complemented with density functional theory (DFT) and
time-dependent DFT quantum chemical calculations which allowed a detailed structural
characterization of the ligand and complexes and the interpretation of their spectroscopic
properties. Additionally, the absorption and fluorescence properties of the system were also
studied, with the purpose of evaluating the potential of ARS as a sensor for Ga(IIl) ions.

2. Materials and Methods
2.1. Starting Materials and Preparation of Samples

Analytical grade gallium nitrate and commercially available 1,2-Dihydroxy-9,10-
anthraquinone-3-sulfonate (Alizarin Red S, ARS) were used as received. For the NMR
experiments, as the ligand and the mixtures of the ligand with metal have low solubility in
H,0O and consequently in D,O, the solutions were tentatively prepared in other solvents as
well as in mixtures of solvents. Although the mixture D,O/CD3;0D (50%:50%) was found
to be the most appropriate for this study, additional experiments were also carried out in
DMSO. For solutions in D,O/CD3;0D, the pH was adjusted by the addition of DCI and
NaOD; the pH* values quoted are the direct pH meter readings (at room temperature) after
standardization with aqueous (H,O) buffers. The solvents from the samples used in the
NMR experiments were subsequently evaporated at room temperature and the resulting
red powder was used in the ATR-FTIR experiments. For the UV /vis experiments, a sodium
alizarin sulfonate solution of concentration 4.67 x 10~> mol/dm? and a gallium(III) nitrate
solution (2.46 x 10~ mol/ dma) were prepared in CH;OH:H,O 1:1 (v/v). The pH of the
solutions was adjusted to pH 4 by the addition of HCIO4 and NaOH. The samples were
stored in the dark until used.

2.2. Instrumentation

The 'H and '*C NMR spectra were obtained on a Bruker Avance 500 NMR spectrome-
ter. The 13C spectra were recorded using proton decoupling techniques (Waltz-16) taking
advantage of the nuclear Overhauser effect. The methyl signal of tert-butyl alcohol was
used as the internal reference for 'H (5 1.20) and '3C (5 31.20) for the spectra of solutions in
D,0/CD30D, and the residual signals of the solvent were used for 'H (5 2.50) and 3C (&
39.51), relative to TMS, for the spectra of solutions in DMSO. The ATR-FTIR spectra were
obtained using a Thermoscientific Fourier Transform Infrared Spectrometer—Nicolet iS5
iD7 ATR (resolution 1 cm~!), with the aid of the OMNIC program for spectral visualization.
The vibrational modes were assigned with the help of visualization with the animation
module of the GaussView program. The ultraviolet/visible absorption spectra were ob-
tained using a Shimadzu spectrometer UV-2100 and the fluorescence spectra were obtained
using a Horiba-Jobin-Yvon Fluorolog 3.2.2 spectrometer. The fluorescence emission spectra
were recorded with excitation at 447 nm.

2.3. Computational Details

The geometries of the conformers and tautomers of ARS were optimized at the density
functional (DFT) level of theory, using the B3LYP [28-31] hybrid exchange and correla-
tion functional and the extended split-valence triple-( plus polarization 6-311++G(2d,2p)
basis set. The geometries considered for the complexes were optimized with the same
functional and also with the B3PW91 [29,32-36] hybrid functional, the CAM-B3LYP [37]
long-range corrected hybrid functional, and the wB97X-D [38] long-range corrected hybrid
functional which includes dispersion corrections, and the split-valence triple-C plus po-
larization 6-311G(d,p) basis set. All the structures were optimized considering the bulk
solvent effects of water through the IEFPCM (“integral equation formalism variant of the
polarizable continuum model”) [39,40]. The vibrational frequencies were calculated for all
the optimized geometries to verify the nature of the stationary points and ensure that they
are energy minima. The structures proposed for the complexes were then reoptimized at
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the B3LYP/6-311++G(d,p) level and their harmonic vibrational frequencies were calculated
and scaled with a factor of 0.978. This is the standard scale factor used for this calculation
method, and aims to correct limitations introduced by the incomplete basis set used, the
incomplete treatment of electronic correlation, and vibrational anharmonicity [41]. The
theoretical infrared spectra presented were simulated using Lorentzian functions with
a full-width-at-half-maximum (FWHM) of 6 or 4 cm ™!, centred at the scaled calculated
frequencies. The B3LYP/GIAO (“gauge-including atomic orbital”) method was used for
the calculation of the 'H and !3C nuclear magnetic shielding constants (o) of the lowest
energy conformer of the ligand, using the 6-311++G(d,p) basis set. The nuclear magnetic
shielding constants of tetramethylsilane (TMS) were calculated at the same theoretical level
and the NMR chemical shifts were obtained relative to TMS from the equation & = oms — ©.
Time-dependent DFT (TD-DFT) was used to calculate the UV /vis absorption spectra of the
ligand and complexes using the CAM-B3LYP functional [37]. This long-range corrected hy-
brid functional, in which the amount of Hartree-Fock exchange interaction increases with
the interelectronic distance, provides values of the vertical excitation energies which are in
good agreement with the experimental ones for a wide variety of organic molecules [42].
The 6-311++G(d,p) basis set was used in these calculations. DFT and TD-DFT calculations
were carried out with the Gaussian16 [43] quantum chemistry program and the GaussView
6.0 program was used to visualize the structures and molecular orbitals.

3. Results and Discussion
3.1. Structure and Energetics of Alizarin Red S

1,2-dihydroxyanthraquinone-3-sulfonate (ARS) is a polycyclic aromatic compound
composed of three fused six-member rings, with two carbonyl groups in the central ring at
the C-9 and C-10 positions. Additionally, one of outer rings bears two hydroxyl groups
at the C-1 and C-2 positions and a sulfonate group at position C-3 (Scheme 1). Tak-
ing into account the pKa values reported for the two phenolic protons (pK,2 = 5.8 and
pKaz = 10.8) [44] and that the sulfonate group ionizes at very low pH, the monoanionic
form of ARS (Scheme 1) is the dominant form in the pH region explored in this work
(pH~4). Its structure, in addition to presenting several conformers formed by rotation of
the CC-OH coordinates, may also present tautomerism involving the transfer of hydrogen
atoms between the carbonyl and hydroxyl groups (keto—enol tautomerism). The structures
and relative zero-point-corrected electronic energies of the different forms of ARS in water
were previously studied by Jo6 et al. using DFT calculations (6-311+G(d,p) and TZVP basis
sets and several different functionals) [45]. In our work, we have carried out additional
studies on the structures and energetics of these species to determine their relative Gibbs
energies (which include thermal corrections) which enable us to calculate their populations
in water solutions at room temperature. These are essential for our theoretical studies of the
spectroscopic properties of the ligand and Ga(Ill) complexes of ARS. Additionally, analysis
of the structural details of the intramolecular hydrogen bonding in the most stable forms
was also carried out.

In order to determine the most stable forms of ARS in aqueous solution, we have
optimized the structures of the possible conformers and tautomers of the monoanionic
form by DFT at the B3LYP/6-311++G(2d,2p) level of theory, considering the bulk solvent
effects of water. The optimized structures of the most stable forms of ARS in water, and
a summary of their relative electronic energies, zero-point corrected electronic energies,
Gibbs energies, symmetries, and equilibrium populations at 298.15 K are given in Figure 1
and Table 1, respectively. The equilibrium populations were estimated from the Boltzmann
equation and calculated relative Gibbs energies.

98



Photochem 2023, 3

0.992A. 1652A 2096A 1.667 A
I Py 1 s
e .‘ T : ? 202A4,°@ @
" .. N N 2 y "
1639/\,7" & e ¥ o & > o e 1624A/. ‘/J > ‘/_J (J
o oo 9 0 ! N . N N Ay
Y PR 0 B .“J/ ¥ o NP ® //‘ ‘/J ‘/J ‘;;)‘ >
¢ S s ! o ° o ° ¢ L e
I, AG =0.0 Il, AG = 15.9 kJ/mol 1Il, AG = 19.3 kJ/mol
1510A 1.030A 1504 A 1.618A
2.046A g 1
e 8" e
; b . =] .
LN N ‘/) o o ‘/J ‘/J J,J 2 e ‘/J e ot
! | [ :
o o P . A
oy ¥ e a/‘ 2 &1/ L 2k 2k ' a/‘ 2
'S 9 ® 9 . 9 . 9 > 9 ® N 9
IV, AG = 36.9 kJ/mol V. AG = 60.3 kJ/mol VI, AG =62.0 kJ/mol

Figure 1. DFT/B3LYP/6-311++G(2d,2p) optimized geometries of the most stable conformers and
tautomers of the monoanionic structure of ARS, considering the bulk effects of the water solvent.

Table 1. Relative electronic energies (AE.) (KJ mol 1), zero-point-corrected electronic energies
(AETota1), Gibbs energies at 298.15 K (AGyggk ), and equilibrium populations (%) estimated from the
relative Gibbs energies (Py9g), calculated for the lowest energies conformers and tautomers of the
monoanionic structure of ARS (B3LYP/6-311++G(2d,2p), considering the bulk effects of the H,O
solvent.

Structure 1 11 111 v Vv VI

Symmetry Cy Cy Cs Cy Cs Cs
AE 0.0 18.8 26.0 40.7 71.8 73.6
A(Etotal) 0.0 18.1 24.8 38.1 70.4 71.0
AGoogi 0.0 15.9 19.3 36.9 60.3 62.0
P(%)29s 99.8 0.2 0.0 0.0 0.0 0.0

Besides conformers I, II and III, an additional conformer, in which the two hydroxyl
hydrogen atoms point to each other, was also optimized, but it converged to structure
ITI. The additional tautomers calculated, with higher energies, are presented in the sup-
plementary material (Figure S1). Structure I is stabilized by two strong intramolecular
hydrogen bonds, with O-H -~ O distances of 1.639 and 1.652 A. The strongest hydrogen
bond involves the hydroxyl group in position 2 as the H-donor and the oxygen atom of the
sulfonate group lying in the plane of the rings as the acceptor, and the second hydrogen
bond is established between the oxygen atom of the carbonyl group in position 9 and the
hydrogen atom of the hydroxyl group in position 1. The structure is very close to planar,
however the corresponding structure with Cs symmetry is not a minimum. Therefore, the
lowest energy conformer belongs to the C; point group. Structures II, III, and IV also
present two intramolecular hydrogen bonds; however, in these conformers (II, III) and
tautomer (IV), one of the bonds is relatively weaker, with OH - O bond lengths close to
2A, making these structures significantly less stable, with AG values of 15.9, 19.3, and
36.9 k] /mol, respectively, relative to conformer I. Tautomers V and VI present only one
intramolecular hydrogen bond and, consequently, have very high energies. These results
allow the conclusion that the dominant conformer of ARS in solution, with an estimated
population of 99.8% at 298.15 K, is conformer I. The ordering of stabilities of the different
structures in Figure 1 is in agreement with the results obtained by Joo et al. [45] at the
B3LYP/TZVP level of theory. The structure of conformer I will be considered for the
calculation of the spectroscopic properties of the free ligand in solution presented in the
following sections in this work.

99



Photochem 2023, 3

3.2. Complexation between Ga(Ill) and 1,2-Dihydroxy-9,10-anthraquinone-3-sulfonate (ARS)
3.2.1. NMR Studies on the Ga(Ill)/ ARS System

Clear indications of metal-ligand binding are seen from broadening or coordination-
induced shifts of the 'H and !3C signals of the ligand in the presence of the metal ion,
compared with those of the free ligand, as well as, in favourable cases of slow exchange
rate, from conformational changes after ligand complexation as indicated from the proton—
proton coupling constants (Ji.py). This, together with the metal ion NMR when NMR
active metallic isotopes are present, can provide valuable structural information, including
the type of metal centre present in the complexes, as widely exemplified in our previous
work on the complexation of metal ions, such as aluminium, gallium, and metal oxoions
of vanadate, molybdate, and tungstate with relevant ligands [46-56]. Furthermore, the
valuable structural information obtained from NMR and other spectroscopic techniques in
this study, combined with the structural details accessible through DFT calculations, allow
the complete structural understanding of the complexation [57,58].

For a complete structural characterization of the interaction of Ga(Ill) ions with ARS
in aqueous solution, we have obtained 'H NMR spectra for solutions having an ARS
concentration of 5 mmol dm 2 and Ga(III) concentrations ranging from 0 to 5 mmol dm3,
giving metal:ligand molar ratios from 1:1 to 1:3 at pH* 4. As the 'H signals observed appear
to be very broadened, probably due to exchange processes dependent on the temperature,
the NMR spectra were obtained both at room and low temperature. Although it is more
difficult to have a reasonable signal/noise ratio due to its lower abundance, we have
also obtained '3C spectra for the same solutions at 298.15 K. The results are shown in
Figures 2 and 3 for the 'H and '*C NMR spectra of ARS alone and in the presence of
gallium(III) nitrate, respectively. The 'H and '*C NMR experimental and calculated (DFT)
spectral parameters for ARS are shown in Table S1.
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Figure 2. 'H NMR spectra of the solutions (50% D,0/50% CD3OD) of (a) ARS 5 mmol dm3,
pH* = 3.96, temp. 298.15 K; (b) Ga/ARS 5:5 mmol dm3, pH* = 3.95, temp. 280.15 K; (c) Ga/ARS
5:5 mmol dm 3, pH* = 3.95, temp. 298.15 K; (d) Ga/ARS 2.5:5 mmol dm3, pH* = 4.06, temp.
280.15 K; (e) Ga/ARS 2.5:5 mmol dm 3, pH* = 4.06, temp. 298.15 K; (f) Ga/ARS 1.67:5.0 mmol dm—3,
pH* = 3.94, temp. 280.15 K; (g) Ga/ARS 1.67:5.0 mmol dm~3, pH* = 3.94, temp. 298.15 K.
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Figure 3. 13C NMR spectra of the solutions (50% D,O e 50% CD3OD) of (a) ARS 5 mmol dm—3,
pH* = 3.96; (b) Ga/ARS 5:5 mmol dm~3, pH* = 3.95, temp. 298.15 K.

The '"H NMR spectrum of the free ligand (ARS) in D,O/CD3;OD (1:1, v/v) at pH 3.96
showed a set of four signals (Figure 2a). The singlet at § = 7.98 ppm was assigned to the
H-4 proton. The multiplet centred at 7.82 ppm was assigned to protons 6 and 7, and the
doublets (with low resolution) centred at 8.08 and 8.15 ppm were assigned to protons 5
and 8. The assignment of the *C signals is shown in Figure 3a. The assignment of the
'H and '3C NMR signals of ARS was completed with the help of the calculation of the
nuclear magnetic shielding constants for the lowest energy conformer of ARS (conformer
I, Figure 1) in aqueous solution that were subsequently converted into chemical shifts by
subtraction from those calculated at the same theoretical level for TMS (Table S1).

As seen in Figure 2, upon addition of the Ga(IIl) metal ion, very broadened 'H NMR
signals were observed, particularly in 1:1 and 1:2 solutions, at both temperatures, suggesting
the formation of 1:1 and/or 1:2 complexes strongly affected by the exchange processes (on
the NMR time scale) between the free and complexed ligands. The corresponding spectra
of the 1:3 molar ratio solutions showed, on the other hand, individual and distinct signals,
even though they appeared to be slightly broadened (suggesting also some exchange on
the NMR time scale). Although the signals in the 1:1 and 1:2 solutions became narrower
with the decreasing temperature, it was not possible to detect distinct signals for the
free and complexed ligands, probably due to the low concentration of the complexes
and exchange, on the NMR time scale, between them and/or with the free ligand (more
evident in solutions with 1:2 metal:ligand molar ratio). The corresponding spectra of the
1:3 (metal:ligand) molar ratio solutions showed, at 298.15 K, (besides the single signal at
5 =7.95, corresponding to proton H-4 of the free ligand) three additional single signals
with similar intensities at 5 values of 8.04, 8.05, and 8.10 ppm, suggesting the formation
of one complex of 1:3 stoichiometry (complex ¢;), in which the three ligands present a
mer configuration (Figure 2g). It is proposed that this complex is in equilibrium with
another isomer possessing fac configuration (complex ¢;), according with the additional
single signal detected (5 value of 8.14 ppm). The 'H NMR spectra obtained at the lower
temperature (280.15 K) showed narrower signals, the effect being visible in the spectrum
of Figure 2f, suggesting a decrease of the exchange rate between the species present,
allowing the detection of more separated individual signals. This observation gives further
consistency to the suggestion that in solutions having a 1:3 (metal:ligand) molar ratio
composition, two dominant 1:3 complexes (c; and cz) having 1:3 stoichiometry were
detected, in which the three coordinated ligands display mer and fac configurations around
the metal centre, respectively. Complex c¢; (imer) was shown to be more stable than ¢; (fac) in
the mixture of 50% D,0/50% CD30D solvents, and in the temperature range from 280.15 K
to 298.15 K, although the concentrations of ¢; and ¢, decreased and increased, respectively,
with increasing temperature, as indicated by the intensities of the 'H NMR signals of the
H-4 protons of the spectra obtained at 280.15 K and 298.15 K (Table 2).
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Table 2. 'H NMR chemical shifts (5/ppm) of the H-4 proton for the free ligand ARS and isomers ¢q
and ¢y, and relative concentrations (in D,O/CD3OD, pH* 3,96) (the numbering is in accordance with
Scheme 1).

§ THRMN Relative § '"H RMN Relative
(exp.) @ Concentration (exp.) 2 Concentration
(H4) (%) (H4) (%)
Temp. 280.15 K Temp. 298.15 K
1 8.07 (I) 57.5 c1 8.04 (I) 51.4
8.08 (II) 8.05 (II)
8.11 (III) 8.10 (III)
c 8.14 17.2 (V3 8.14 (broad) 24.0
Free lig. 7.96 25.3 Free lig. 7.96 24.6

@ The numbering is based on the carbon atom to which the H atom is attached.

We have also obtained '3C spectra for the same solutions and the spectrum of the
1:1 solution is shown for illustration in Figure 3. It was not possible to achieve for this
solution (1:1) a signal/noise ratio adequate to easily detect all the signals and increased
difficulties were also found for the 1:2 and 1:3 solutions, due to the low abundance of the
13C isotope, the low concentration of the complexed species and the associated exchange
processes between them. The '*C NMR spectrum of the solution of Ga(III)/ARS 5.0:5.0
mmol dm~3 (1:1) (Figure 3b) showed that, relative to the free ligand (Figure 3a), intensity
changes in the signals corresponding to the C nuclei of C-1, C-9, and C-13, suggesting
the presence of one or more complexes in which the ligand was coordinated to the metal
through the OH-1 and C(9)=0 groups, with the intensity of C-13 also being affected as it is
adjacent to both the C-1 and the C-9 atoms. Further support comes from the 'H spectra
of Ga**/ ARS 5:5 mmol dm~3 solutions at temp. 298.15 K in DMSO, as shown in Figure 4,
taking into account the intense broadening of the OH-1 signal in comparison with the slight
broadening of OH-2, in the presence of the metal, suggesting that the coordination of the
ligand through the OH-2 group will be unlikely at low pH, in accordance with the pK,
values of the two phenolic protons (pK,2 = 5.8 and pK,3 = 10.8) [44].
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Figure 4. IH NMR spectra of the solutions of (a) ARS 5 mmol dm3, pH* = 3.96; (b) Ga/ARS 5:5
mmol dm~3 in DMSO, temp. 298.15 K.

Considering now the geometrical details, one, two, and three molecules of ARS
coordinated one mononuclear Ga** metal centre through the deprotonated OH-1 and
carbonyl (C(9)=0) groups, forming six coordinated near-octahedral complexes with the
minor species a and b and the dominant species, the isomers ¢; and ¢y, respectively,
as will be discussed in the DFT calculations section. One and two molecules of ARS
coordinated the Ga®>" metal ion in complexes a and b, respectively, with the remaining
positions occupied by coordinated water molecules. For complex a, [Ga(ARS)(H,0)4]",
a single set of 'H signals was observed as expected, taking into account that a single
molecule of ARS was coordinated. Complex b is expected to be a 1:2 (metal:ligand)
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species, [Ga(ARS),(H,0);]~. The observation of only one set of H signals, although very
broadened, means that the two complexed ligand moieties are magnetically equivalent (i.e.,
they have the same 'H and '3C chemical shifts), and indicates a symmetrical 1:2 complex.
Several different structures can be proposed for complex b (different arrangements of cis
or trans structures). However, it is not straightforward to definitively assign its structure
from the NMR data. To determine which of the forms is the most stable, the structures
of the 1:2 isomers were optimized at the DFT level, as will be discussed in detail below.
With 1:3 (metal:ligand) complexes, although the two isomers detected, complexes ¢y and
¢z, have a 1:3 (metal:ligand) stoichiometry [Ga(ARS)3]?~, the dominant isomer ¢; shows
a mer geometry of the three coordinated ligands around the metal centre, while the fac
geometry was observed for the minor complex ¢z, as will be discussed in detail in the
DFT calculations section. The coexistence of fac and mer isomers, with the mer isomer
being more stable than the fac, was found in previous studies on the complexation of the
Ga(III) metal ion with maltolate and hydroxythiopyrone [59,60]. For 1:3 (metal:ligand)
Ga(IIl) metal ion complexes, the mer isomers were found to be generally more stable than
their respective fac congeners and the relative stabilities have been found to be associated
with the balance between bonding and steric factors. The mer isomer reduces intra-ligand
repulsions, while the fac isomer is favoured where stronger covalent M-ligand bonds can be
formed due to more extensive through-ligand conjugation mediated by metal 4 orbitals [61].
While previous studies on the complexation of Ga’* with 8-HQS [47] and 8-HQ [61,62]
in solution are consistent with only mer-isomers being present in significant amounts at
room temperature for 8-HQ and, for Ga3*/8-HQS, over the whole temperature range up to
353.15 K [47], a mixture of mer and fac isomers has been identified, at room temperature, for
the system Ga(IlI) /maltolate, both in solution and in the solid state (showing in the solid
state the proportion of 0.67 for mer and 0.33 for fac) [59]. A mixture of mer and fac isomers
has also been found for Ga(Ill) /hydroxythiopyrone, whose complexes can undergo fast
isomerization in aqueous solution resulting in the coexistence of the fac and mer isomers, in
spite of the fac geometry present in the solid state [60].

3.2.2. DFT Structural Characterization of the Ga(IIl)/ ARS Complexes

Taking into account the structural information provided by the NMR results, which
suggests the formation of complexes with 1:1, 1:2, and 1:3 Ga(IIl):ARS stoichiometries, DFT
studies were carried out to obtain additional details on their geometries. To determine
the lowest energy structures, several isomers were considered for each stoichiometry
and, for the 1:2 complex, the requirement of a symmetrical structure in which the two
ligands are magnetically equivalent was also taken into account. Additionally, since our
NMR results suggest a 1,9 coordination mode, which is in contrast with the previous
proposal [27] of coordination though positions 1 and 2, in order to bring additional insight
on this question, the two potential modes of coordination for alizarinate complexes were
investigated in these calculations: (i) chelation through the carbonyl in position C-9 and
the adjacent hydroxyl group in position C-1 (labelled hc), or (ii) chelation through the
hydroxyl groups in positions C-1 and C-2 (labelled hh). Given that the literature value for
the pKaz of ARS is 10.8 [44], and considering the pH range in which our experiments were
carried out, the hydroxyl group in position C-2 was set as protonated in these calculations.
Whenever relevant, structures involving tautomerization of the ligand were also optimized.
Several functionals were used in these calculations, in order to benchmark their ability
to reproduce the experimental NMR results. The calculations were carried out with the
B3LYP [28-31] and B3PW91 [29,32-36] hybrid functionals and with the long-range corrected
CAM-B3LYP [37] and wB97X-D [38] functionals (wB97X-D includes additional dispersion
corrections). The bulk solvent effects of water were taken into account in all cases; however,
for the B3PW91 and wB97X-D calculations in water, the 1:3 fac-hc structures did not
converge to a minimum in the potential energy surface, and therefore, for these two
functionals, the relative Gibbs energies (AG) given in Table 3 for the 1:3 structures were
obtained from gas phase calculations. Table 3 summarizes the relative Gibbs energies and
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populations of the isomers at 298.15 K, and their point group symmetries. The comparison
of the predicted populations of complexes with the NMR results revealed that, in general,
the B3LYP functional allows a better reproduction of the experimental data, as it correctly
predicted the formation of a dominant 1:1 complex, a dominant 1:2 complex, and significant
amounts of both the fac and mer 1:3 isomers, as detected by NMR. In contrast, functionals
CAM-B3LYP, B3PW91, and w-B97X-D predicted significant amounts of the hh 1:1 complex
(not detected by NMR). Concerning the 1:2 stoichiometry, all functionals correctly predict
the formation of one dominant complex, as found by NMR. For the 1:3 stoichiometry, and
considering the calculations in water, both B3LYP and CAM-B3LYP overestimated the
amount of the fac-hc isomer relatively to the mer-hc isomer; however, the error was smaller
with B3LYP. The gas phase results obtained with functionals B3PW91 and w-B97X-D will
be discussed and compared with those obtained with B3LYP later in this section. Taking
into account these conclusions, the following discussion of the structures of complexes
will be based on the B3LYP results. The optimized geometries obtained with the B3LYP
functional are depicted in Figures 5-7.

Table 3. Relative Gibbs energies between isomers at 298.15 K (AGogg /kJ] mol~!) and corresponding
equilibrium populations (Pp9g,%) estimated from the relative Gibbs energies calculated using different
functionals and the 6-311G(d,p) basis set (symmetries of structures are also indicated).

M:L Structure 2 Sym B3LYP CAM-B3LYP B3PW91 w-B97X-D
AGagg Pjog AGaog P29 AGgog  Paog AGaog  Paog
he (a) C 0.0 86.8 0.0 69.8 0.0 77.6 0.0 52.2
hh C 47 13.1 2.1 30.2 3.1 224 0.2 47.8
11 hh-T1 ) 214 0.0 21.7 0.0 183 0.0 237 00
hh-T2 C 51.2 0.0 58.8 0.0 51.0 0.0 58.1 0.0
anti-hc (b) G 0.0 98.8 0.0 96.7 0.0 97,5 0.0 873
syn-hc Csb 10.9 12 8.3 33 9.1 25 48 12.7
10 anti-hh G 26.0 0.0 27.1 0.0 243 0.0 23.0 0.0
: syn-hh Csb 323 0.0 30.5 0.0 28.9 0.0 36.9 0.0
anti-hh-T G 44.0 0.0 53.5 0.0 40.2 0.0 51.8 0.0
syn-hh-T Csb 484 0.0 58.1 0.0 441 0.0 58.0 0.0
fac-he (cp) CsP 0.0 61.44 0.0 76.7 122¢ 07 298¢ 0.0
mer-he (¢q) C 1.1 38.64 3.0 233 0.0¢ 99.3 0.0¢ 100
13 mer-hh C 72.1 0.0 63.9 0.0 734¢ 0.0 139.4¢ 0.0
mer-hh-T C 69.1 0.0 92.0 0.0 256.3° 0.0 3166 0.0
fac-hh C5P 72.9 0.0 67.2 0.0 785° 0.0 1445° 0.0
fac-hh-T CsP 71.8 0.0 92.2 0.0 2859¢ 0.0 2047° 0.0

2 The label “hc” indicates coordination through the carbonyl and the adjacent hydroxyl group; the label “hh”
indicates coordination through both hydroxyl groups. ® The symmetry in these structures is approximately Cs
and C3, respectively. © For the BSPW91 and wB97X-D functionals, the 1:3 fac-hc structure did not converge to a
minimum; therefore, for the 1:3 structures, the AG values presented were obtained from gas phase calculations. d
The corresponding gas phase populations are 3.6% and 96.4% for the fac and mer isomers, respectively.
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Figure 5. [Ga(ARS)(H,0)4]* isomeric structures considered to determine the structure of the 1:1
Ga(III)/ ARS complex (optimized at the B3LYP/6-311G(d,p) in water).
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Figure 6. [Ga(ARS),;(H>0O),] ™~ isomeric structures considered to determine the structure of the 1:2
Ga(IlI)/ ARS complex (optimized at the B3LYP/6-311G(d,p) in water).
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Figure 7. [Ga(ARS)3]3~ isomeric structures considered to determine the structure of the 1:3
Ga(IlI)/ ARS complexes (optimized at the B3LYP/6-311G(d,p) in water).

The relative Gibbs energies of the structures considered for the 1:1 stoichiometry
(Figure 5) indicate that, in this case, the structure involving coordination through the
carbonyl in position C-9 and the adjacent hydroxyl group in position 1 (structure a, hc)
is the most stable, with a population of 86.8% at the B3LYP/6-311G(d,p) level. Structure
hh, in which there is coordination to the metal through both hydroxyl groups in positions
1 and 2 is 4.7 k] /mol higher in energy and has a population of 13.1%. In structure hh,
the hydrogen atom of the hydroxyl group in C-2 is involved in weak interactions with
both the coordinated oxygen atom in C-2 and one of the oxygen atoms from the sulfonate
group. Due to the lability of these interactions, we have also optimized the geometries of
the tautomers hh-T1 and hh-T2; however, these were found to be much higher in energy
and not relevant from an experimental point of view. On the other hand, it is not expected
that the oxygen atom in position C-2 remains protonated after binding to the metal. It is
possible, therefore, that in acidic solution a weak interaction between H* and the O~ in
position C-2 persists in structure hh, as suggested by these calculations. Therefore, we
propose structure a for the complex of 1:1 stoichiometry observed in the NMR spectra.
According to its relative Gibbs energy, the hh structure may also be present in very low
concentration. Its population is, however, too low to allow its detection in a mixture where
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complex a is dominant and there are exchange processes (on the NMR time scale) between
the free and complexed ligand molecules.

To determine the geometry of the 1:2 (metal:ligand) complex we have considered six
possible structures (Figure 6), with C; or Cs symmetry, in accordance with the NMR data
which points to a structure in which the two ligands are magnetically equivalent. Besides
the two possible modes of coordination (hc or hh), the anti (ligands pointing in opposite
directions) or syn (ligands pointing in the same direction) relative arrangements of the
ligands were also analysed. The tautomers of the hh isomers were considered, as before for
the 1:1 structures.

From the analysis of the relative energies of the isomers, we can conclude that the
anti-hc (b) structure is the most stable one, with a population of 98.8% (B3LYP/6-311G(d,p).
This suggests that in acidic solutions of 1:2 (metal:ligand) molar ratio, one dominant
complex, coordinating to the metal through positions C-1 and C-9, should be present, in
total accordance with the NMR findings for the 1:2 solutions at 298.15 and 280.15 K.

Finally, for the 1:3 stoichiometry complexes, six possible structures were optimized, in
which mer (C; symmetry) and fac (C3 symmetry) configuration structures with hh or hc
coordination were considered. Additionally, tautomers of the hh-type structures were also
calculated (Figure 7). The results obtained for the relative Gibbs energies and populations
in water at 298.15 K indicate that it is possible that the fac-hc and mer-hc structures coexist
in solution, with populations of 61.4 and 38.6% (B3LYP/6-311G(d,p), respectively. Again,
the DFT results are consistent with the NMR data which shows that the fac and mer isomers
of Ga(III) / ARS coexist in solutions of molar ratio 1:3. The calculated mer/fac ratio does
not, however, reproduce the experimental ratio estimated from the NMR spectra, which
favours the mer isomer instead. Nonetheless, the B3LYP calculations correctly predicted
significant amounts of both complexes in equilibrium. This discrepancy is most likely due
to the limitations of the solvation model used in the DFT calculations, which does not
treat specific interactions (such as H-bonding) between the solvent and complexes and
can easily change the relative thermodynamic stability between structures. Furthermore,
also due to restrictions of the computational methods, we have considered water as the
only solvent, not taking into account the less polar mixture of CH;OH/H,O (1:1) used in
the solution studies. Support for this conjecture comes from additional calculations at the
B3LYP/6-311G(d,p) level in gas phase, for which the population of the mer isomer is 96,4%
and that of the fac isomer is 3,6% (the B3APW91 and the w-B97X-D functionals gave similar
results), reversing the stability predicted for water solutions, and suggesting that the mer
isomer is favoured in less polar media. This seems to suggest that the solvent polarity is an
important factor in the stabilization of these two isomers.

3.2.3. ATR-FTIR Studies on the Ga(IlI)/ ARS System

The Ga(IlI)/ARS 1:1, 1:2, and 1:3 molar ratio samples used in the NMR experiments
(solutions in CD30D/D,0) were left at room temperature until the solvents were com-
pletely evaporated and, in all cases, a red powder was obtained. These solids were then
studied using ATR-FTIR and the spectra of the solid reagents, ARS and Ga(NO3)3, were
also obtained for comparison.

Figure 8 shows the ATR-FTIR spectrum in the 1800 to 400 cm ™! region of the 1:2
molar ratio solid sample (top spectrum), in comparison with the spectra of solid ARS
and solid gallium nitrate. The top spectrum shows evidence of complexation between
Ga(IIl) and the ligand, as demonstrated by the presence of the new bands at 1527.3 (band
2),1482.1 (band 3), and 796.2 cm~! (band 9) and the changes in the intensity or shape of
the bands at 1660.6 (band 1), 1445.7 (band 4), 1019.9 (band 8), and 680.1 cm ™! (band 10).
Moreover, the shape and intensity of band 5 at 1348.8 cm ™! is probably also an indication
of complexation, since it is much stronger than the free ligand band at this wavelength and
much narrower than the metal salt band with a maximum at 1327.9 cm~!. Additionally,
bands 6 (1250.5 cm ') and 7 (1175.7 cm 1) are slightly shifted relative to the ligand bands
(1241.2 and 1164.5 cm™1). All these changes are a clear indication of the formation of one
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or more complexes between Ga(Ill) and ARS. The assignment of these bands based on
DEFT calculations will be discussed in the following sections. The spectra obtained for the
powder samples of the solutions with 1:1 and 1:3 Ga(III)/ ARS molar ratios (Figure S2)
showed the same type of features described above for the 1:2 powder sample, with slight
changes relative to the latter. The band profile was similar in all these samples (Figure
S2), with three bands in the region between 1700 and 1500 cm !, followed by a region of
intense bands between 1500 and 1000 cm ™!, and less intense bands in the region between
900 and 500 cm~!. The spectra of the ligand and complexes in the 2500-3700 cm ! region
(Figure S3) were dominated by wide and intense bands that are due to the symmetrical
and anti-symmetrical stretching vibrations of the OH groups of ARS, of coordinated H,O
molecules in complexes, and of the hygroscopic HyO present in the samples. The CH
vibrations were observed close to 3000 cm ™. To provide a detailed analysis of the FTIR-
ATR spectra of the samples, the vibrational frequencies and intensities were calculated by
DEFT at the B3LYP/6-311++G(d,p) theory level for the ARS ligand (conformer I) and for
the optimized structures of the complexes. The calculated spectra for the ligand and for
the 1:3 mer complex are shown in Figure 9 (the full spectrum can be seen in Figure S4)
in comparison with the experimental spectra. The spectra calculated for the remaining
complexes are given in Figure S5.
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Figure 8. ATR-FTIR spectra (1800-400 em™) of solid Ga(NO3)3 (bottom), solid ARS (middle), and the
solid sample obtained from a 2.5:5 mmol dm 3 Ga(III):ARS solution at pH =4 (top); (*solid obtained
after evaporation of the solvents from the Ga(IlI):ARS sample).

The vibrational spectrum calculated for the most stable conformer of ARS, conformer
I, reproduced the main bands of the experimental spectrum of the solid ARS reason-
ably well, particularly in the spectral region above 1200 cm~!. In the 1700-1500 cm !
spectral range, three bands were observed in the experimental spectrum at 1660, 1635,
and 1584 cm~—!, which were predicted at 1653, 1621, and 1582 cm 1, respectively, at the
B3LYP/6-311++G(d,p) level of theory. The good agreement between the calculated and
the experimental frequencies allowed the assignment of these bands with a good degree
of confidence. According to the calculations, the band observed at 1660 cm ™! in the ex-
perimental spectrum (predicted at 1653 cm~!) has a predominant contribution from the
vC10=0 stretching mode, while the band observed at 1635 cm~! (predicted at 1621 cm™1)
is due to the VC9=0 stretching mode combined with the bending of the C-OH groups. The
lower frequency observed for the vC9=0 stretching (relative to the vC10=0 stretching) is
reasoned by the fact that the C9=0 group is involved in an intramolecular H-bond. The
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band predicted at 1582 cm ! and observed at 1584 cm ™! has a major contribution from
the bending of the C-OH groups. Regarding the changes observed in the experimental
spectrum of the solid Ga(IlI):ARS 1:3 sample in comparison with the experimental spec-
trum for ARS (Figure 9), the most significant differences are the presence of the two new
bands observed at 1533 cm ™! (band 2) and 1480 cm ™! (band 3) in the spectrum of the solid
Ga(III):ARS 1:3 sample, which are absent from the ARS experimental spectrum. Accord-
ingly, these bands, being absent from the theoretical spectrum of ARS, are predicted for the
complex at 1543 cm~! and 1486 cm ™!, respectively, and correspond to the most important
differences between the theoretical spectra of the complex and ligand. Band 2, predicted at
1543 cm !, is due to the vVC9=0 and vC1-O stretching modes, combined with ring vVCC
stretching. Band 3, predicted at 1486 cm ™!, involves contributions from these three modes,
together with an additional contribution from the vC2-O stretching mode. These results
are particularly relevant since they confirm the involvement of the C9=0 group in the
coordination to the metal, in complete agreement with the NMR and DFT findings. The
shift of the vVC9=0 stretching mode to a lower wavelength upon complexation is expected,
taking into account the weakening of the C9=0 bond occurring with the ligand-metal
electron donation and has also been reported for related complexes, such as the In(III) / ARS
complex [26].
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Figure 9. ATR-FTIR spectra (1800400 cm™) of the solid powder samples of ARS and of the 1:3
Ga(IIl) / ARS sample (bottom and top spectra, respectively), compared with the B3LYP/6-311++G(d,p)
calculated spectra for conformer I of ARS (middle bottom) and for the 1:3 mer structure (middle top).
The calculated spectra were simulated using Lorentzian functions with a full-width-at-half-maximum
(FWHM) of 6 cm !, centred at the scaled calculated frequencies.

The bands in the region below 1200 cm ™! in the spectra of the ligand and complex were
somewhat more difficult to assign, due to some differences between the theoretical and the
experimental spectra. These differences are ascribable to intermolecular interactions, such
as H-bonding, involving the polar groups of the ligand and also, possibly, hygroscopic water.
Nonetheless, a tentative assignment of the bands of the complex can be made based on the
calculations. Thus, the experimental broad bands with maxima at 1445 cm ! and 1249 cm !
correspond most likely to the bands predicted at 1401 cm ™! and 1244 cm !, respectively,
which have major contributions from ring vCC stretching vibrations. Additionally, the
bands observed at 1070, 1042, and 1019 cm~! were assigned to the vibrational modes of the
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sulfonate group based on the calculated wavelengths for the anti-symmetrical stretching
(1126 cm™ 1), anti-symmetrical stretching combined with ring vibrations (1070 cm 1), and
symmetrical stretching combined with ring vibrations (945 cm ).

3.2.4. UV-Visible Absorption and Fluorescence Studies on the Ga(III)/ ARS System

An early spectrophotometric study of the Ga(Ill)/ ARS system in water [27] has sug-
gested the formation of a 1:2 complex between the metal and ARS, with Amax at 490 nm, for
pH values between 3 and 5. In the present work, UV-vis absorption spectra were obtained
for a solution of ARS in water:methanol (1:1, v/v) at pH 4, with increasing concentrations
of Ga(III) (Figure 10a). The absorption spectrum of ARS at pH 4 showed a maximum in
the visible region at 424 nm. With the addition of Ga(Ill), a decrease in the intensity of the
424 nm band and the appearance of a new band with maximum at 482 nm were observed
(Figure 10b), suggesting the formation of one or more Ga(Ill)/ ARS complexes. The red shift
observed upon complexation is probably due to the decrease of the frontier orbitals energy
gap involved in the ligand-based transition (this will be analysed in detail in the following
section based on TD-DFT calculations). A relatively well-defined isosbestic point can be
identified at 447 nm, suggesting that under the conditions of our study, there is a dominant
complex in equilibrium with the remaining species and the free ligand. Looking at the
metal:ligand molar ratio range covered in our UV /vis study, the mer and fac complexes
will be favoured at the beginning of the titration, when the ligand is in excess relatively to
the metal; the 1:1 complex may be favoured at latter stages in conditions of excess of metal,
and the dominant species will probably be the 1:2 complex, previously proposed to form in
water [27].
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Figure 10. (a) Absorption spectra of ARS (4.67 x 10~% mol/dm?) in H,O:CH;O0H 1:1 (v/v) in the
presence of increasing concentrations of Ga(IIl) (0-2.36 x 10~* mol/dm?3; steps of 9.84 x 10~°
mol/dm?) at pH 4; (b) absorbance intensity at 424 nm (black squares) and 482 nm (red circles) as a
function of Ga(IIl) concentration at pH 4.

The fluorescence behaviour of ARS upon complexation with Ga(IIl) was studied with
excitation at the absorption isosbestic point, 447 nm. Upon complexation with Ga(III),
a decrease in the vibrational structure of the characteristic ARS emission band and an
increase in the fluorescence at 625 nm were observed (Figure 11a). With the addition of an
amount of Ga(III) as small as 9.84 x 10~® mol/dm?, an increase of the fluorescence could
already be observed (Figure 11b), indicating that ARS has high sensitivity for the detection
of Ga(III) ions.
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Figure 11. (a) Fluorescence emission spectra of ARS (4.67 x 10~> mol/dm?) in H,O:CH3OH 1:1 (v/v)
at pH 4, collected with Aexec = 447 nm in the presence of increasing concentrations of Ga(III) (0-2.36 x
10~* mol/dm3; steps of 9.84 x 10~° mol/dm?); (b) fluorescence intensity at 625 nm as a function of
Ga(III) concentration at pH 4.

3.2.5. TD-DFT Studies on the Ga(IlI)/ ARS System

The UV-visible absorption and fluorescence results can be analysed using TD-DFT
calculations, which can help understand the underlying mechanism leading to the observed
increase in fluorescence upon complexation. Calculations have been carried out for ARS
(conformer I) and for the structures a, b, ¢1, and c; (Figures 5-7) and will be discussed in
detail for the free ligand and the 1:2 anti-hc complex. Table 4 presents the vertical excitation
energies, oscillator strengths, wavelengths, and major contributions to the first excited state
of the free ligand and to some of the lowest energy excited states of the complexes. The
calculations predicted an absorption band at 377 nm for the ligand, which corresponds to
the experimental band observed at 424 nm. This band is due to excitation from the highest
occupied molecular orbital, HOMO (H), to the lowest unoccupied molecular orbital, LUMO
(L), of the ligand and has m — 7* character (Figure 12). On the other hand, the S; excited
state of the centrosymmetric 1:2 anti-hc complex involves parity-forbidden transitions (the
H-1,L+1, Hand L orbitals can be seen in Figure 12, in the description of the S, excited state),
and has an oscillator strength of zero. For this complex, an intense band was predicted
at 426 nm (S, excited state), which corresponds to the experimental band observed at 482
nm, and involves electronic excitation from the H and H-1 orbitals, with 7t character, to
the L+1 and L orbitals, with 7* character (Figure 12). These calculations predict a red
shift of approximately 49 nm of the absorption maximum upon complexation, which is in
good agreement with the experimental red shift of 58 nm observed when comparing the
experimental absorption maxima for the ligand and complexes. It is also significant that
the absorption maxima calculated for the 1:2 anti-hc and the fac and mer complexes have
very similar values (a strong band at 426 /427 nm, with a smaller contribution at 435/436
nm) indicating that it is possible that a mixture of these complexes in solution give rise to
similar spectra in this region.
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Table 4. Vertical excitation energies, oscillator strengths (f), wavelengths (A), and major contributions
calculated for ARS and the Ga(III)/ ARS complexes (TD-DFT CAM-B3LYP/6-311++G(d,p), IEFPCM
(H20)).

Excited Energy Acc  Aexp.

State V) @m)  (am) f Major Contributions (%) Character
ARS
s, 329 377 424 02267 HL (100%) Tt
1:1 hc complex (a)
s, 278 446 482 0.1901 H—L (100%) st
1:2 anti-hc complex (b)

s, 284 436 00000  H-1-L+1 (41%) + HoL (59%) 7 —s ot

S, 201 426 B2 04307 H-1oL (52%) + HoL+1 (48%)  m—s 7t
1:3 mer (cq)

s, 285 436 02675  H-1—L (26%) + H-1—L42 (20%) 7t — 7t

S5 200 427 B2 04348 Ho L (24%) + H-1—L (21%) s 7t
1:3 fac (cp)

s, 285 435 01532  H-2-L (34%) + HoL+1 (22%)  m—

S, 285 435 480 01548  H-1-L (33%)+ HoL+2 (23%)  m— 7t

Ss 201 426 04244  HoL (46%) + H-15142 (28%) 7t

Figure 12. Dominant contributions to the S; excited state of the ligand (experimental band observed
at 424 nm) and the S; excited state of the 1:2 anti-hc complex (experimental band observed at 482
nm) (TD-DFT CAM-B3LYP/6-311++G(d,p), IEFPCM, H,0).

The 1 — 7t* character of the transitions involved in the S; excited state of the 1:2 anti-
hc complex (and in the 1:1 and 1:3 complexes) also reveals that the observed increase in
fluorescence with complexation to the metal is possibly related, among other factors, with
the decrease in non-radiative relaxation processes associated with the increased flexibility
of the uncomplexed ligand.

4. Conclusions

A detailed study of the complexation between Ga(Ill) and alizarine red S was carried
out using both spectroscopic and computational methods. The behaviour of the system
was analysed at pH 4 in a water:methanol (1:1, v/v) solution for a variety of ligand:metal
molar ratios, as well as in the solid state. This allowed to us to understand that, besides the
previously 1:2 (metal:ligand) complex [27] reported for pH values between 3 and 5 in water,
an additional 1:1 and two 1:3 complexes were formed in the conditions of our study. The
structures of all the complexes were characterized in detail. The 1:1 complex was proposed
to be a near-octahedral species with the formula [Ga(ARS)(H;0)4]*. The 1:2 complex is a
centrosymmetric species with two magnetically equivalent ARS ligands in an anti relative
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arrangement. The two 1:3 complexes have, respectively, mer and fac configurations of
the ligands around the metal centres. A 1,9 coordination mode between alizarine red S
and Ga(Ill) was proposed for all the complexes. This conclusion obtains support from
the different techniques used, namely from the NMR results, which showed significant
effects on the intensity of the C-9 and C-1 carbon atoms and the C-1 hydroxyl proton; from
the DFT calculations, which indicate that, irrespective of the stoichiometry, the structures
with a 1,9 coordination mode were more stable than the analogous structures with a 1,2
coordination mode; and from the comparison of the infrared spectra calculated for the
proposed structures with a 1,9 coordination mode with the experimental spectra with a good
agreement between them. Our proposal is, however, in contrast with the previous tentative
suggestion of a 1,2 coordination mode for the 1:2 Ga(Ill)/ ARS complex in water [27].
Although our experimental studies have been carried out in water:methanol, the DFT
relative energies calculated for the 1,2 and 1,9 structures in water (assuming a monoanionic
ARS ligand in acidic medium) point to an increased stability of the Ga(IlI)/ ARS complexes
with a 1,9 coordination mode. Therefore, we believe this is the also most probable mode
of coordination in these systems in water. Marked changes were observed in the UV /vis
absorption spectra of ARS upon the addition of Ga(lll), as well as in its fluorescence
emission spectra, which shows a strong increase in the fluorescence intensity. These results
support the use of ARS as a potential sensor for the detection of Ga(IlI).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ photochem3010005/s1, Figure S1: B3LYP/6-311++G(2d,2p)-
optimized geometries of additional tautomers of ARS; Figure S2: ATR-FTIR spectra (1800-400
cm™) of the solid powder samples obtained from the Ga(IIl):ARS 1:3, 1:2, and 1:1 molar ratio
solutions; Figure S3: ATR-FTIR spectra (4000-400 cm™) of the solid powder samples obtained from
the Ga(IlI):ARS 1:3, 1:2, and 1:1 molar ratio solutions; Figure S4: ATR-FTIR spectra (4400-400 cm‘l) of
the solid powder samples of ARS and of the 1:3 Ga(Ill)/ ARS sample compared with the B3LYP/6-
311++G(d,p) calculated spectra for the same compounds; Figure S5: ATR-FTIR spectra (4400-400
cm™) calculated at the B3LYP/ 6-311++G(d,p) level of theory for the 1:3 fac-hc, 1:2-hc, 1:1-hc, and
1:1-hh structures; Table S1: Experimental (D,O/CD3sOD, pH* 3,96) and calculated (B3LYP/GIAO/6-
311++G(d,p) level in water) 1H and 13C NMR chemical shifts (5/ ppm) for the free ligand ARS.

Author Contributions: Conceptualization, L.L.G.]. and M.L.R.; methodology, L.L.G.]. and M.L.R,;
validation, L.L.GJ., S.B. and M.L.R,; formal analysis, L.L.G.]J., S.B. and M.L.R.; investigation, L.L.G.J.,
S.B. and M.L.R; resources, L.L.G.J. and M.L.R; data curation, L.L.G.J., S.B. and M.L.R.; writing—
original draft preparation, L.L.G.J., S.B. and M.L.R,; writing—review and editing, L.L.G.J. and M.L.R.;
visualization, L.L.G.J., S.B. and M.L.R,; supervision, L.L.G.J. and M.L.R.; project administration,
L.L.GJ. and M.L.R,; funding acquisition, L.L.G.J. and M.L.R. All authors have read and agreed to the
published version of the manuscript.

Funding: The CQC-IMS is supported by Fundagao para a Ciéncia e a Tecnologia (FCT) through
projects UI0313B/QUI/2020, UI0313P/QUI/2020, and LA /P/0056/2020.

Acknowledgments: The authors thank the Laboratory for Advanced Computing at the University of
Coimbra for providing computing resources that have contributed to the reported research results
and the UC-NMR facility which is supported in part by FEDER through the COMPETE Programme
and by National Funds from FCT through grants REEQ/481/QUI/2006, RECI/QEQ-QFI/0168/2012,
CENTRO-07-CT62-FEDER-002012, and Rede Nacional de Ressonancia Magnética Nuclear (RNRMN).

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

1. Sato, T.; Imai, M. Characteristics of nitrogen-doped GaAsP light-emitting diodes. Jpn. |. Appl. Phys. 2002, 41, 5995-5998. [CrossRef]

2. Borra, E.F,; Tremblay, G.; Huot, Y.; Gauvin, J. Gallium liquid mirrors: Basic technology, optical-shop tests and observations. Astron.
Soc. Pac. 1997, 109, 319-325. [CrossRef]

3. Chua, M.-S,; Bernstein, L.R.; Li, R.; So, S.K.S. Gallium maltolate is a promising chemotherapeutic agent for the treatment of
hepatocellular carcinoma. Anticancer Res. 2006, 26, 1739-1744. [PubMed]

112



Photochem 2023, 3

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

Jakupec, M.A; Galanski, M.; Arion, V.B.; Hartingerand, C.C.; Keppler, B.K. Antitumour metal compounds: More than theme and
variations. Dalton Trans. 2008, 2, 183-194. [CrossRef]

Baran, E.J. La nueva farmacoterapia inorganica XIX. Compuestos de galio. Latin Am. J. Pharm. 2008, 27, 776-779.

Chen, H.-W. Gallium, indium, and arsenic pollution of groundwater from a semiconductor manufacturing area of taiwan. Bull.
Environ. Contam. Toxicol. 2006, 77, 289-296. [CrossRef]

Powe, AM.; Das, S.; Lowry, M.; El-Zahab, B.; Fakayode, S.0.; Geng, M.L.; Baker, G.A.; Wang, L.; McCarroll, M.E.; Patonay,
G.; et al. Molecular fluorescence, phosphorescence, and chemiluminescence spectrometry. Anal. Chem. 2010, 82, 4865-4894.
[CrossRef]

Novotné, P; Pacdkova, V.; Bosdkova, Z.; Stulik, K. High-performance liquid chromatographic determination of some an-
thraquinone and naphthoquinone dyes occurring in historical textiles. J. Chromatogr. A 1999, 863, 235-241. [CrossRef]
Orska-Gawrys, J.; Surowiec, I.; Kehl, J.; Rejniak, H.; Urbaniak-Walczak, K.; Trojanowicz, M. Identification of natural dyes in
archeological Coptic textiles by liquid chromatography with diode array detection. J. Chromatogr. A 2003, 989, 239-248. [CrossRef]
Szostek, B.; Orska-Gawrys, J.; Surowiec, I.; Trojanowicz, M. Investigation of natural dyes occurring in historical Coptic textiles by
high-performance liquid chromatography with UV-Vis and mass spectrometric detection. J. Chromatogr. A 2003, 1012, 179-192.
[CrossRef]

Alves, D.S.; Perez-Fons, L.; Estepa, A.; Micol, V. Membrane-related effects underlying the biological activity of the anthraquinones
emodin and barbaloin. Biochem. Pharmacol. 2004, 68, 549-561. [CrossRef]

Norton, S.A. Useful plants of dermatology. IV. Alizarin red and madder. . Am. Acad. Dermatol. 1998, 39, 484—485. [CrossRef]
Diaz, A.N. Analytical applications of 1,10-anthraquinones: A review. Talanta 1991, 38, 571-588. [CrossRef]

Ghosh, A ; Jose, D.A.; Kaushik, R. Anthraquinones as versatile colorimetric reagent for anions. Sens. Actuators B Chem. 2016, 229,
545-560. [CrossRef]

Diaz, A.N. Absorption and emission spectroscopy and photochemistry of 1,10-anthraquinone derivatives: A review. J. Photochem.
Photobiol. A Chem. 1990, 53, 141-167. [CrossRef]

Miliani, C.; Romani, A.; Favaro, G. Acidichromic effects in 1,2-di- and 1,2,4-trihydroxyanthraquinones. A spectrophotometric and
Fuorimetric study. J. Phys. Org. Chem. 2000, 13, 141-150. [CrossRef]

Duncan, W.R.; Prezhdo, O.V. Temperature independence of the photoinduced electron injection in dye-sensitized TiO, rationalized
by ab initio time-domain density functional theory. ]. Am. Chem. Soc. 2008, 130, 9756-9762. [CrossRef]

Kaniyankandy, S.; Verma, S.; Mondal, J.A.; Palit, D.K.; Ghosh, H.N. Evidence of multiple electron injection and slow back electron
transfer in alizarin-sensitized ultrasmall TiO, particles. ]. Phys. Chem. C 2009, 113, 3593-3599. [CrossRef]

Nawrocka, A.; Krawczyk, S. Electronic excited state of alizarin dye adsorbed on TiO; nanoparticles: A study by electroabsorption
(stark effect) spectroscopy. J. Phys. Chem. C 2008, 112, 10233-10241. [CrossRef]

Lima, A.RE; Pereira, R.C.; Azevedo, ].; Mendes, A.; de Melo, ].5.S. On the path to aqueous organic redox flow batteries: Alizarin
red S alkaline negolyte. Performance evaluation and photochemical studies. J. Mol. Lig. 2021, 336, 116364. [CrossRef]

Safavi, A.; Abdollahi, H.; Mirzajani, R. Simultaneous spectrophotometric determination of Fe(III), AI(III) and Cu(Il) by partial
least-squares calibration method. Spectrochim. Acta Part A 2006, 63, 196-199. [CrossRef]

Sathish, R.S.; Kumar, M.R; Rao, G.N.; Kumar, K.A.; Janardhana, C. A water-soluble fluorescent fluoride ion probe based on
Alizarin Red S-AI(III) complex. Spectrochim. Acta Part A 2007, 66, 457—-461. [CrossRef] [PubMed]

Wang, Y.; Xiong, L.; Geng, E; Zhang, F.; Xu, M. Design of a dual-signaling sensing system for fluorescent ratiometric detection of
A% ion based on the inner-filter effect. Analyst 2011, 136, 4809. [CrossRef] [PubMed]

Supian, S.M.; Ling, T.L.; Heng, L.Y.; Chong, K.F. Quantitative determination of AI(III) ion by using alizarin red S including its
microspheres optical sensing Material. Anal. Methods 2013, 5, 2602-2609. [CrossRef]

Epstein, M.; Yariv, S. Visible-spectroscopy study of the adsorption of alizarinate by Al-montmorillonite in aqueous suspensions
and in solid state. . Colloid Interface Sci. 2003, 263, 377-385. [CrossRef]

Biver, T.; Kraiem, M.; Secco, E; Venturini, M. On the mechanism of indium(III) complex formation with metallochromic indicators.
Polyhedron 2018, 156, 6-13. [CrossRef]

Dwivedi, C.D.; Munshi, K.N.; Dey, A K. Chelate formation of trivalent gallium with 1,2-dihydroxy-3-anthraquinone sulfonic acid.
Microchem. J. 1965, 9, 218-226. [CrossRef]

Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 1988, 38,
3098-3100. [CrossRef]

Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. Chem. Phys. 1993, 98, 5648-5652. [CrossRef]
Lee, C.T,; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 1988, 37, 785-789. [CrossRef]

Vosko, S.H.; Wilk, L.; Nusair, M. Accurate spin-dependent electron liquid correlation energies for local spin density calculations:
A critical analysis. Can. J. Phys. 1980, 58, 1200-1211. [CrossRef]

Perdew, ].P. Electronic Structure of Solids '91; Ziesche, P, Eschrig, H., Eds.; Akademie Verlag: Berlin, Germany, 1991; Volume 11.
Perdew, J.P.,; Chevary, ]J.A.; Vosko, S.H.; Jackson, K.A.; Pederson, M.R.; Singh, D.].; Fiolhais, C. Atoms, molecules, solids, and
surfaces: Applications of the generalized gradient approximation for exchange and correlation. Phys. Rev. B 1992, 46, 6671-6687.
[CrossRef]

113



Photochem 2023, 3

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Perdew, J.P,; Chevary, ].A.; Vosko, S.H.; Jackson, K.A.; Pederson, M.R.; Singh, D.J.; Fiolhais, C. Erratum: Atoms, molecules, solids,
and surfaces-Applications of the generalized gradient approximation for exchange and correlation. Phys. Rev. B 1993, 48, 4978.
[CrossRef]

Perdew, ].P; Burke, K.; Wang, Y. Generalized gradient approximation for the exchange-correlation hole of a many-electron system.
Phys. Rev. B 1996, 54, 16533-16539. [CrossRef]

Burke, K.; Perdew, ].P.; Wang, Y. Derivation of a Generalized Gradient Approximation: The PW91 Density Functional. In Electronic
Density Functional Theory: Recent Progress and New Directions; Dobson, J.F., Vignale, G., Das, M.P,, Eds.; Plenum Press: New York,
NY, USA, 1998; pp. 81-111.

Yanai, T.; Tew, D.P.; Handy, N.C. A new hybrid exchange—correlation functional using the Coulomb-attenuating method
(CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51-57. [CrossRef]

Chali, ].-D.; Head-Gordon, M. Long-range corrected hybrid density functionals with damped atom-atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10, 6615-6620. [CrossRef]

Miertus, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a solute with a continuum. A direct utilization of ab initio molecular
potentials for the prevision of solvent effects. J. Chem. Phys. 1981, 55, 117-129.

Tomasi, J.; Mennucci, B.; Cammi, R. Quantum mechanical continuum solvation models. Chem. Rev. 2005, 105, 2999-3093.
[CrossRef]

Justino, L.L.G.; Reva, I.; Fausto, R. Thermally and vibrationally induced conformational isomerizations, infrared spectra, and
photochemistry of gallic acid in low-temperature matrices. J. Chem. Phys. 2016, 145, 014304. [CrossRef]

Jaquemin, D.; Perpete, E.A.; Scuseria, G.E.; Ciofini, I.; Adamo, C. TD-DFT Performance for the Visible Absorption Spectra of
Organic Dyes: Conventional versus Long-Range Hybrids. J. Chem. Theory Comput. 2008, 4, 123-135. [CrossRef]

Frisch, M.].; Trucks, G.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.;
Nakatsuji, H.; et al. Gaussian 16, Revision B.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

Shalaby, A.A.; Mohamed, A.A. Determination of acid dissociation constants of alizarin red S, methyl orange, bromothymol blue
and bromophenol blue using a digital camera. RSC Adv. 2020, 10, 11311-11316. [CrossRef] [PubMed]

Fehér, PP; Purgel, M.; Joo, F. Performance of exchange—correlation functionals on describing ground state geometries and
excitations of alizarin red S: Effect of complexation and degree of deprotonation. Comput. Theor. Chem. 2014, 1045, 113-122.
[CrossRef]

Ramos, M.L.; Justino, L.L.G.; Salvador, A.ILN.; de Sousa, A.R.E.; Abreu, PE.; Fonseca, S.M.; Burrows, H.D. NMR, DFT and
luminescence studies of the complexation of AI(III) with 8-hydroxyquinoline-5-sulfonate. Dalton Trans. 2012, 41, 12478-12489.
[CrossRef] [PubMed]

Ramos, M.L.; Justino, L.L.G.; de Sousa, A.R.E.; Fonseca, S.M.; Geraldes, C.EG.C.; Burrows, H.D. Structural and photophysical
studies on gallium(III) 8-hydroxyquinoline-5-sulfonates. Does excited state decay involve ligand photolabilisation? Dalton Trans.
2013, 42, 3682-3694. [CrossRef] [PubMed]

Ramos, M.L,; Justino, L.L.G.; Fonseca, S.M.; Burrows, H.D. NMR, DFT and luminescence studies of the complexation of V(V)
oxoions in solution with 8-hydroxyquinoline-5-sulfonate. New J. Chem. 2015, 39, 1488-1497. [CrossRef]

Ramos, M.L.; Justino, L.L.G.; Abreu, PE.; Fonseca, S.M.; Burrows, H.D. Oxocomplexes of Mo(VI) and W(VI) with 8-
hydroxyquinoline-5-sulfonate in solution: Structural studies and the effect of the metal ion on the photophysical behavior. Dalton
Trans. 2015, 44, 19076-19089. [CrossRef]

Caldeira, M.M.; Ramos, M.L.; Cavaleiro, A.M.; Gil, V.M.S. Multinuclear NMR study of vanadium(V) complexation with tartaric
and citric acids. J. Mol. Struct. 1988, 174, 461-466. [CrossRef]

Ramos, M.L.; Caldeira, M.M,; Gil, V.M.S. NMR study of the complexation of D-galactonic acid with tungsten(VI) and molybde-
num(VI). Carbohydr. Res. 1997, 297, 191-200. [CrossRef]

Ramos, M.L.; Caldeira, M.M; Gil, V.M.S. Multinuclear NMR study of complexation of D-galactaric and D-mannaric acids with
tungsten(VI) oxoions. J. Coord. Chem. 1994, 33, 319-329. [CrossRef]

Ramos, M.L.; Caldeira, M.M.; Gil, VM.S. NMR spectroscopy study of the complexation of L-mannonic acid with tungsten(VI)
and molybdenum(VI). Carbohydr. Res. 1997, 299, 209-220. [CrossRef]

Ramos, M.L.; Caldeira, M.M.; Gil, V.M.S. NMR spectroscopy study of the complexation of D-gluconic acid with tungsten(VI) and
molybdenum(VI). Carbohydr. Res. 1997, 304, 97-109. [CrossRef]

Ramos, M.L.; Pereira, M.M.; Beja, A.M.; Silva, M.R,; Paixao, J.A.; Gil, V.M.S. NMR and X-ray diffraction studies of the complexation
of D-(—)quinic acid with tungsten(VI) and molybdenum(VI). J. Chem. Soc. Dalton Trans. 2002, 10, 2126-2131. [CrossRef]

Ramos, M.L.; Caldeira, M.M.; Gil, VM.S. Multinuclear NMR study of the complexation of D-glucaric acid with molybdenum(VT)
and tungsten(VI). Inorg. Chim. Acta 1991, 180, 219-224. [CrossRef]

Justino, L.L.G.; Ramos, M.L.; Kaupp, M.; Burrows, H.D.; Fiolhais, C.; Gil, V.M.S. Density functional theory study of the oxoperoxo
vanadium(V) complexes of glycolic acid. Structural correlations with NMR chemical shifts. Dalton Trans. 2009, 44, 9735-9745.
[CrossRef]

Justino, L.L.G.; Ramos, M.L.; Nogueira, F; Sobral, A.J.EN.; Geraldes, C.EG.C.; Kaupp, M.; Burrows, H.D.; Fiolhais, C.; Gil, VM.S.
Oxoperoxo vanadium(V) complexes of L-lactic acid: Density functional theory study of structure and NMR chemical shifts. Inorg.
Chem. 2008, 47, 7317-7326. [CrossRef]

114



Photochem 2023, 3

59.

60.

61.

62.

Bernstein, L.R.; Tanner, T.; Godfrey, C.; Noll, B. Chemistry and pharmacokinetics of gallium maltolate, a compound with high
oral gallium bioavailability. Met.-Based Drugs 2000, 7, 33-47. [CrossRef]

Enyedy, E.A.; Domotor, O.; Varga, E.; Kiss, T.; Trondl, R.; Hartinger, C.G.; Keppler, B.K. Comparative solution equilibrium studies
of anticancer gallium(III) complexes of 8-hydroxyquinoline and hydroxy(thio)pyrone ligands. J. Inorg. Biochem. 2012, 117, 189-197.
[CrossRef]

Lima, C.ER.A.C,; Taveira, R.J.S.; Costa, J.C.S.; Fernandes, A.M.; Melo, A.; Silva, A.M.S.; Santos, L M.N.B.E. Understanding
M-ligand bonding and mer-/fac isomerism in tris(8-hydroxyquinolinate) metallic complexes. Phys. Chem. Chem. Phys. 2016, 18,
16555-16565. [CrossRef]

Costa, ].C.S.; Lima, C.ER.A.C,; Santos, L.M.N.B.F. Electron transport materials for organic light-emitting diodes: Understanding
the crystal and molecular stability of the tris(8-hydroxyquinolines) of Al, Ga, and In. . Phys. Chem. C 2014, 118, 21762-21769.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

115



o

4 photochem

Article

Theoretical Modeling of Absorption and Fluorescent
Characteristics of Cyanine Dyes

Sonia Ilieva, Meglena Kandinska, Aleksey Vasilev and Diana Cheshmedzhieva *

Citation: Ilieva, S.; Kandinska, M.;
Vasilev, A.; Cheshmedzhieva, D.
Theoretical Modeling of Absorption
and Fluorescent Characteristics of
Cyanine Dyes. Photochem 2022, 2,
202-216. https://doi.org/10.3390/
photochem2010015

Academic Editors: Gulce Ogruc Ildiz

and Licinia L.G. Justino

Received: 20 December 2021
Accepted: 1 March 2022
Published: 4 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Chemistry and Pharmacy, Sofia University “St. Kliment Ohridski”, 1164 Sofia, Bulgaria;
silieva@chem.uni-sofia.bg (S.I.); ohmk@chem.uni-sofia.bg (M.K.); ohtavv@chem.uni-sofia.bg (A.V.)
* Correspondence: dvalentinova@chem.uni-sofia.bg; Tel.: +359-28161354

Abstract: The rational design of cyanine dyes for the fine-tuning of their photophysical properties
undoubtedly requires theoretical considerations for understanding and predicting their absorption
and fluorescence characteristics. The present study aims to assess the applicability and accuracy of
several DFT functionals for calculating the absorption and fluorescence maxima of monomethine
cyanine dyes. Ten DFT functionals and different basis sets were examined to select the proper
theoretical model for calculating the electronic transitions of eight representative molecules from
this class of compounds. The self-aggregation of the dyes was also considered. The pure exchange
functionals (MO6L, HFS, HFB, B97D) combined with the triple-zeta basis set 6-311+G(2d,p) showed the
best performance during the theoretical estimation of the absorption and fluorescent characteristics
of cyanine dyes.

Keywords: cyanine dyes; DFT; TDDFT; UV-VIS spectroscopy; fluorescence; aggregation; dimers; DNA

1. Introduction

Fluorescent dyes are widely used for the detection and quantification of nucleic acids
(NA) and proteins and are applied in real-time PCR, gel electrophoresis, flow cytometry,
microscopy, etc. [1-3]. This is due to the ability of specific fluorescent dyes to bind to various
target biomolecules in a mostly noncovalent mode, leading to changes in the fluorescent
properties of the respective dye. Any significant changes in the photophysical properties of
the dye would be useful, but the most used one is the increase in the emission intensity of
the dye upon binding. Cyanine dyes are a wide class of cationic compounds that have been
proven to be efficient probes for nucleic acid detection [4] due to the fact that they have
very low fluorescence intensity before binding, and this intensity increases significantly
after binding to NA. Two types of nucleic acid binding have been demonstrated for these
compounds: intercalation and minor groove binding [5-9]. Cyanine dyes are known to
extend over the visible and near infrared spectrum due to changes in the length of the
central polymethine bridge or the heterocycles [4,10]. The dye spectrum can be fine-tuned
by introducing substituents into the aromatic heterocycles [11]. Because of their importance
as fluorogenic acid probes, the cyanines have been the subject of versatile research in the
last decade [7,11-18]. The development of new fluorescent probes for dsRNA is even
more important nowadays [18,19]. The broad application of cyanine dyes in medicine
and diagnostics [20-23] fuels the interest in them. The rational design of new functional
materials requires a deep understanding of the driving forces behind the changes in the
photophysical properties of the synthesized dyes as well as the binding mode toward the
biomolecular targets. The rational approach to that problem requires a body of knowledge
about the properties of the dye itself and the changes that these properties undergo upon
binding. Undoubtedly, this knowledge includes experimental synthetic and spectroscopic
studies as well as theoretical considerations of the dyes’ properties for resolving the factors
governing the binding and selectivity towards nucleic acids. Quantum chemical compu-
tations provide information that allow us to have a deeper understanding of the binding
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to the DNA mechanism, structure of the ligands and complexes, and photochemical and
spectral characteristics of the dyes [11,14,24-28].

The present study aims to assess the applicability and accuracy of several DFT func-
tionals for calculating the absorption and fluorescent maxima of monomethine cyanine
dyes. It is generally accepted that DFT provides adequate description of the geometry
and physico-chemical properties of organic compounds in their ground state [29]. Time-
Dependent Density Functional Theory (TDDFT) formalism is considered to be an adequate
and robust tool for the computation of the electronic structure and geometry in the ex-
cited state for various organic compounds [14,30,31]. In some earlier studies, the TDDFT
approach was considered to have poor performance when studying the photophysical
properties of cyanines due to the overstimulation of the electron transition energies for this
class of compounds [11,26,31-33]. It has been discussed that TDDFT’s poor performance in
cyanines is due to the multi-reference nature of the electronic states of the dyes, especially
when compared to the results of the CASPT2 method [34,35]. The applicability of the
TDDEFT approach for characterizing cyanine dyes has recently been reconsidered [14,24]. A
comparison between the performance and accuracy of several Minnesota and PBE func-
tionals with respect to Quantum Monte Carlo and CASPT?2 calculations for cyanines is
published from D. Truhlar and co-authors [14]. The work of Send et al. [24] also recognizes
TDDEFT by considering the electronic excitation of simple cyanine dyes compared to QMC,
CASPT2, and the coupled cluster method (up to CC3). A conclusion was drawn that TDDFT
is an adequate and reliable tool for the calculation of the excited-state electronic structures
of organic molecules [32,36], including the class of cyanine dyes [14]. The combination of
the functional and the basis set within the TDDFT method must be chosen for the specific
fluorophore carefully. Thus, based on the already settled important issue that TDDFT does
not show any shortcomings in the resolution of cyanine functionality, the aim of the present
study concerns the TDDFT applications for a specific class of cyanines with more complex
structure. The objective is to find functional-basis set combinations that are suitable for
describing the specific chromophore for a group of monomethinecyanine dyes that are
studied. We examined ten DFT functionals and different basis sets to select the proper
theoretical model for calculating the electronic transitions of cyanine dyes. The theoretical
results were validated against experimental data for the dyes studied.

2. Computational Methods

Quantum chemical computations were applied to simulate the geometry, electronic
structure, and spectral properties for a series of cyanine dyes.

The geometry optimization and photophysical properties of the monomers of thiazole
orange (TO) and the seven analogues that were studied were computed using the G16
software package [37]. The minimum energy structures in the ground state were optimized
at the DFT [38] theory level using the BSLYP hybrid function in conjunction with the 6-
31G(d,p) [39] basis set, and for the iodide counterions, only the SDD basis set and effective
core potential were used [40—43]. The plausible TO dimers were optimized at M062X/6-
31G(d,p) (SDD basis set used for the iodide counterions).

The effect of the medium was taken into account at each step by means of PCM for-
malism [44,45]. All of the computations were performed in a water medium to reproduce
the experimental conditions (TE buffer). In order to verify that each optimized structure
is a minimum of the potential energy surface, an analysis of the harmonic vibrational
frequencies was performed using the same method /basis, set and no imaginary frequency
was found. To determine the absorption wavelengths, the lowest energy absorption tran-
sitions were evaluated by TDDFT calculations of the vertical excitations. Ten different
functional basis sets: B3LYP [46], PBEOQ [47,48], M062X, M06, MO6L [49], BH and HLYP [50],
CAM-B3LYP [51], HFS [52,53], HFB [54], and B97D [55] with 6-311+G(2d,p) [56], were used
to assess the accuracy of the functionals in predicting the spectral properties of cyanine
dyes. The procedure for vertical absorption and emission computations is described in
our previous work [30]. The following steps were included in the computations: (i) geom-
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etry optimization of the ground-state structure at the DFT level and the computation of
vibrational frequencies using the same method /basis set to verify the optimized structure.
(ii) TDDEFT calculations of vertical excitations to estimate the lowest energy absorption
transition. Six excited singlet states were considered, and the lowest energy transition with
non-zero oscillator strength was taken into account for each of the monomer dyes from
the series. Comparisons were made for two of the cyanine dyes using calculations that
considered 12, 20, and 24 excited states. As a result, no significant difference in the vertical
excitation energy was obtained. Twenty excited singlet states were considered for the dimer
absorption spectra computations. (iii) After the excited state of interest was identified,
TDDFT geometry optimization with equilibrium linear response solvation was performed.
The optimization of the excited state at the TDDFT level starting from the ground state
geometry was determined. Frequency calculations and the absence of imaginary frequen-
cies confirm the equilibrium of the excited-state geometry. (iv) Fluorescence electronic
transitions"TDDFT calculations of the vertical de-excitations based on the optimized ge-
ometry of the excited state. Vertical excitation and de-excitation energies were calculated
without state-specific correction. The computed absorption and emission transitions in
solution were compared to the experimental spectral data.

3. Results
3.1. Geometry Optimization

A series of eight asymmetric cyanine dyes (Scheme 1) were modelled with the help
of DFT and TDDFT calculations to gather deep insights into the geometry and electron
density distribution in the ground and excited states and to achieve a better understanding
of the electronic spectra of the dyes. The cyanine dyes that were used in the present study
were previously synthesized by our group [18,57,58].

N\
o
TO sof-5
B9 7CI-TO
Cl
B13 B11
6b ///)
N
S
—N
AN

Scheme 1. Thiazole orange (TO) analogues. Dye labelling is the same as in the original papers.
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The geometries of the cis- and trans- TO conformers optimized at the B3LYP/6-31G(d,p)
theory levels are presented in Figure 1. For all of the studied cyanine dyes, the trans
conformer is more stable than the cis conformer. Geometry parameters and some spectral
characteristics of several of the conformational TO states are provided in Table 1. The
energy difference between the cis and trans TO conformers is 5.4 kcal/mol in favour of the
trans conformer. The main difference between the two conformational states, cis and trans,
is the dihedral angle between the quinoline and benzothiazole heterocycles-t(SC,C4Cg).
The cis conformer is not planar, and the dihedral angle t(S;CyC4Cg) is 125.7°. Due to some
steric hindrance between the two heterocycles, the trans conformer is not fully planar. In
the trans conformer, the angle 1(S;CyCy4Cg) is 17.8°, thus leading to a conjugation between
the two heterocycles through the methine bridge. These theoretical results are in agreement
with the results of other conformational NMR studies [59].

@
cis trans

Figure 1. B3LYP/6-31G(d,p)-optimized geometry of cis and trans TO conformers. Color scheme:
C—gray, S-yellow, H-white, N-blue, I-magenta.

Table 1. B3LYP/6-31G(d,p)-optimized geometry parameters, absorption maxima (nm), and oscillator
strength (f) from PBE0/6-311+G(2d,p) computations for several conformational TO states.

T1 T2 T AG

Isomer (NC,CsH)  (HC3C4Cs)  (CoC3CaCq) (kcalimol) ~ “abs M) f

cis ~14.8 157.7 145.6 5.4 476.8 0.6706
trans 6.4 10.0 12.7 0.0 447.2 0.9598
trans 2 6.5 9.1 11.8 0.8 4488 0.9000
trans 3 —65 ~10.6 ~13.2 15 447.2 0.9504

Furthermore, due to variations in the counterion position and the influence of the
counterion position on some photophysical TO characteristics, different frans conformations
were considered. The geometry parameters and spectral characteristics of three trans
conformers with different counterion positions are provided in Table 1. The calculations
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show that the position of the counterion has little influence on the Gibbs free energy of the
conformers and their absorption maxima.

3.2. Modelling Spectroscopic Properties

Computing the molecular properties of organic compounds in the ground state is
more or less systematic, while the theoretical calculation of excited state properties, such as
absorption and fluorescence maxima, is not so trivial. A careful calibration of the theoretical
model applied to perform computational studies for a series of molecules with a particular
chromophore is of critical importance.

The absorption maxima of the dyes that were studied were computed using the
B3LYP/6-31G(d,p)-optimized geometry of the molecules. Vertical excitations were obtained
from single point TDDFT computations on the optimized geometries using ten different
functionals: B3LYP, PBEO, M062X, M06, M06L, BH and HLYP, CAM-B3LYP, HFS, HFB,
and B97D, to find an accurate description of the electronic excitations as well as to predict
the absorption and emission spectral characteristics. The vertical excitations/absorption
maxima were computed in the ground-state geometry. All of the computations were made
in a water medium to mimic the experimental conditions. The solvent effect was modeled
using the SCRF formalism IEFPCM.

TDDFT allows transition energies as well as excited-state properties such as dipole
moments and emitting geometries to be computed [60,61]. Despite its huge popularity, the
reliability of TDDFT results depends significantly on the selected exchange—correlation
(XC) functional. The accepted accuracy of TDDFT computations is 0.2-0.3 eV [62]. The
chemical accuracy of the 0.1 eV difference between the calculated and measured absorption
maxima has not yet been reached.

In the literature, one of the ways to overcome this is to use range-separated hybrids
(RSH) [62-65]. These functionals incorporate a growing fraction of exact exchange with in-
creasing inter-electronic distance and allow the charge-transfer phenomena to be modelled
accurately. Range-separated functionals (RSF) are a subgroup of hybrid functionals. While
conventional (global) hybrid functionals such as PBEO or B3LYP use fixed Hartree—Fock
and DFT exchange, RSFs mix the two contributions based on the spatial distance between
two points.

The predicted absorption wavelengths of the lowest electronic energy transitions and
respective oscillator strengths for the cis and trans TO conformers are listed in the last
two columns of Table 1. Vertical excitation energies computed at the PBE0/6-311+G(2d,p)
level of theory without any state-specific correction are reported in Table 1. It can be seen
that the calculated absorption maximum of the cis conformer (477 nm) is batochromicaly
shifted compared to the trans absorption maxima (447—449 nm). The transitions of the two
conformers show different oscillator strength, which is lower for the cis conformer.

The molecular orbitals involved in the Sy—S; transitions for the cis and trans conform-
ers were calculated. Figure 2 shows the ground-state orbital energy levels of the highest
occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO),
and the energy gap for the cis TO and the trans TO in water. The trends in electron density
change can be illustrated through the molecular orbitals shape analysis. The HOMO has
a higher electron density on the benzothiazole ring. As seen from Figure 2, the electron
density is redistributed from the benzothiazole and moves toward the quinoline hetero-
cycle of the cis and trans TOs. Strong charge transfer is observed from the benzothiazole
ring toward the quinoline portion, accompanying the electronic transition in the cis TO
conformer. The strong charge transfer observed for the cis conformer explains the red shift
of the transition. For the other compounds being studied, only the most stable conformer
was considered.
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LUMO

cis transl

Figure 2. Molecular orbitals involved in the Sy—S; transition for cis and trans TO conformers
computed at B3LYP/6-31G(d,p) in water medium.

The influence of the basis set on the absorption maxima calculations was considered.
The theoretical vertical excitation energies were computed with six Pople-type basis sets.
The results that were obtained are summarized in Table 2. As seen from Table 2, the
addition of one diffuse function to the 6-31G(d,p) basis set instantly increases the value of
the calculated absorption maximum, thus improving the results obtained with 6-31+G(d,p).
The best results were obtained with the large 6-311+G(2d,p) basis set (2.71 eV(458 nm)
the predicted maximum, 2.47 eV (502 nm)—experimental value). The difference between
the theoretical estimation and the experimental value was 0.24 eV, which is an acceptable
accuracy. Benchmark calculations on the absorption properties of various systems have
demonstrated that the expected TDDFT accuracy is between 0.2 and 0.3 eV [30,62,66].

Table 2. Computed absorption maxima A, (nm) for TO computed with PBEO functional and different

basis sets.

Basis Set Aabs [nm] PCM Aabs [nm] SMD
6-31G(d,p) 445 445
6-31+G(d,p) 454 453
6-31++G(d,p) 454 453
6-311G(d,p) 451 450
6-311+G(d,p) 452 455
6-311+G(2d,p) 458 457
Experiment A, (nm) 502 @

2 From Ref. [64].

Further calculations of vertical absorptions for a series of eight cyanine dyes were
carried out with different functionals combined with the triple-zeta basis set 6-311+G(2d,p).
Table 3 summarizes the vertical absorption energies calculated with ten different TDDFT
functionals: B3LYP, PBEO, M062X, M06, M06L, BH and HLYP, CAM-B3LYP, HFS, HFB,
and B97D. The applied functionals differ in the form of their exchange functional. This
functional has various percentage HF exchange (0% to 54%). A comparison between the
theoretical results obtained with the ten functionals combined with the triple-zeta basis
set 6-311+G(2d,p) in a water medium and the experimental spectral data are presented in
Table 3. The performance of the different functionals can be assessed by the mean absolute
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deviations (MAD) of the theoretical values from the experiment. The MAD values for each
of the functionals used are given in the last row of Table 3.

Table 3. The deviation from experiment of the theoretical vertical excitation energies (in eV) computed
with different functionals combined with the 6-311+G(2d,p) basis set in a water medium for a series
of cyanine dyes.

Dye B3LYP PBEO M062X  BH&HLYP éi% Mo6 MO6L HFS HFB B97D
TO 0.24 0.30 0.39 0.52 0.42 0.27 0.20 0.01 0.02 0.06
1b 0.25 0.31 0.40 0.54 0.44 0.29 0.21 0.01 0.04 0.06
B9 0.23 0.29 0.39 0.52 0.43 0.26 0.16 —0.03 —0.01 0.03
B11 0.23 0.29 0.38 0.52 0.42 0.26 0.16 —0.03 —0.01 0.03
B13 0.22 0.28 0.38 0.52 0.42 0.25 0.16 —0.06 —0.03 0.01
6b 0.11 0.17 0.33 0.41 0.35 0.15 0.07 -0.11 -0.09 -0.07
7C1-TO 0.24 0.31 0.39 0.52 0.42 0.28 0.19 0.00 0.02 0.05
sof-5 0.19 0.26 0.39 0.51 0.43 0.23 0.04 -0.17 —-0.13 —-0.11
MAD? 0.21 0.28 0.38 0.51 0.42 0.25 0.15 —0.05 —0.02 0.01

. . Acate—Aex
@ Mean absolute deviation from the experiment (MAD) MAD = W

, n—number of compounds.

All of the DFT functionals follow the experimental tendencies (Figure 3) and qual-
itatively describe the changes in the absorption maximum in the studied series. Such
correlation between the experiment and theory indicates that the entire group of function-
als is good enough for picturing the trends in the series.

600
580 —o—B3LYP —=—PBE1PBE
_ —a—MO62X BHandHLYP
5560 —#—CAM-B3LYP —o—MO06
= MO6L HFS
£°40 HFB B97D
% 520
£
§500
2
£480
38
< 460
440
420
400 T T T T T T 1
TO 1b B9 B11 B13 6b 7CI-TO sof-5

Figure 3. Trends in changes of the theoretical TDDFT vertical excitation energies (in nm) com-
puted with different functionals combined with the 6-311+G(2d,p) basis set in a water medium and
experimental absorption maxima from spectra in TE buffer for the series of cyanine dyes.

The deviation in the theoretically calculated absorption energies from the experi-
mentally observed values for the electronic transitions (in eV) can be seen in Figure 4.
It can be seen from Table 3 and Figure 4 that the hybrid functionals B3LYP, PBEO, and
MO06 (25-27% Hartree—Fock exchange) performed adequately for this class of dyes and can
be used as a tool for calculating the electronic structures of monomethine cyanine dyes.
Although they overestimate the transition energies, MAD is in the admissible range of
0.2-0.3 eV. The performance of the range-separated functional CAM-B3LYP is the worst in
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our case, although it has been recommended for the calculation of electronic charge transfer
transitions [65,67,68].

0.55 1
0.50
0.45
0.40
0.35
0.30
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0.20
0.15
0.10
0.05
0.00

6b 7CI-TO  sof-

-0.05
-0.10

-0.15 | mB3LYP m PBE1PBE » MO062X W BH&HLYP  ®m CAM-B3LYP
-0.20 - mMo06 m MO6L HFS HFB B97D

Figure 4. Deviations in the theoretical TDDFT vertical excitation energies (in eV) computed with
different functionals combined with 6-311+G(2d,p) basis set in a water medium from the experimental
data from spectra in TE buffer for the series of cyanine dyes.

In Gaussian 16, HFS stands for the Slater exchange. HFB is Becke’s 1988 functional,
which includes the Slater exchange with corrections involving the gradient of the density.
The pure exchange functionals (M06L, HFS, HFB, B97D) show the best performance for the
case study. All of these functionals have excellent performance and good predictability, the
best being B97D with MAD 0.01 eV.

Based on these studies, we recommend that pure DFT functionals (M06L, HFS, HEB,
B97D) be used to calculate the absorption properties of cyanine dyes.

3.3. Fluorescence

As mentioned earlier, the fluorescent response of cyanine dyes is sensitive to the
environment. TO and its analogs have almost no fluorescence in organic solvents and
exhibit a serious enhancement in the fluorescence intensity in viscous solutions (such as
glycerin) and in DNA /RNA. The nature of fluorescence quenching in asymmetric cyanine
dyes has been elucidated in several studies [66,69,70] and has been attributed to intramolec-
ular torsion in the excited state. Easy rotation in solvent quenches the fluorescence. The
fluorescence quantum yield increases when this rotation is obstructed. The geometry of the
first TO excited state was optimized at B3LYP and PBEO /6-311+G(2d,p) and is presented in
Figure 5. The optimized ground-state geometry is planar, while the excited state is highly
twisted. The vertical excitation leads to a locally excited state with a weak CT character
(Figure 2) that has the same geometry as the ground state and has a planar structure. This
local excited state has a transition energy of 2.51 eV (494nm). The optimization of the first
excited state S; leads to a twisted geometry where the donor (quinolone moiety) and the
acceptor (benzthiazole part) are perpendicular to each another (Figure 5). With the change
in the dihedral angle between the two heterocycles (t,—Figure 6) a fully twisted dark state
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is formed in accordance with previous findings [11-13]. This conformational changes in
the structure of the fluorophore lead to the formation of a twisted intramolecular charge-
transfer (TICT) excited state (S;) [71]. The computed Stokes shift for TO is 1613 cm ™!,
which agrees with the experimentally measured 1193 cm~!. The fluorescence computations
at B3LYP and PBEQ are in line with the experiment although the transition energies are

slightly overestimated.
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Figure 5. Schematic representation for ground (Sp) and excited state (S;) geometries of TO.
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Figure 6. Excitation energies of TO as a function of the interplanar angle 1,(HC3C4Cs). The radius of
the circles is proportional to the predicted oscillator strength.
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The conformational change in the excited state and the fact that the fluorescence
intensity changes after binding of the dye to NA, thus leading to the fixation of the planar
geometry, are the origin of the TO sensing mechanism and its analogs.

3.4. Aggregation of the Dyes

Monomethine cyanine dyes tend to aggregate in aqueous solution due to hydrophobic
interactions. It has been suggested that the hydrophobicity and polarizability of dyes favor
m-stacking interactions [72]. The self-aggregation of both TO and Benzthiazole Orange dyes
has been found to occur but with deferent strength and other features depending on the dye
itself [73]. An additional absorption band at 471 nm is observed in the absorption spectrum
of TO alongside the dye’s intrinsic absorption at 501 nm [73-75]. The band at 501 nm
prevails at low concentrations, while at higher concentrations, the band at 471 predominates.
This behavior is associated with the self-aggregation of the dye molecules and the formation
of H dimers [74]. H-dimers are formed by interactions between the heterocyclic systems of
two dye molecules located one above the other (the molecules are superimposed), while in
the case of ] dimers, molecule slipping relative to each other is observed. To address this
behavior, we modeled four different rr-stacked TO H-dimers, and their optimized geometry
is shown in Figure 7.

During TO dimer optimization, the main challenge is maintaining n-stacking. The
use of global hybrids such as B3LYP and PBEQ is not possible since the structure of the
dimers falls apart during optimization. The dimer structures were optimized using the
MO062x functional. The presence of the iodide counterions was explicitly considered when
modelling the structures. Mooi and Heyne [76] studied the effect of various counterions on
aggregation. Counterions have been shown to play a significant role in terms of structural
dimer organization and specific ionic effects.

The Gibbs free energy resulting from dimer formation was calculated at M062X/6-
31G(d,p) from the following reaction: 2TO—(TO),. The optimized geometries of the H-
dimers are shown in Figure 7, and the theoretical estimations are provided in Table 4. The
most stable H-dimer is Dimer 2, where the donor part of the first molecule is above the
acceptor part of the second TO molecule. The calculated Gibbs free energy resulting from
the formation of the most stable dimer is —6.10 kcal/mol.

Kphas been experimentally measured in two different TO dimerization studies, with
the following results being achieved: —3.1 x 10* M~! from [73] and 2.5 x 10* M~ ! [77]. The
Gibbs free energy of formation of the dimers was computed from the experiment using the
equation AG= —RTInK. The respective values were —6.12 kcal/mol and —6.00 kcal/mol.
Thus, a very good agreement between the experiment and theory (—6.10 kcal/mol) was
obtained in the present study.

The predicted vertical absorption values for the dimers are blue shifted according to
the monomer absorption. The absorption maxima of the lowest energy TO dimer (Dimer 2)
were calculated with HFS and HFB functionals determined to be the most accurate for the
monomer absorption prediction. The obtained theoretical values are provided in Table 5.
As seen from the table, the absorption maxima computed with HFB and HFS functionals
are in very good agreement with the experimental values [73,75]. For comparison, the
PBEO-calculated values are also provided in the table.

Dimer formation can be used as a model for the aggregation characteristics of TO
analogs as well as analysis of the change in the fluorescence of the dye after binding to
DNA. It can be stated that aggregation-induced fluorescence is observed during the dye
aggregation process and upon dye-binding to NA.
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Dimer 1

Dimer 2

Dimer 3

Dimer 4

Figure 7. M062X/6-31G(d,p)-optimized molecular structures of TO H-dimers in water: left-top view,
right-site view.

126



Photochem 2022, 2

Table 4. M062X/6-31G(d,p) computed Gibbs free energy of formation (in kcal/mol) and absorption
maxima (nm) of TO H-dimers.

TO Dimer AG (kcal/mol) Aabs (nm) 2
Dimer 1 —14 415
Dimer 2 —6.1 423
Dimer 3 —-59 417
Dimer 4 —4.6 426

2 From PBE0/6-311+G(2d,p) computations.

Table 5. Calculated absorption maxima (nm) for TO monomer and dimer.

Method/Basis Set Monomer Dimer
HFS/6-311+G(2d,p) 500 484
HFB/6-311+G(2d,p) 497 477
PBE0/6-311+G(2d,p) 447 423

experiment 501 471

4. Conclusions

A series of eight asymmetric cyanine dyes was modelled using DFT and TDDFT
calculations. The calibration of the theoretical model for performing computational studies
for dye molecules containing a particular chromophore was performed by examining
the accuracy of ten functionals and six Pople-type basis sets. Theoretical results were
validated against the experimental data. It was shown that the addition of one diffuse
function to the 6-31G(d,p) basis set instantly increased the value of the calculated absorption
maximum, thus improving the results obtained with 6-31+G(d,p). The large triple-zeta basis
set 6-311+G(2d,p) showed the best performance. The comparison between the theoretical
results obtained with the ten functionals combined with the triple-zeta basis set in a water
medium and the experimental spectral data evince that the pure exchange functionals
MO6L, HES, HFB, and B97D had the best performance in the case study.
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Abstract: Acrylamide is a small conjugated organic compound widely used in industrial processes
and agriculture, generally in the form of a polymer. It can also be formed from food and tobacco as
a result of Maillard reaction from reducing sugars and asparagine during heat treatment. Due to
its toxicity and possible carcinogenicity, there is a risk in its release into the environment or human
intake. In order to provide molecular and energetic information, we use synchrotron radiation to
record the UV and X-ray photoelectron and photoabsorption spectra of acrylamide. The data are
rationalized with the support of density functional theory and ab initio calculations, providing precise
assignment of the observed features.

Keywords: acrylamide; synchrotron radiation; molecular modeling

1. Introduction

Acrylamide, or prop-2-enamide in IUPAC notation, is a small organic compound
widely used in industrial and laboratory processes. The monomer is incorporated into
grout and soil-stabilizer products, is used in the synthesis of dyes, and serves as a precursor
of a series of homo- and co-polymers whose properties strongly depend on the non-ionic,
anionic, or cationic features.

Polyacrylamides are exploited in a wide range of applications [1-4]. They are used as
flocculant or coagulant agents in drinking water and wastewater treatment and in mining
processes, as binder and retention supports for fibres and pigments in paper production,
for enhanced oil recovery, as drift control agents in commercial herbicide mixtures, as
gel supports for chromatography and electrophoresis, in thickeners, in permanent-press
fabrics, for contact lenses, in food-packaging adhesives, paper, and paperboard, to wash
or peel fruits and vegetables, for water retention in diapers, as stabilizers and binder in
cosmetic products, as media for hydroponic crops, as granules in arable lands to reduce
the need of irrigation. Although polyacrylamides are quite stable, a small release of the
monomer (present as residual of the polymerization process or formed by degradation)
in the environment cannot be excluded [4,5]. This constitutes a potential hazard to health
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since acrylamide is a peripheral nerve toxin to man and to animals and causes birth defects
and cancer in animals [6].

Moreover, acrylamide is present in the smoke of cigarettes [7], and it is formed from
food components during heat treatment (T > 393 K, 120 °C) as a result of the Maillard reac-
tion between the aminoacid asparagine (COOH-CHNH; -CH; -CONH>) and reducing
sugars [8]. Although it is not clear exactly what risk acrylamide poses to humans, in 2016,
the Food and Drug Administration developed a Guidance for Industry (Docket Number:
FDA-2013D-0715) that outlines strategies to help growers, manufacturers, and food service
operators reduce acrylamide in the food supply. Similarly, in the European Union, the Com-
mission Regulation (EU) 2017 /2158 establishes mitigation measures and benchmark levels
for the reduction of the presence of acrylamide in food.

Many spectroscopic studies are reported for acrylamide, but to the best of our knowl-
edge, only a few of them concern the molecule in the isolated phase. The studies cover
the rotational (20-60.5 GHz [9], 75-480 GHz [10]), far infrared (50665 cm ™! [11]) and
photoelectron (7-27 eV [12]) spectral ranges. The scope of the present work is to investi-
gate the behaviour of acrylamide by means of synchrotron-light techniques and quantum
mechanical calculations. Here, we report new data on the inner shell photoionization and
photoabsorption processes and also reinvestigate the valence band photoelectron spectrum
of acrylamide. This study will enhance our understanding of the fundamental proper-
ties of this molecule which is in the spotlight because of its versatility and miscellaneous
applications but also because of the global ecological risk posed by it.

2. Materials and Methods Details
2.1. Experimental Methods

Photoionization and photoabsorption spectra of acrylamide were recorded at the Gas
Phase beamline [13] at the Elettra synchrotron light source (Trieste, Italy) using an electron
energy analyser described previously [14]. Acrylamide purchased from Alfa Aesar (purity
98%) was introduced into the experimental chamber without further purification. The sam-
ple appears as white crystalline flakes at room temperature, with melting point m.p. = 357 K
and boiling point b.p. = 398 K/25 mmHg. It was sublimated using a custom-built, resis-
tively heated furnace, based on a stainless steel crucible, a Thermocoax® heating element,
and a type K thermocouple. The temperature was increased up to 308 K (35 °C), reaching
pressure of about p = 0.256(2) mPa. The vapour pressure estimated at the same temperature
by graphical interpolation of the data reported by Carpenter and Davis [15] is 2.25(10) Pa.
During the whole experiment, the pressure in the ionization region remained constant and
no evidence of contamination or thermal decomposition was found. The photoionization
spectra were recorded using a VG-Scienta SES-200 photoelectron analyzer [16] mounted
at the magic angle (54.7°). The use of this angle allows us to record spectra in which the
intensities of all peaks is proportional to the angle-integrated intensity, that is, angular
effects are eliminated. Thus, the intensity of the photoemission bands is proportional to the
angle-integrated intensity, and angular effects are eliminated. The photoabsorption spectra
were acquired in total ion yield mode, by means of channel electron multiplier placed near
the ionization region.

2.2. Computational Methods

Geometry optimizations [17] and subsequent vibrational frequency calculations in
the harmonic approximation to determine the nature of the stationary points were run
both at the ab initio MP2 and density-functional theory (DFT) B3LYP and B2PLYP levels of
calculation using the aug-cc-pVTZ basis set. The time-dependent (TD [18]) DFT approach
was used in the case of electronic excited states. The ab initio geometries were used for
the estimation of the vertical ionization energies by means of the Symmetry Adapted
Cluster/Configuration Interaction method (SAC-CI [19]) with the cc-pVTZ basis set of the
Electron Propagator Theory (EPT [20,21]) with the aug-cc-pVTZ basis, by applying the
Outer Valence Green’s Function (OVGF [22-24]) and the Partial Third Order (P3 [25]) self-
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energy approximations. The SAC-CI/cc-pVTZ approach was also used for the estimation
of the core shell excitation energies. All the above quantum mechanical calculations were
performed using the GAUSSIAN16™ (Gaussian is a registered trademark of Gaussian, Inc.,
340 Quinnipiac St. Bldg. 40, Wallingford, CT, USA) software package (G16, Rev. A.03).

The vibronic structure associated with each ionization in the low energy region of the
photoelectron spectrum was simulated including the Franck—-Condon activities [26], namely
by computing the Franck—Condon factors (FCy) for each vibrational mode k with frequency
vk. These were determined by the evaluation of the Huang—Rhys factors Sy [27] as:

L o
Sk - E . Bk (1)
where By is the dimensionless displacement parameter defined, assuming the harmonic

approximation, and neglecting Duschinsky rotation [28], as:

1/2
By = (27;;/"> (X = Xi) - MY k() @

where X; (or X;) is the 3N dimensional vector of the equilibrium Cartesian coordinates of
the i (or j) electronic state (here i is the neutral and j is the cationic state), M is the 3N x 3N
diagonal matrix of atomic masses, and Q(j) is the 3N dimensional vector describing the kth
normal coordinate of the j (cationic) state in terms of mass weighted Cartesian coordinates.
While the approach is less rigorous than that discussed in recent work [29-31], it is justified
by the minor changes computed for the active vibrational modes upon ionization. For each
normal mode k, the Franck—Condon factor FC for a transition from a vibrational level m (of
the neutral molecule) to the vibrational level n (of the cation) is [27]:

FCy(m,n)* =e k.S~ ’;i,' LEm(se)? €))
where L is a Laguerre polynomial. The intensity I;(m, n) of the m to n transition for the
normal mode k is given by the FC factor, weighted for the population of the vibrational
state m:

I (m,n) = FCy(m,n)?- % -exp(—nlizc;k) 4)
with kg being the Boltzmann constant, T is the temperature, and Z is the partition function.
The total intensity of the multimode vibrational transition, including all the active normal
modes, is the simple product of the monodimensional intensities [27]. Photoelectron spectra
were simulated at T = 0 K and a Gaussian broadening function with FWHM = 80 and
440 cm~! was convoluted with each computed intensity.

3. Results and Discussion
3.1. Conformational Analysis

Acrylamide is the smallest conjugated amide. It is formed by the vynil and amide
planar frames connected by a rotatable bond: CH;=CH-CONH,. Its conformation is
usually described by the relative orientation of the carbon—carbon double bond and the
carbonyl, through the CCCO torsional dihedral angle (7). We explored the conformational
space of acrylamide by running a series of quantum mechanical calculations where T was
constrained to fixed values (7 = 0-360°, AT = 10°), whereas all the other parameters were
freely optimized. The results achieved at three levels of calculation (B3LYP/aug-cc-pVTZ,
B2PLYP/aug-cc-pVTZ and MP2/aug-cc-pVTZ) are qualitatively similar, as can be seen in
Figure 1.
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Figure 1. Fully relaxed PESs along the C-C torsion of acrylamide in its neutral ground state (Sg) and

cation neutral (Dy) states calculated with aug-cc-pVTZ basis set. Only two stationary points are given
for the Dy state at the MP2/aug-cc-pVTZ level of calculation.

The potential energy surface (PES) of acrylamide in its neutral ground state (So)
evidences the presence of two non-equivalent minima, see Figure 2. The global min-
imum is planar with the double bonds in syn orientation (t = 0°). The other local
minimum has an anti arrangement, which is typical of amides in peptides and protein,
and lies at 5.6/5.2/4.0 k] mol~1, while the syn to anti barrier is about 19/19/18 k] mol1
(B3LYP/B2PLYP/MP2).

CHZ @] CH2 NH2
N\ 7 N\ /
c—C Cc—C
/ \ / N\

H NH; H @)
syn anti

Figure 2. Conformers of acrylamide in its neutral ground state.

Taking into account the vibrational zero-point energy correction, this energy dif-
ference increases, becoming 6.2/6.2/5.6 kJ mol~! (B3LYP/B2PLYP/MP2). Because of
the steric hindrance between the CH, and NH; groups, the anti geometry is slightly
non planar as indicated by the presence of two equivalent minima at T ~ +156° in the
curve. Since the interconversion barrier between the equivalent conformations is quite
low (0.75/1.08/1.61 k] mol~! (B3LYP/B2PLYP/MP2) at T = 180°) due to tunnel effect,
the ground vibrational state is expected to be observed in the form of a doublet. These
results are in agreement with the rotational spectroscopy data of Marstokk et al. [9] and
Kolesnikova et al. [10]; indeed, the authors (i) assigned the transition lines of both the syn
and anti conformers, (ii) estimated the conformers energy difference to be 6.5(6) k] mol~! [9],
and (iii) determined the doubling splitting energy of the anti conformer as 13.844586(2) cm ! [10].
In the crystal phase only, the syn species has been identified [32]. According to the Boltz-
mann distribution, and taking into account the effect of the degeneracy of anti species,
the relative population of the two conformers at the experimental working temperature
(T =308 K) is Nyyuti/ Nsyn = 0.16(4).

We used the same approaches to calculate the PES of the acrylamide cation in its
ground state (D), where the single occupied molecular orbital (MO) is a o-type non bond-
ing orbital centered on the oxygen (¢;;). The DFT results plotted in Figure 1 show that,
for the cation, the syn and anti arrangements correspond to maxima while the minima
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correspond to two non-planar equivalent species with T = 64/67° (B3LYP/B2PLYP). Unfor-
tunately, we did not succeed in determining the whole path also at the MP2/aug-cc-pVTZ
level, but we successfully optimized the geometries of the minimum and the syn arrange-
ment (red squares in Figure 1). As in the case of DFT, the planar syn structure displays
an imaginary frequency, albeit considerably smaller (1120 cm ') than that determined
at the B3LYP level (i436 cm™1), indicating a much shallower PES along the torsion axis.
Thus, although the ab initio result predicts a non-planar minimum similar to DFT, such
a minimum corresponds to a remarkably decreased torsion angle (T = 34°) accompanied
by a drastically reduced stabilization compared to DFT. More precisely, DFT finds the syn
form 24/18 k] mol~! (B3LYP/B2PLYP) above the minimum, whereas the ab initio energy
difference is only 3.8 k] mol~!. The DFT and ab initio landscapes are remarkably different,
with the small energy difference predicted by MP2 calculations clearly suggesting a reduced
relevance of twisting. This is further demonstrated by the almost unchanged bond lengths
of the planar and twisted structures (Table 1), in contrast to the remarkable C=O bond
length shortening occurring in the twisted DFT structures. Furthermore, the small energy
difference predicted between the planar and twisted structures at the ab initio level is
within the error of the method. As will be shown below, the simulation of vibronic structure
strongly supports a planar or negligibly twisted Dy structure.

Finally, we used TD-B3LYP/aug-cc-pTZVP to calculate the structure of the first excited
state of the acrylamide cation (D;), where the singly occupied MO is a m-type orbital
composed of the non bonding out-of-plane p orbitals of nitrogen and oxygen (77,;). The
optimized geometry is found to be planar as in the case of the neutral species. The energy
and structure parameters related to the calculated stationary points are summarized in
Table 1.

Table 1. Energy and structure parameters of acrylamide calculated using the aug-cc-pVTZ basis set.

T/° E./a.u. AE.JeV C=C/A C-C/A CN/A C=0/A CCC/I° CCO/° CCN/°

B3LYP So syn 0  —247.400743 0 1327 1493 1366 1.219 1211 114.5 123.4
So anti 157  —247.398607  0.06 1328 1491 1367 1.220 1262 1172 120.6

Do 64  —247.058750  9.31 1350 1487  1.307 1.246 120.5 126.3 106.1

Dosyn (TS) 0  —247.049500  9.56 1335 1465 1311 1.280 1237 1222 118.1

TD-B3LYP Dy syn 0  —247.045674  9.66 1403 1508  1.329 1.22 118.3 116.8 118.0
B2PLYP So syn 0 —247.204462 0 1330 1491  1.365 1.221 1207 1145 123.3
So anti 156  —247.202496  0.05 1332 1489 1368 1.222 1257 1169 120.8

Dy 67 —246.857625  9.44 1356 1486  1.308 1.240 1197 1274 103.5

Dosyn (TS) 0  —246.850666  9.63 1337 1459  1.309 1.287 1228 1184 122.6

MP2 So syn 0  —246.852848 0 1334 1490 1364 1.224 120.3 114.3 123.3
So anti 154 —246.851325  0.04 1337 1487  1.369 1.225 124.9 116.9 121.1

Dy 34 —246.485231  10.00 1343 1457 1304 1.286 120.1 124.7 114.3

Dosyn (TS) 0  —246.483791  10.04 1326 1453  1.305 1.297 121.3 118.8 123.1

3.2. UPS

The photoionization spectrum of acrylamide has been recorded in the 6.5-26.5 eV
spectral range using a 30.4 nm He(II) source by [12]. Here, we extend the investigation up
to 37 eV, using 98 eV energy photons. The measured spectrum is shown in Figure 3.
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Figure 3. Full valence band photoemission spectrum of acrylamide recorded with 98 eV photon
energy and 0.090 eV resolution and calibrated with the 3p3,, Ar line at 15.76 [33]. The molecular
orbitals are labelled according to Figure 4.

According to the Koopmans’ theorem [34], a rough correlation can be found between
the observed ionization energies and the calculated energy of the occupied MOs of the
most stable conformer, whose shapes and energies are given in Figure 4 and in Table 2,
respectively.

1-O(1s) 2-N(1s) 3-C1(1s) 4-C3(1s) 5-C2(1s)
APE APE AL 2P P
6-0 7-0 8-0 9-0 10-0
M MO @ obr 68
11-0 12-0 13-0 14-0 15-7t
e & S e E
16-0 17-7t 18-71, 19-0;,

8¢ v 26 HE%

Figure 4. Occupied molecular orbitals of syn-acrylamide in the neutral ground state obtained at the
MP2/aug-cc-pVTZ/ /HE/aug-cc-pVTZ level of calculation, isodensity surface at 0.05 a.u.

136



Photochem 2022, 2

Table 2. Theoretical molecular orbital energy (MOE, eV), vertical binding energy (BE, eV) and pole
strength (PS) values of syn-acrylamide compared to the experimental peaks’ ionization energies.

HF 2 B3LYP?  B2PLYP° SAC-CI 4 P3¢ OVGFf Exp.
MOE MOE MOE BE PS BE PS BE PS BE
1 O(ls) ~55827  —519.67 ~535.80 537.99  0.79 - - - - 537.22
2 N(ls)  —42419  —390.48 —404.55 406.77  0.78 - - - - 405.97
3  Cl(ls)  —309.01  —279.87 —292.06 29488  0.77 - - - - 294.16
4  C3(1s)  —30624  —277.45 —289.42 29179  0.75 - - - - 291.03
5 C2(1s)  —306.07  —277.36 —289.38 29160  0.76 - - - - 291.03
6 o —37.47 —28.36 —32.14 3173 017 - - - - 326
7 o —33.05 —24.90 —28.30 2726 0.14 - - - - 28.3
8 o —29.05 —21.57 —24.71 2428  0.63 - - - - 24.3
9 o —2391 —-17.81 —20.37 20.55  0.83 - - - - 20.6
10 o —21.01 —15.69 —~17.92 18.31 087 1898 086 1911 087 18.6
11 o —-19.61 —~14.65 —16.74 1737 089 1795 087 1804  0.88 17.6
12 o —~18.92 —13.94 —~16.04 16.41 087 1707 086 1718 087  16.4/17.08
13 o —16.74 —11.84 —~13.85 1413 090 1482 088 1510  0.89 15.0
14 o —-16.27 —-11.76 —~13.69 1418 090 1486 089 1477 090 14.63
15 s ~15.69 —~11.53 —~13.28 13.87 089 1433 086 1453 087 14.07
16 o —14.75 —10.44 —12.23 1276 091 1348 089 1358  0.90 13.17
17 7 -10.60 ~7.95 —8.99 1029 093 1059 090 1053  0.90 10.675
18 T —11.35 ~7.69 —9.25 9.71 091 1033 088 1044  0.89 10.296
19 oy —11.69 ~7.28 —-9.09 9.19 090 986 088 1043  0.89 9.756

2 MP2/aug-cc-pVTZ/ /HF /aug-cc-pVTZ. ® B3LYP/aug-cc-pVTZ. ¢ B2PLYP/aug-cc-pVTZ. ¢ MP2/aug-cc-
pVTZ//SAC-CI/cc-pVTZ. © MP2/aug-cc-pVTZ/ /P3/aug-cc-pVTZ. f MP2/aug-cc-pVTZ//OVGF/aug-cc-pVTZ.
& Shoulder.

We observe that, concerning the outer valence band, different methods provide dif-
ferent ordering of the MOs. However, using more sophisticated calculations, it is possible
to obtain more reliable predictions. The vertical ionization energies obtained using the
SAC-CI and EPT (P3 and OVGF) methods are compared to the MOs energy values in
Table 2 and are used for the assignment of the observed peaks, whose energy values are
given in the same table. Notably, all these methods find that the lower ionization energy is
associated with the ¢, orbital (n. 19), followed by the ionization of 7, (n. 18) and 7rc—c
(n. 17). The assignment of Asbrink et al. [12] follows the same order, involving the features
lying at 10.0, 10.3 and 10.7 eV. Since the first peak observed in our ionization spectrum
has a lower energy (9.8 eV) and the spectral region between 9.5 and 11.5 eV appears quite
crowded, we decided to record the spectrum at higher resolution. The resulting spectrum
is shown in Figure 5 with the theoretical vertical ionization energies related to the three
outer valence orbitals.
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Figure 5. Outer valence band photoemission spectrum of acrylamide recorded with 25 eV photon
energy and 0.011 eV resolution and calibrated according with the 3p3,, Ar line at 15.76 [33]. Measured
energy values: A =9.756 eV, B=9.782¢eV,C =9.808 eV, D =9.943 eV, E =10.116 eV, F = 10.158 eV,
G =10.223 eV, H=10.296 eV, I = 10.675 eV, L = 10.851 eV. The theoretical vertical ionization energies
for the three outer valence orbitals (17-19, from left to right) of syn-acrylamide are indicated in the
top part. Blue and magenta traces are the Dy < Sy and D; < Sy simulated vibrational resolved
bands obtained at T = 0 K using a broadening Gaussian function (FWHM = 440 cm~1/54.6 meV).
Their origins have been placed at 9.755 and 10.31 eV, respectively.

The lower energy peak (labelled as A in Figure 5) lies at 9.756 eV. It has two shoul-
ders (B and C) likely due to vibrational contributions: indeed, the energy differences
are B-A =27 meV and C-A = 52 meV, which are consistent with low frequency normal
modes. Two strong peaks (D and E) are found at 9.943 and 10.116 eV. For the hypothesis
of a vibrational progression starting from peak A, the involved quanta will be 187 meV
(ca. 1508 cm~1) and 173 meV (ca. 1395 cm™!). A similar trend was also observed in the
spectrum of formamide [35], and it was tentatively assigned to the asymmetric stretching
of the N-C=0 frame, an interpretation supported by recently reported vibronic structure
simulations [36]. According to this interpretation, we observe that the shape of peak “D” is
akin to that of “A”.

To support this analysis, we modelled the vibronic structure of the Dy < Sy and
D; < Sy transitions using MP2/aug-cc-pVTZ and TD-B3LYP /aug-cc-pVTZ calculated ge-
ometries and vibrational normal coordinates to evaluate the Huang—Rhys factors governing
vibronic progressions. As discussed above, the MP2 results for the Dy state suggest a lim-
ited stabilization of the non-planar structure with a modest twisting and almost unchanged
bond lengths. Thus, we simulated the vibronic structure taking the planar Dy structure as
a reference. The vibronically active vibrational frequencies and corresponding Huang—Rhys
factors are listed in Table 3, while the calculated spectra are compared to the experimental
ones in Figures 5 and 6.
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Table 3. Calculated wavenumbers 7 and Huang—Rhys factors Sy, for the vibrational normal modes of the
Dy < So (MP2/aug-cc-pVTZ) and Dy < Sg (TD-B3LYP/aug-cc-pVTZ) transitions of syn-acrylamide.

Dy < So D1 < Sp
Tilem™1 7, /meV Sk Tlem ™1 7. /meV Sk
260 32 0.272 183 23 0.018
456 57 0.326 235 29 0.004
550 68 0.083 305 38 0.854
873 108 0.106 467 58 0.003
1061 132 0.238 648 80 0.156
1078 134 0.038 835 104 0.088
1342 166 0.011 838 104 0.001
1444 179 1.011 1063 132 0.001
1481 184 0.028 1134 141 0.002
1584 196 0.247 1297 161 0.134
1689 209 0.046 1388 172 0.410
2200 273 0.003 1492 185 0.081

0.5

counts

0
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T T
10.15 101 10.05 10 995 O.

T T T
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7 965 96 955

Figure 6. Outer valence band photoemission spectrum of acrylamide compared to the Dy < Sy
simulated vibrational resolved bands of syn-acrylamide obtained at T = 0 K using broadening
Gaussian functions with FWHM = 440 and 80 cm ™1 (54.6 and 9.9 meV). Labels A-E are the same as
in Figure 5.

The simulated vibronic profiles of both the Dy < Sp (blue trace in Figure 5) and
D; < Sp (pink trace in Figure 5) transitions show a resolved structure with major vibronic
peaks separated by about 200 meV, which is in agreement with the experimental observation.
However, the shape and relative intensity of the vibronic bands are different for the
two ionizations and comparison with the detected spectrum suggests that the two lower
energy peaks must be assigned to the Dy < Sy transition. By aligning the calculated and
experimental spectra, we determine the adiabatic ionization energies to the Dy state as
AEgo =9.755 eV. This value is 0.475 eV smaller than that of formamide (10.23(6) eV [36])
and 0.021 eV greater than that of acetamide (9.734(8) [36]). According to the Huang—Rhys
factors (Figure 7), the main vibrational structure is related to the skeletal stretching motions
associated with the largest geometry changes upon ionization, specifically vc_c = 179 meV
(1444 cm ™), ve_n = 196 meV (1584 cm~!) and vc—p = 132 meV (1061 cm™!). Notably,
the C=0 stretching displays a considerably reduced frequency as a result of the remarkable
bond length elongation in the cation (compare 1.224 A in Sop with 1.29 A in Dy, see
Table 1). The “B” and “C” features of the lower energy peak can be associated with the
Scce =32meV (260 cem 1) and dccn = 57 meV (456 cm 1) bending motions, respectively.
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Figure 7. Calculated wavenumbers 7 and Huang—Rhys factors Sy for the vibrational normal modes of
the Dy < So (MP2/aug-cc-pVTZ) and Dy <— Sp (TD-B3LYP/aug-cc-pVTZ) transitions of syn-acrylamide.

The positioning of the D; < Sy transition is more challenging. In Figure 5, we propose
a tentative assignment with an adiabatic ionization energy AEy = 10.31 eV, corresponding
to peak H. This value is 0.033 eV smaller than that of formamide (10.64(2) eV [36]) and very
close to that of acetamide (10.28(2) [36]). According to the Huang—Rhys factors (Figure 7),
the most active normal modes are dccc = 38 meV (306 cm™ 1), ve_y = 172 meV (1388 cm ™ 1),
dcco =80 meV (648 cm™1), and ve—c = 161 meV (1297 cm~!). Notably, different vibration
modes are active in the ionization to D; compared to Dy, on account of the different
geometry changes documented in Table 1 for the D <— Sy and Dy < Sy transitions.

Finally, the peaks “I” and “L” can be reasonably assigned to the resolved ionization
band of the C=C r-type orbital, their energy difference being 176 meV, a value very similar
to that of the previously considered transitions.

3.3. XPS

The inner shell photoemission spectra of acrylamide are shown in Figures 8-10,
with the values predicted at the SAC-CI/cc-pVTZ level of calculation for syn-acrylamide.
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Figure 8. C(1s) photoemission spectrum of acrylamide and calibrant CO, recorded with photon
energy 382 eV and resolution 0.22 eV. The calibrant line lies at 297.7 eV [37]. Blue and red lines are
the measured and SAC-CI/cc-pVTZ predicted binding energy values.
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Figure 9. N(1s) photoemission spectrum of acrylamide and calibrant N recorded with photon energy
495 eV and resolution 0.24 eV. The calibrant line lies at 409.9 eV [37]. Blue and red lines are the
measured and SAC-CI/cc-pVTZ predicted binding energy values.
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Figure 10. O(1s) photoemission spectrum of acrylamide and calibrant CO; recorded with photon
energy 628 eV and resolution 0.38 eV. The calibrant line lies at 541.3 eV [37]. Blue and red lines are
the measured and SAC-CI/cc-pVTZ predicted binding energy values.

The measured and theoretical ionization are listed in Table 2. The predictions are
overestimated by about 0.7-0.8 eV with respect to the observations. As regards the amide
frame, the observed binding energies are smaller (O(1s) —0.5 eV, N(1s) —0.5 eV, C1(1s)
—0.3 eV) than those of formamide [38] suggesting an overall electron donating effect of
the vinylic 7 electron cloud. Differently, the observed acrylamide binding energies are
greater (O(1s) +0.2 eV, N(1s) +0.2 eV, C1(1s) +0.4 eV) than those of N-methylacetamide [39].
In addition, in the case of 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl (CoH15N202)
that for our purposes can be described as an acrylamide frame embedded in cyclic nitroxyl
radical through the C=C bond, the binding energies of acrylamide are blue shifted: O(1s)
+0.32 eV, N(1s) +0.07 eV, C1(1s) +0.16 eV and C2/C3(1s) +0.33 [40]. Comparison with
pyridin-2-one, where the amide frame is embedded in a conjugate ring system, shows
that the O(1s) binding energy of acrylamide is +0.6 eV greater, whereas the N(1s) binding
energies is —0.4 eV smaller [41].

3.4. NEXAFS

The observed K-edge photoabsorption spectra of acrylamide are given in Figures 11-13.
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Figure 11. Photoabsorption spectrum of acrylamide in the region of C(1s) excitation recorded with
288 eV and 296 eV photon energy and 0.065 eV resolution and calibrated using the 1s — 7* CO,
line at 290.77 eV [42]. The dashed vertical lines indicate the location of the ionization thresholds.
Continuous lines identify the measured energies.
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Figure 12. Photoabsorption spectrum of acrylamide in the region of N(1s) excitation recorded with
401 eV photon energy and 0.070 eV resolution and calibrated with respect to the 1s — 71* N line at
401.10 eV [43]. The dashed vertical line indicates the location of the ionization threshold. Continuous
vertical lines identify the measured energies.
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Figure 13. Photoabsorption spectrum of acrylamide in the region of O(1s) excitation recorded with
536 eV photon energy and 0.130 eV resolution and calibrated with respect to the 1s — 77* CO; line at
535.4 eV [44]. The dashed vertical line indicates the location of the ionization threshold. Continuous

vertical lines identify the measured energies.

The photoabsorption energy values of the main peaks are listed in Table 4 with the
term values calculated as difference with the ionization energy:

T=BE—E (5)

142



Photochem 2022, 2

In the same table, we report the assigned features of related molecular systems
formamide (NH;-CHO [45]), acrolein (CH,=CH-CHO [46]) and 3-carbamoyl-2,2,5,5-
tetramethyl-3-pyrrolin-1-oxyl (CoH15N20; [47,48]), as well as the results of the theoreti-
cal simulation.

Table 4. Energies (E/eV), term values (T/eV) and assignment for the main features observed in
K-shell spectra of acrylamide and analogous compounds. Calculated (SAC-CI/cc-pVTZ) energy
values, term values, oscillator strengths (f) and shape of selected unoccupied MOs of syn-acrylamide

are also given.

Acrylamide Formamide Acrolein C9H15N,0,

E, /T, E T, (f., 102) E,/T, [45] E, [46] E, [48] Assignment
C1 BE 294.16 294.88 294.5 - 294.0
C2; C3 BE 291.03 291.79; 291.60 290.7
C(a) 287.85/6.31 288.40/6.48 (6.8) 288.1/6.4 286.10 Clls — 1m*
C (b) 284.52/7.27 285.18/5.85 (6.0) 284.19 C31s — 1m*
C(o) 284.27/7.33 284.97/6.06 (3.0) 284.19 C21s —» 1nt*
N BE 405.97 406.77 406.5 405.9
N (a) 401.00/4.97 402.83/3.94 (1.0) N 1s — 1o*
N (b) 401.70/4.27 402.59/4.18 (1.5) 401.9/4.6 401.95/3.95 N 1s — 17*
N (c) 402.87/3.10 404.01/2.76 (3.1) 403.15/2.75 N 1s — 20*
O BE 537.22 537.99 537.7 - 536.9
O (a) 531.14/6.08 532.30/5.69 (2.9) 531.5/6.2 530.59 531.3/5.6 O1ls — 1%
O (b) 534.06/3.16 537.04/0.95 (0.6) 533.57 534.3/3.0 O1ls — 2%

N A T G

17*

27* 1lo* 20*

Most of the observed peaks can be assigned to transitions from the 1s atomic orbital
to the first unoccupied 7t* orbital. The predictions are overestimated by about 0.6-1.2 eV
with respect to the observations the shifts increasing in going from C to O. The 1s — 7*
absorption energies of acrylamide are smaller than formamide and larger than acrolein.
As regards the other features, by comparison with acrolein, the observed peak O(b) can
be assigned to the 1s — 27* transition. We note that in this case the calculated value
is considerably overestimated. Besides the 1s — 7t* peak, N(b), the nitrogen NEXAFS
spectrum shows two other significant signals: a shoulder at lower energy, N(a), and
an intense peak at higher energy, N(c). The same spectral profile has been observed in
3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl [47,48], although the shoulder is clearly
overlapped with the vibrational resolved band of N», used as calibrant. Actually, in the
spectrum of acrylamide, the N(a) signal does not show any additional vibrational structure.
Thus, we infer that it pertains to acrylamide itself. Accordingly, calculations predict a lower
energy, less intense 1s — 1c0* transition that can be related to N(a) and a higher energy
more intense 1s — 2¢* transition that can be related to N(c). Despite comparison with
other analogous molecular systems (see Table 4) support the assignment of peak N(b) to the
1s — 17t* transition, we observe that, based exclusively on the predicted energy values, the
assignment of peaks N(a) and N(b) should be inverted. However, the predicted absorption
intensities are in good agreement with the first proposed assignment.
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4. Conclusions

We have performed an extensive core and valence level investigation of acrylamide
and reported the theoretical and experimental photoelectron and photoabsorption spectra,
as well as calculated along the C-C torsion and structural data of the ground and electronic
excited states. Concerning the valence photoelectron spectra, most vibronic peaks have been
successfully assigned on the basis of quantum-chemically computed geometry changes
associated with ionization of the highest energy occupied ¢, orbital and the following
mty-orbital. We find that ab initio and DFT results predict rather different equilibrium
structures for the Dy state, with the former level of theory indicating an almost negligible
energy difference between planar and twisted structures, in contrast with DFT. Interestingly,
the simulated vibronic structure based on the ab initio results agrees very closely with the
observed spectra and is in line with recently reported vibronic structure simulations for the
smaller formamide.

As regards the core photoelectron spectra, SAC-CI/cc-pVTZ calculations provide
predictions slightly overestimated (about 2%) with respect to the experimental values. It
is worth noting that the values of the inner shell orbitals calculated at the B2PLYP/aug-
cc-pVTZ are of the same order of magnitude of the corresponding binding energies. SAC-
Cl/cc-pVTZ calculations were also useful to assign the core photoabsorption spectra. Thus,
we find generally good agreement between theory and experiment, with few discrepancies
that will be the subject of future investigations. More specifically, further investigation
of the N(1s) absorption spectrum is warranted, and Resonant Auger-Meitner or angular
resolved photoemission spectroscopy experiments could provide additional information
for a refined assignment of the outer valence UPS spectrum.
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Abstract: Presented study included human blood from healthy people and patients with BReast
CAncer gene (BRCA) mutation. We used Raman spectroscopy for BRCA mutation detection and
the bioanalytical characterization of pathologically changed samples. The aim of this study is to
evaluate the Raman biomarkers to distinguish blood samples from healthy people and patients with
BRCA mutation. We demonstrated that Raman spectroscopy is a powerful technique to distinguish
between healthy blood and blood with BRCA mutation and to characterize the biochemical compo-
sition of samples. We applied partial least squares discriminant analysis (PLS-DA) to discriminate
BRCA1/2 mutations and control samples without the mutations based on vibrational features. The
sensitivity and specificity for calibration obtained directly from PLS-DA are equal to 94.2% and 97.6%
and for cross-validation are equal to 93.3% and 97%. Our combination (Raman spectroscopy and
PLS-DA) provides quick methods to reliably visualize the biochemical differences in human blood
plasma. We proved that Raman spectroscopy combined with the chemometric method is a promising
tool for hunting BRCA mutation in breast cancer.

Keywords: Raman spectroscopy; human blood plasma; BRCA mutation; PLS-DA

1. Introduction

The blood is an important fluid that circulates through the body and has a lot of func-
tions that are fundamental for survival [1]. The blood transports oxygen to cells and tissues
and delivers substances necessary for living cells, such as sugars or hormones, as well as
removing waste products from cells [2]. The blood also regulates the right temperature and
concentration for each component of the blood [3]. The important function of the blood is
to protect the body from diseases and infections [2—4]. From monitoring specific markers
in the blood, we can obtain essential molecular information, which reveals the real health
status based on metabolism [5]. The blood contains biomarkers that characterize cancer
pathology processes and altered metabolism and reprogramming [6—10]. Blood marker
analysis including BRCA mutations may help to identify the early stages of pathological
processes that can lead to the development of cancer [11]. Breast cancer is one of the
most common cancer in the population and one of the most common cancer deaths [12].
One of the hallmarks of a higher risk of breast cancer is related to mutations in breast
genes (BRCA). Normal BRCA genes produce proteins that repair DNA [13,14]. People
with BRCA1/2 mutations have a higher level of risk of cancer disease, particularly breast
cancer [15,16]. There are reports demonstrating that tumor grade correlates with the level
of BRCA proteins [17].

The protein expression induced by BRCA mutations in breast cancer has been studied by
numerous groups [6,18-25]. E. Gross et al. used chromatography to study BRCA mutations [26].

Recently, next-generation sequencing (NGS) technologies have been widely developed
for BRCA mutations analysis [27,28]. E. Szczerba et al. studied BRCA mutations in tumor
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tissues by using bioinformatic NGS software programs to analyze BRCA. NGS procedures
can improve clinical diagnosis in the near future [21,29-32].

The molecular diagnosis of genetic disorders is defined as searching for and revealing
defects in deoxyribonucleic acid (DNA) and/or ribonucleic acid (RNA) samples. The
methods for identification of the disease-causing mutations can be classified as methods
for the detection of known and unknown mutations [33-35].

Peripheral blood is treated with ethylenediamine tetraacetic acid (EDTA) or sodium
citrate to prevent clotting and the human genomic DNA can be isolated and purified [36,37].

In families carrying a pathogenic variant in BRCA1 and BRCA2 genes, usually, the
gold-standard Sanger sequencing method is used to detect them. This method uses the
selective incorporation of chain-terminating dideoxynucleotides by DNA polymerase
during in vitro DNA replication [38,39].

The main technique dedicated to the detection of known mutations in BRCA1 and
BRCAZ? is the polymerase chain reaction (PCR) and its various options, for example, real-
time PCR with high sensitivity and specificity [40—42].

In cases of large genomic rearrangements, such as the exons deletions or amplifications
in hereditary breast cancer, another molecular diagnostic technique of multiplex ligation-
dependent probe amplification (MLPA) is used for large genomic rearrangements [43—46].

The BRCA gene test is a standard method used for people who inherited this mutation
based on family history. However, it is justified to find new methods for the detection
of cancer mutations that will provide deeper insight into biochemical alterations. This
may be provided by Raman spectroscopy and Raman imaging. By establishing changes in
Raman spectroscopic profiles in the human blood, it will be able to determine molecular
differences, leading to establishing biochemical alterations during cancer progression in
humans. Moreover, Raman spectroscopy allows the label-free molecular sensing of a
biological sample [47-51].

To the best of our knowledge, only a few papers report on Raman spectroscopy to
study BRCA mutation. L.R. Allain et al. reported the use of Surface Enhanced Raman
Spectroscopy (SERS) to monitor the BRCA1 breast cancer mutations on modified silver sur-
faces [52]. They proved that the SERS technique for gene expression studies is a significant
step forward in enabling biological quantification [52]. Another group that used SERS to
analyze BRCA mutation was that of M. Culha et al. [53]. The most important achievement
of Pal’s group was the preparation of a protocol for binding cresyl fast violet (CFV), a SERS-
active dye (label) containing an aromatic amino group with a modified oligomer that has a
carboxy-derivatized thymidine moiety using carbodiimide coupling [54]. The potential of
using Raman spectroscopy for BRCA analyses was investigated also by Vo-Dinh et al. [55]
and Coluccio et al. [56].

Raman imaging and Raman spectroscopy are tools that provide information about the
biochemical composition of organelles in single cells and identify cancer biomarkers that
can discriminate between the normal state and cancer pathology.

There are a vast popular machine learning tools that are used as feature selectors and
classifiers. Among these, partial least squares discriminant analysis is the most common
method used to identify vibrational biomarkers. PLS-DA is an algorithm for the predictive
and descriptive modeling and discriminative variable selection.

PLS-DA analysis allows for the calculation of sensitivity and specificity. Sensitivity is
described by the equation:

sensitivity = 1P
~ (TP+EFN)
Specificity is described by the equation:
specificity = _IN
~ (IN+FP)

where TP is the true positive result, FN is the false negative result, TN is the true negative
result, and FP is the false positive result.
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The PLS-DA method also provides information about the Receiver Operating Char-
acteristic (ROC). ROC is a measure of a classifier’s predictive quality that compares and
visualizes the tradeoff between the model’s sensitivity and specificity [57,58].

The goal of this paper is to demonstrate that Raman spectroscopy combined with sta-
tistical methods is a quick and reliable tool for monitoring BRCA mutations. In this paper,
we present that Raman spectroscopy results combined with statistical methods of artificial
intelligence make it possible to discriminate between healthy people without BRCA mutations
and patients with BRCA mutations by testing human blood plasma. In particular, we focus on
the analysis of 104 Raman spectra of blood plasma from 15 patients without BRCA mutations
(control) and 460 Raman spectra from 85 patients with BRCA mutations by using chemometric
methods to differentiate between the samples. We demonstrate that Raman spectroscopy
provides a new promise to provide a perfect tool for BRCA mutation diagnosis.

2. Materials and Methods
2.1. Sample Preparation

Blood samples were obtained from the Voivodeship Multi-Specialist Center for On-
cology and Traumatology in Lodz. The spectroscopic analysis did not affect the scope of
the course and type of hospital treatment undertaken. A written informed agreement was
obtained from all patients. The Bioethical Committee at the Medical University of Lodz,
Poland (RNN/17/20/KE) approved the measurement protocols.

Patients were diagnosed with or without BRCA mutations and treated at the Voivode-
ship Multi-Specialist Center for Oncology and Traumatology in Lodz. Real-time PCR kit
for detection of 8 mutations, BRCA1 (185delAG, 4153delA, 5382insC, 3819delGTAAA,
3875delGTCT, T181G (Cys61Gly), 2080delA) and BRCA2 (6174delT) (Sacace Biotechnolo-
gies), was used to detect BRCA1 and BRCAZ2.

We examined 2 groups of patients participating in the experiment: (1) healthy people,
i.e., without the BRCA 1/2 mutations and without oncological disease, and (2) patients
with (a) mutation of the BRCA 1/2 genes who did not suffer from oncological diseases and
(b) cancer patients with a mutation of the BRCA 1/2 patients after recovery for whom the
treatment process was completed (with at least 5 years of survival free from the appearance
of a new cancer pathology). The ratio of patients in groups 2a to 2b was estimated as
40%:60%. The demographics and clinical trials for cohort A were: Females aged >18
(documented carrier of a germinale pathogenic mutation in BRCA1 or BRCA2 genes).
Females aged >18 (with a diagnosis of invasive breast cancer or/and invasive ovarian can-
cer or/and pancreatic cancer and documented carrier of a pathogenic mutation in BRCA1 or
BRCA2 genes). The demographics and clinical trials for cohort B (control group) were:
Females aged >18 without any prior cancer diagnosis and without germinale pathogenic
mutation in BRCA1 or BRCA2 genes (demonstrated normal genetic testing results). Ex-
clusion criteria for (Cohort A and Cohort B) were: pregnant or breast-feeding subjects,
major surgery within 4 weeks prior to the study entry, history of clinically significant
disease or other immunosuppressive disease, HIV infection, receipt of any blood product
within 2 weeks prior to the study entry, any illness or condition that in the opinion of the
investigator could affect the safety of the subject or the evaluation of any study endpoint,
and active drug use or dependence that, in the opinion of the investigator, could interfere
with adherence to study requirements.

For all experiments, we used human fresh blood. Blood samples were collected in
ethylenediamine tetraacetic acid (EDTA) vials and subsequently centrifuged at 3500 rpm
for 5 min at 18 °C to obtain the plasma samples. A 10 puL drop of each blood plasma was
placed on clean CaF, windows (Crystran). Raman spectra were recorded in the different
localizations around the center of the dry drop.

2.2. Raman Spectroscopy

The Raman measurements were recorded using an alpha 300 RSA+ (WITec, Ulm, Ger-
many) combined with a confocal microscope coupled via the fiber of 50 pm core diameter
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with a spectrometer UHTS (Ultra High Throughput Spectrometer) (WITec, Ulm, Germany)
and a CCD Camera (Andor Newton DU970N-UVB-353) (Andor Technology, Belfast, North-
ern Ireland) operating in standard mode with 1600 x 200 pixels at —60 °C with full vertical
binning. A standard calibration procedure was performed every day before measurement
with the use of a silicon plate (520.7cm~!). Raman data were pre-processed using the
WilTec Project 4.1 Plus Software. Each Raman spectra were processed to remove cosmic rays
(model: filter size: 2, dynamic factor: 10). The corrected Raman spectra were smoothed by
a Savitzky and Golay procedure (model: order: 4; derivative: 0) and baseline subtraction
(Raman peaks from the studied spectral range were fitted to second-degree polynomial).
The Raman measurements were performed by using excitation of a laser beam (SHG of
the Nd:YAG laser (532 nm)) and 40 x dry objective (Nikon, objective type CFI Plan Fluor
CELWD DIC-M, numerical aperture (NA) of 0.60 and a 3.6-2.8 mm working distance).
Raman spectra for plasma blood samples were recorded using integration time 1s and
10 numbers of accumulations. All experiments were performed using a laser with a power
10 mW at the sample position.

The baseline subtraction (baseline mode: user-defined and baseline anchor points:
2nd derivative (zeroes)) and the normalization (model: divided by norm) were performed
by using Origin software. The normalization was performed by dividing each spectrum by
the spectrum norm, according to:

IV
V=
@

[ V= /v2+v3+...v2

where:
vn is the nth V value [59].
The normalization procedure was performed for the spectral region of 400-1700 cm !

2.3. Statistical Analysis

We analyzed samples with BRCA mutation from 85 patients and samples from control
patients without BRCA mutations from 15 patients. A total of 460 Raman single spectra for
BRCA mutations samples and 104 Raman single spectra for control patients were analyzed.

Statistical chemometric analysis was performed by using MATLAB and PLS_Toolbox
Version 4.0 (Eigenvector Research, Wenatchee, WA, USA). Partial Least Squares Discrimi-
nant Analysis (PLS-DA) was used for building predictive classification models to validate
the classification models and to calculate sensitivity and specificity. The PLS-DA used for
the classification and cross-validation as well as permutation testing was used to validate
the classification models. We used cross-validation: Venetian blinds w /10 splits, which
means that each test set was performed by selecting every 10th object in the data set, starting
at the data numbered 1. A ROC curve analysis was also performed. The PLS-DA analysis
was performed using an imbalanced group approach (85 samples from patients with BRCA
mutation and 15 samples from control patients). More details about chemometric methods
were described in our previous papers [57].

3. Results and Discussion

In this section, we present the results for human blood plasma from patients without
BRCA mutations (control) and patients with BRCA mutations. Figure 1 presents average
normalized Raman spectra of human plasma with standard deviation (dark shadows)
based on 104 single spectra (control, blue line) and 460 spectra of patients with BRCA
mutations (red line). Additionally, the difference Raman spectrum (human blood plasma
with BRCA mutation—control, marked with as a green line) is presented in Figure 1.
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Figure 1. The normalized average Raman spectra typical for plasma from healthy people (control,
blue line) with SD (blue shadow), plasma from patients with BRCA mutation (red line) with SD (red
shadow) and the difference spectrum (blood plasma with BRCA, control) (green line). One can see

from Figure 1 that the Raman spectra of the human blood plasma can be characterized by vibrational
peaks at 750, 851, 956, 1004, 1156, 1337, 1444, 1520 and 1656 cm™~ L. The tentative assignments of

Raman peaks observed in human blood plasma are presented in Table 1.
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Table 1. Tentative assignments of Raman peaks [60,61].

Wavenumber [cm—1] Tentative Assignments
750 tryptophan, cytochrome c, hemoglobine
851 tyrosine
956 hydroxyproline/collagen backbone
1004 phenylalanine
1156 carotenoids
1337 cytochrome b
1444 fatty acids, triglycerides
1520 carotenoids
1656 amide I, lipids

One can see from the difference spectrum at Figure 1 that the peak at 1004 cm ™!

assigned to phenylalanine and 750 cm ™! corresponding to cytochrome c/hemoglobine are
positive, which confirms the higher amount of cytochrome c in blood plasma with BRCA
mutation. The positive difference is also observed at the Raman signal at 1656 cm~!. This
peak is assigned to amid I/lipids, which is stronger in the Raman spectra for blood plasma
with BRCA mutation (positive correlation in difference spectrum).

Comparing the Raman signals at 1444 cm~! assigned to the C-H bending vibrations
of fatty acids/triglycerides CH; or CHj3, one can see that this band is stronger for healthy
blood plasma (negative correlation in difference spectrum). The same tendency is observed
for the Raman signals at 1156 cm ™! and 1520 cm~! assigned to carotenoids. This result
supports our previous findings from our previous papers for cancer pathology [57,62].

To visualize chemical similarities and differences between human blood plasma for
patients without BRCA mutations and blood plasma samples for patients with BRCA
mutation, we used multivariate statistical methods for data interpretation. We performed
statistical analysis for 564 single Raman spectra (460 Raman spectra of 85 human blood
samples with BRCA mutation and 104 Raman spectra of 15 human blood samples without
BRCA). A large number of samples and multidimensional Raman vectors (intensities vs.
wavenumbers) were analyzed with dimension reduction by means of partial least squares
discriminant analysis (PLS-DA).

Figure 2 shows the PLS-DA score plot for the Raman spectra of the human blood
plasma samples with BRCA 1/2 mutations and the samples without BRCA mutations. The
latent variable (LV) is the percent variance capture by model. The 95% confidence interval
is presented by the PLS-DA ellipse (blue dashed line).

One can see from Figure 2 the evident separation between human blood plasma with
BRCA and human blood plasma without BRCA mutations. The differences are clearly
visible from grouping the results into two separate clusters: blue color samples without
BRCA mutations and red for samples with the BRCA mutations. Raman spectra for human
blood plasma without BRCA mutations (blue circle) are grouped in the left upper area of
the plot, while the samples from human blood plasma with BRCA mutations (red circle)
are grouped in the right upper area and in the lower area of the plot.

To extract the molecular information contained in the LV1, LV2, LV3 and LV4, we
used the loading plots presented in Figure 3 that reveal the most important characteristic
features in the Raman spectra.
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Figure 2. The scores plots (model: mean center) LV3 vs. LV1 (panel A), LV3 vs. LV2 (panel B) and
LV4 vs. LV2 (panel C) obtained from the PLS—DA for the Raman spectra of blood plasma without
BRCA mutations (blue circle) and for Raman spectra of blood plasma with BRCA mutations (red
circle) and the 95% confidence interval in panel (A—C) (blue dashed line).
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Figure 3. PLS—DA loading plot for LV1, LV2, LV3 and LV4 for the Raman spectra of the human
blood plasma without BRCA mutations and Raman spectra of the human blood plasma with BRCA

mutation and the difference spectrum (blood plasma with BRCA, control).

The loading plots of LV1, LV2, LV3 and LV4 versus wavenumbers obtained from
PLS-DA methods for two classes of spectra typical for human blood plasma without BRCA
mutations and for human blood plasma with BRCA mutation and comparison with the
difference spectrum (blood plasma with BRCA—control) are shown in Figure 3. One can
see that the loading plots show the changes around the characteristic Raman peaks of
carotenoids, lipids and proteins.

One can see from Figure 3 that the first LV1 has a contribution of 33.51%, LV2 a
contribution of 24.14%, LV3 a contribution of 11.01% to variance and LV4 a contribution
of 2.49% to variance. LV1, LV2 and LV3 provide the dominant account for the maximum
variance in the data.

The most characteristic minima in the loading plot of LV1 are at 511 cm~1, 750 em ™1,
851 cm™~1, 1004 cm™1, 1337 em™!, 1444 cm~1 and 1656 cm ™! and the most characteristic
maxima in the loading plot are at 1156 cm ! and 1520 cm . The LV2 reaches its minima at
1156 cm ™! and 1520 cm ™! and maxima at 750 cm !, 1004 cm ™!, 1337 cm ! and 1656 cm 1.
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The LV3 reaches its minima at 1004 cm™—% 1156 cm !, 1520 cm ™! and 1656 cm ! and
maximum at 750 cm 1. The LV4 reaches its maxima at 750 cm !, 1004 cm 1, 1156 cm ™!
1337 cm~!, 1444 cm™1, 1520 cm ! and 1656 cm 1.

Table 2 presents the results of the sensitivity and specificity obtained from the PLS-DA method.

7

Table 2. The values of sensitivity and specificity for the calibration and cross-validation procedure
from PLS-DA analysis.

Healthy Blood Plasma Blood PlaMsma .WIth BRCA
utation
Sensitivity (calibration) 0.942 0.976
Specificity (calibration) 0.976 0.942
Sensitivity (cross validation) 0.933 0.970
Specificity (cross validation) 0.970 0.933

In 2018, a survey of laboratories offering BRCA1/BRCA2 sequence analysis was
reported, which revealed a large number of differences in technology, such as gene coverage,
sensitivities, cost, single-site analyses and a variant of uncertain significance. The reported
sensitivity was 97% and the median was 99.5% with a range from 85.2 to 100% [63].

We compared the sensitivity and specificity obtained by Raman method with other
methods, such as immunohistochemistry, for which sensitivity to predict for BRCA1 muta-
tion carriers was 80% and specificity was 100%, with a positive predictive value of 100%
and a negative predictive value of 93% [64].

ROC curves (Receiver Operating Characteristic) for blood plasma samples without
BRCA mutations (control) and for blood plasma samples with BRCA mutations are pre-
sented in Figure 4. Figure 4 confirms the high potential of Raman spectroscopy to differen-
tiate between patients without BRCA mutations and with BRCA mutations.
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Figure 4. ROC curves for two classes of Raman spectra assigned to blood plasma without BRCA
mutations (control) and blood plasma with BRCA mutation. The red dot means the value that
maximized both the sensitivity and specificity values of the target class.

4. Conclusions

In this paper, we used Raman spectroscopy to monitor BRCA mutations in human
blood plasma. Raman spectroscopy and PLS-DA are useful tools for the diagnosis of breast
BRCA mutations. Raman spectroscopy and chemometric method were successfully applied
to characterize and differentiate between human blood plasma without BRCA mutations and
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human blood plasma with BRCA mutation. The sensitivity and specificity for calibration
obtained directly from PLS-DA are equal to 94.2% and 97.6%, respectively, and for cross-
validation are equal to 93.3% and 97%, respectively, which were higher than the values of the
conventional methods of sequence analysis in molecular biology used to date.

The results presented in this paper demonstrate that Raman biomarkers provide
additional insight into the biology of human blood plasma. The differentiation by Raman
spectroscopy between blood plasma without BRCA mutations and blood plasma with
BRCA mutations is important because the high specificity and sensitivity can lead to better
genomic breast diagnosis. Our results can help to implement Raman spectroscopy as a tool
for blood analysis to investigate BRCA mutations.
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Abstract: Under solvothermal conditions, the Zn(II) complexes formed from salophen-based ligands
with N and O donor atoms are reported. These Zn(II) complexes were initially confirmed through
elemental analysis and supported by mass spectral data. The purity of the ligands and Zn(II)
complexes was confirmed by using NMR spectral studies. The functional group complexation
was established by FT-IR analysis. Additional supportive information about the complexes is also
reported through molar conductance and thermal studies. The bandgap energies of the ligands
and Zn(II) complexes are estimated with UV-visible DRS studies. The rate of recombination of
hole-electron pairs is directly related to photocatalytic activity, which is confirmed by using emission
spectral analysis. The surface metaphors for ligands and complexes are obtained from FESEM
analysis. These new sequences of Zn(Il) complexes were used for the photooxidation of 2,2’-(ethyne-
1,2-diyl)dianiline and its derivatives. Mechanistic studies on the fast degradation of dyes were
supported in the presence of several scavengers. The rapid photooxidation process in the presence of
[Zn(CPAMN)] has been demonstrated, and a highly efficient photocatalyst for the photooxidation
of 2,2/ -(ethyne-1,2-diyl) dianiline has been proposed. Furthermore, the experimental findings are
supported by the DFT studies.

Keywords: Zn(II) complexes; DFT calculations; photocatalytic oxidation; rate of recombination;
surface area; 2-(2-nitrophenyl)-3H-indol-3-one

1. Introduction

The coordination chemistry of transition metal complexes has been the subject of broad
study in the past few decades. Moreover, metal-Schiff base complexes have continued to
enjoy extensive magnitude owing to their structural diversity and potential applications
in pharmacology and catalysis. Most of the studies have aimed to understand the role of
M(II) cations in many metalloenzymes in terms of structure-function relationships [1]. The
importance of transition metals in several biological systems [2] has motivated the study
of the complexes of Zn(Il) ions. Studies on lower/higher oxidation state complexes are
of special importance because of their potential uses as oxidizing agents, catalysts [3-5]
and electro-catalysts [6,7] for the oxidation of compounds such as alcohols, esters and
water [8,9]. M (II) complexes with various Schiff base ligands play an important role in
coordination chemistry, and a recognized Schiff base ligand is a salophen kind [10], with
a bi-functional and tetradentate ((-ONNO-) ligand. Some asymmetric salophen kinds of
Schiff’s base were described by R. Atkins [11] in 1985, who suggested a wide-ranging
term for salophen kinds of tetradentate ((ONNO-) ligands. Because of the aromatic ring’s
substitution and outline hydroxyl group, salicylaldehyde and its analogues are suitable as
building blocks for salophen-based ligands. As soon as the azomethine group is formed
between the aldehyde and the primary amine, the alignment of the salophen kind of
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Schiff’s base [12,13] will form a new six-membered ring when it is complexed with different
metal ions.

Schiff’s base metal complexes with different d-block metals such as manganese [14],
cobalt [15], copper [16], and zinc [17] are extensively used as catalysts in oxidation reac-
tions. These metal complexes are active and selective catalysts in a diversity of organic
transformations as well as being straightforwardly synthesized, inexpensive and stable [14].
Schiff’s base ligands are typically 2-hydroxybenzaldehyde or salophen ligands. The high
electron-donating capability of the Schiff bases is good for promoting the rate of elec-
tron transfer. As a result, these salophen-type ligands are being considered as potential
candidates for increasing the overall catalytic performance of azomethine-functionalized
complexes [18,19].

Jacobsen’s catalyst is used in the well-known epoxidation reaction with a Schiff base
catalyst [13,20]. At the same time, Japanese chemist, Katsuki et al., reported a very strong
asymmetric epoxidation with a chiral catalyst that is correspondingly a salophen-based
Mn(III) complex [21]. Several substituents at the 3,3" and 5,5 positions of Schiff base and
an azomethine scaffold based on Jacobsen'’s catalyst were examined [22,23]. In the primary
surveys of the (salophen) Mn(Ill)-catalyzed epoxidation, Zhang noticed that steric moieties
such as phenyl and #-butyl groups at the 3,3’ location of the salophen system are crucial in
the direction of attaining great enantioselectivity [13]. Metal-salophen-kind Schiff bases
of uranyl complexes also play an important role as catalysts in Diels—Alder reactions [24].
Katsuki et al. reported the synthesis of asymmetric epoxidation of unfunctionalized olefins
in the presence of chiral (salophen) manganese (III) complexes [23].

Zn(Il) complexes include zinc carbonate, zinc acetate, zinc chloride, zinc nitrate, and
zinc sulfate, along with zinc oxide, which may be of the greatest importance in affording its
viable consequences as a semiconductor material [25]. Zn(II) Schiff base complexes [26]
and Zn(II)-based frameworks [27] exhibit excellent photocatalytic activity.

Presently, one of the focused areas of research has been dedicated in recent years to the
mixed ligand complexes of transition metals containing nitrogen and oxygen donors [28],
with potential applications such as the luminescent and fluorescent detection of nitroaromat-
ics [29,30]. In this current article, we designed and synthesized three Schiff base salophen
ligands and their Zn(II) complexes and reported their photocatalytic and photooxidation
studies. The significance of the present work is that all the photooxidation reactions were
carried out in the presence of the Zn(II) complex and water as a solvent in visible light
irradiation conditions. Moreover, the multiple photooxidation and cyclization reactions of
new indol-3-one based compounds and also the amine group converted into a nitro group.
Therefore, this photocatalytic reaction is a multiple photooxidation reaction.

2. Materials and Methods

'H and '3C-NMR spectra were recorded on a Bruker AV400 MHz Spectrometer with
chemical shifts referenced using the 1H resonance of residual CDCls and ds-DMSO. Mass
spectra of the complexes were recorded by an HR-EI instrument (JEOL, Tokyo, Japan). The
melting points of the complexes were verified by using a Cintex apparatus with range
50-450 °C. Thermograms of all the samples were obtained using a Shimadzu differen-
tial thermal analyzer (DTG-60H) with a heating rate of 10 °C min~! in the range from
50 to 1000 °C under a nitrogen-purging rate of 20 mL/minute. The surface morphology
and cross-section images of the devices were taken by field-emission scanning electron
microscopy (FE-SEM, ULTRA PLUS, a member of Carl Zeiss). FT-IR spectra were con-
firmed using Bruker spectrometer with 4 cm ™! resolution. The phases of the new materials
were established by powder X-ray diffractometer (Miniflex, Rigaku, Tokyo, Japan) (Cu
Ka, A = 1.5406 A angle range of 20 = 10° to 45°). The electronic spectra were measured in
CHCl3/DMF (2:1) solutions on Shimadzu UV-3600 Plus UV-Vis Spectrophotometer. The
photoluminescence (PL) spectra of the catalysts were documented on a Fluorescence Spec-
trophotometer F-7100 and with respect to their absorption maxima. All the photoreactions
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were performed by using a multi-tube photo reactor system with LED visible light, Lelesil
Innovative Systems, India.

2.1. Synthesis of N», Op)—Donor-Based Schiff’s Base Ligands

To a solution of 2-hydroxy-1-naphthaldehyde (50 mmol) in ethanol (50 mL) at 60 °C,
we added 4-chlorobenzene-1,2-diamine/4-fluorobenzene-1,2-diamine /4-methoxybenzene-
1,2-diamine (25 mmol) drop wise. The resulting reaction mixture was allowed to reflux
for 4 h. After the reaction mass cooled down and the solvent was taken out, a standard
aqueous workup was done to obtain the ligand (Scheme 1) as 1,1’-((1E,1'E)- ((4-chloro-1,2-
phenylene)bis(azanylylidene))-bis(methanylylidene))bis(naphthalen-2-ol) (CPAMN), 1,1'-
((1E,1"E)-((4-fluoro-1,2-phenylene)bis(azanylylidene))-bis(methanylylidene))bis(naphthalen-
2-ol) (FPAMN) and 1,1-((1E,1’E)-((4-methoxy-1,2-phenylene)bis(azanylylidene))bis
(methanylylidene))bis-(naphthalen-2-ol) (MPAMN).

R
_0
2 +
Reflux 4h
H,N OH HO
R = CI (CPAMN)
= F (FPAMN)

= OMe (MPAMN)

Scheme 1. Synthesis of new salophen-based Schiff’s base ligands.

2.2. Synthesis of Zn(1I) Complexes

The Schiff’s base ligand (CPAMN/FPAMN/MPAMN) (1.00 mmol) and Zn(OAc);
(1.00 mmol) were dissolved in methanol (30 mL); then, they were heated at 60 °C under
solvothermal conditions for 8 h. The solvent was evaporated under reduced pressure
and recrystallized to yield microcrystalline materials with a yield of the materials 64-75%
(Scheme 2).

R = CI ([Zn(CPAMN)])

_ Zn(OAc), _ =N_ N= O =F (1Zn(FPAMN)])
OH HO Methanol Methanol, 60 °C Q o™™o = OMe ([Zn(MPAMN)])

Scheme 2. Synthesis pathway for new Zn(II) complexes.

All the metal complexes were characterized using data from different instrumental
techniques such as elemental analyses, mass spectra, TH-NMR, 13C-NMR, IR studies,
thermal studies, electronic spectra, and conductivity studies. The particle size and shape of
complexes were examined through morphological studies by using FESEM.

3. Results and Discussion

The physicochemical and elemental data of both ligands (CPAMN, FPAMN and
MPAMN) and Zn(Il) complexes are given in Table S1. The experimental data of ele-
ments such as H, C, N, Cl, and Zn coincide with the calculated values and are equal to
[Zn(CPAMN)], [Zn(FPAMN)], and [Zn(MPAMN)], respectively. The Maldi mass spectral
data of the ligands and Zn(II) complexes were well-matched with the respective molec-
ular weights of the molecules. The mass spectra of all ligands and its Zn(I) complexes
(Figures 51-56) were measured with the Maldi mass procedure (HRMS) and revealed
that the base peak was given as [ML]*. The m/z values of 513.154, 497.075, and 508.843
for Zn(Il) complexes correspond to molecular ions of [Zn(CPAMN)], [Zn(FPAMN)], and
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[Zn(MPAMN)], respectively [31]. These formulae are supported well by the data acquired
from mass spectral studies of all the ligands and complexes.

The purity of the ligands was checked by 'H-NMR spectra recorded in dg-DMSO. The
broad signals at & 15.109 and 14.978 ppm are indicative of the presence of the protons of
phenolic -OH groups of CPAMN ligand [32]. The singlet observed at 6 9.680 and 9.671
ppm can be assigned to the azomethine protons of the CPAMN ligand. The signals in the
range of 6 8.584-7.020 ppm (Figure S7) may be attributed to the aromatic protons. Similarly,
the TH-NMR spectra of the FPAMN ligand also reveal phenolic -OH groups, azomethine,
and aromatic protons at 15.109, 14.979, 9.692, 9.683, and 8.593-7.029 ppm, respectively
(Figure S8) [28]. In the case of the MPAMN ligand, at 15.749 ppm, phenolic protons were
observed (Figure S9). As shown in Figures 57-59, the remaining azomethine and aromatic
protons are arranged in nearly the same pattern in the CPAMN, FPAMN, and MPAMN
ligands. Similarly, the diamagnetic nature of Zn(Il) complexes was verified by using 'H-
NMR spectra in dg-DMSO at ambient condition (Figure S10). The disappearance of an
Ar-OH protons resonance signal was observed as compared to ligands, which indicates that
the ligand is complexed with Zn?* ions through phenolic hydroxy groups. The azomethine
protons of all the three Zn complexes shifted to the deshielding by 0.12-0.20 ppm, and this
indicates that the Zn?* ions complex with nitrogen atoms [32,33]. The remaining resonance
signals of aromatic protons are moved very minor to upfield side in the 'H-NMR spectrum
of each complex as related to those in the spectrum of each ligand.

The imine carbon resonance signal, shown at 169.827 ppm in the spectral data of the
ligand FPAMN, is found to have altered to the downfield side by 3.931 ppm. Therefore, it
indicates that imine carbons were shifted toward the lower frequency side and exposes that
the Zn2* ions complexed with nitrogen atoms [34]. All the remaining resonance signals of
carbon atoms present in aromatic rings have shown a very minor shift to the deshielding in
the 13C-NMR spectrum of every complex as related to its ligand spectrum. The spectrum
of the Zn(II) complex has shown a new signal at 188.668 ppm, which is characteristic of the
coordinated phenolic carbon atom (Figure S11).

The bonding vibrational modes of all the ligands and Zn(II) complexes were recorded,
and the comparison between IR spectra of ligands (CPAMN, FPAMN, and MPAMN) and
their Zn(II) complexes is shown in Figure S12. The strong peaks noticed at 1645-1660 cm ™!
and 3295-3345 cm ™! in the spectrum of ligands are recognized as the stretching vibrational
modes of the imine (-C=N-) and phenolic (-OH) groups, respectively [35]. In all of the
complexes, the phenolic group goes away compared to the ligand spectrum, and the imine
peaks move to lower frequencies. This shows that the azomethine group is coordinated
with zinc. Two new absorptions were observed in the IR spectra of the complexes when
compared to their corresponding ligands; one is around 428, 436, and 419 cm™! (v (Zn-N))
and the other is around 516, 522, and 518 cm ™! (v (Zn-O)) for [Zn(CPAMN)], [Zn(FPAMN)],
and [Zn(MPAMN)], respectively. These absorptions in the IR spectra of complexes indicate
that the Zn(II) ion is coordinated to the CPAMN/FPAMN/MPAMN through two imine
and two phenolic -OH groups [35]. The IR spectral data of Zn(II) complexes along with
details are presented in Table 1, and representative spectra are shown in Figure S12a—c.

Table 1. Infrared and electronic spectral data (em~1) of Zn(II) complexes.

Complex v (Ar-OH) v (-C=N-) v (Zn-0) v (Zn-N) Aonset (nm) Eg (eV) (Solizigcl(‘es‘t/;te) Arsel;l‘(flillczjg)
CPAMN) 3295 1645 - - 503.66 2.46 2.75 65
FPAMN 3306 1652 - - 512.39 2.42 2.72 59
MPAMN 3345 1660 - - 514.52 2.41 2.87 57
[Zn(CPAMN)] - 1628 516 428 596.15 2.08 2.18 208
[Zn(FPAMN)] - 1634 522 436 553.57 2.24 2.15 184
[Zn(MPAMN)] - 1642 518 419 568.80 2.18 2.24 169
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The P-XRD peaks of the ligands CPAMN, FPAMN, and MPAMN exhibited 20 values
in between 5 and 3 with high-intensity peaks at 25.82°, 25.91°, and 24.79°, respectively.
However, the [Zn(CPAMN), [Zn(FPAMN)], and [Zn(MPAMN)] complex peaks changed
when they were linked to their respective ligands. The peaks revealed in the [Zn(CPAMN),
[Zn(FPAMN), and [Zn(MPAMN)] complexes at 26 = 9.26°, 9.28°, and 5.78° were new and
intense after complexation with Zn(II) ions, whereas the peaks at 26 = 25.82°,25.91°, and
24.79° had a small shift and decreased in intensity (Figure 1). This indicates that Zn(II)
complexes are formed with salophen ligands [36].

a— [ZN{MPAMN]]

e [Z 11 F PANIN )]

—[Z 1 CP AMN]]

Normalized Intensity (cps)

5 10 15 20 25 30 35
20

Figure 1. Powder XRD pattern of ligands and Zn(II) complexes.

In order to investigate the morphology features of samples, SEM characterization was
performed. The results showed that there were sufficient Zn(Il) complex nanofibers with a
large aspect ratio, uniform diameter, and smooth surface. This was a foregone conclusion
during the solvothermal synthesis of Zn(II) complex nanofibers [36]. Figure 2 shows the
morphology of the molecules stirred in the ethanol solution. The results show that Zn(II)
ions were able to be complexed with ligands, and the morphology of the ligands changed
completely. Based on the data obtained from physicochemical and spectral studies of Zn(II)
complexes, the tentative structures are shown in Scheme 2. The surface areas of the ligands
CPAMN, FPAMN, and MPAMN were lower than those of Zn(II) complexes ([Zn(CPAMN],
[Zn(FPAMN)], and [Zn(MPAMN)]). However, the ligand surface area is much smaller than
all the complexes and is given in Table 1.
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Figure 2. FESEM metaphors of (a) CPMAN, (b) FPMAN, (c) MPMAN ligands; (d) [Zn(CPMAN)],
(e) [Zn(FPMAN)] and (f) [Zn(MPMAN)] complexes.

3.1. Molar Conductance and Thermal Analysis

The molar conductance of Zn(Il) complexes was studied to establish the nature of
the complexes, whether they are ionic or covalent in nature. The concentration of all
the complexes was precise in dimethylformamide at 10~3 M. The outcomes are shown
in Table S1, and the range of the molar conductance of all the complexes is 12.49 to
16.19 ohm ™! cm? mol~!. These data suggest that all the Zn(II) complexes were non-electrolytic
in nature [37]. After 48 h of retest, the molar conductance values of each complex coincide
with the initial data. Therefore, all the complexes are stable due to strong complexation
with Zn(Il) ions with salophen ligands.

The thermal stability of all the Zn(II) complexes was studied to understand the de-
composition characteristics. The thermogravimetric data of all the Zn(II) complexes were
recorded under an inert condition (N2 atmosphere) up to 800 °C with a heating rate of
10 °C min~! and are presented in Table S2. All the Zn(II) complexes of CPAMN, FPAMN,
and MPAMN, undergo decomposition in a single stage, which indicates that the metal-
to-ligand ratio is 1:1, as shown in Figure 3. The observed TG curves show that Zn(II)
complexes lose their ligand part [38] at single-step weight losses of up to 84.12% (calculated
83.58%) between 250 and 700 °C. The TG curve shows a plateau from 250 to 700 °C and
then no further decomposition up to 800 °C. The obtained values match with the theoretical
values for the ligand part of each complex and the final part or residual mass specified as
anhydrous ZnO as the final product. Therefore, the crucible consists of a small amount of
undecomposed part of the complex left, which corresponds to ZnO [38].

3.0

125

=8 [Zn(CPAMN)] 2.0 =t [Z0 (F PAMN]] | e [ZN(MPAMN)]
251
1.64
@ & 2.0
3 S
1.24
- o 1.51
S 0al =
5 5 104
2 0.4 ® 05l
— 0.0 L———————————r
500 635 780 125 250 375 500 625 750 125 250 375 500 625 750
0 0
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3. Thermograms of Zn(II) complexes.
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3.2. Absorption and Emission Studies

The electronic spectra of Zn(II) complexes were recorded in DMEF, and we also ex-
amined the solid-state UV-vis-DRS spectra, which are shown in Figure 4 and Figure S13.
Each ligand consists of the three important transitions, such as 7t — 7* with two different
aromatic rings, and another transition is n — 7* of the azomethine group. All of the bands
in the ligand are shifted to a higher wavelength region after complexation with Zn(II) ions
due to ligand to metal charge distribution via Tog — Ty, [39]. The solution spectra of
ligands CPAMN displays the bands at 318, 379, and 453 nm, respectively, whereas in the
complexes [Zn(CPAMN)], they show at 331, 416, and 468 nm, respectively. Similarly, other
ligands FPAMN, MPAMN, and their metal complexes also showed three bands.

1.4 - ] o=
oA Q (@) | =12 =t
- : -
8 ® 10 K10
o 1.0+ - i
- Los o 08
<08 < <
K T 06 T 0.6
I 0.6+ b a
— N =04
© 0.4+ = 0.4 ©
E £ o2 Eo2
§ 0.24 :5 B —a— FPAMN Q —e— [Zn(MPAMN)]
gip ]~ ZnerEAmNy § . Z 0] — En(FPamN] Z 0.0 ‘ .
300 400 500 600 700 300 200 500 500 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4. UV-visible spectra of (a) CPAMN and [Zn(CPAMN)], (b) FPAMN and [Zn(FPAMN)] and
(c) MPAMN and [Zn(MPAMN)].

Figure S13 depicts the UV-visible diffuse reflectance spectra (UV-vis-DRS) of Zn(II)
complexes, revealing that the absorption edge of the Zn(Il) complexes is located in the
visible light region [39]. It indicated that visible light should be selected as the driving force
for the photocatalysis of these complexes. The bandgap (Eg) of the Zn(II) catalyst was used
further for the improvement of optical performance. It can be calculated according to the
following equation:

(xhv) = A(Eg —hv)?

where A is a constant, h is Planck’s constant and v is the frequency of the incident light [40].
The Eg of the complexes [Zn(CPAMN)], [Zn(FPAMN)], and [Zn(MPAMN)] was 2.18, 2.15,
and 2.24 eV, respectively, which was much smaller than that of standard ZnO (3.9 eV),
indicating that the energy band structure of the complexes has been modified. Compared
to the pure ligands CPAMN, FPAMN, and MPAMN, which were 2.75, 2.72, and 2.87 eV,
respectively (Table 1), the reduced bandgap of the Zn(II) complexes made it easier to
generate separated electrons and holes under the visible light radiation. Based on the above
analysis, it can be concluded that the Zn(II) complexes could effectively utilize visible light
to induce photocatalysis.

To get further insight into the observed electronic excitations, time-dependent density
functional theory (TD-DFT) calculations have been performed for all the molecules under
study [41]. The absorption properties of all the ligands have been calculated using the TD-
B3LYP functional with a 6-31G(d,p) basis set. Absorption energies, oscillator strength, major
transition, and percentage weight of ligand molecules are given in Table S3. The calculated
absorption maximum for CPAMN, FPAMN, and MPAMN are at 437 nm, 442 nm, and
455 nm, respectively, and these are in good agreement with the experimentally observed
absorption energies. All the ligands show a major transition from HOMO to LUMO.

The absorption properties of all the metal complexes have also been calculated using
TD-B3LYP functional with a mixed basis set. The standard basis set of atomic functions
6-31G(d,p) was used for H, C, N, F, Cl and O atoms of metal complexes, and the LANL2DZ
effective core potential basis set was used for zinc metal. The absorption values of three
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complexes are shown at 453 to 459 nm (shown in Table S3). The major transitions in all the
metal complexes are also from HOMO to LUMO.

Frontier molecular orbital pictures of the molecules are shown in Table 54 for ligands
and metal complexes, respectively. For all ligands, the distribution of electron density in
HOMO is centered on chloro, fluoro, and methoxy substituted benzene. As for the LUMO of
all the molecules, electron density is spread over the acceptor (naphthalene rings) through
the m-spacer (bridge), as shown in Table S4. In the case of metal complexes, the electron
density in HOMO and LUMO is spread over the backbone of the ligands (Table S4). The
HOMO-LUMO energy gap (HLG), along with HOMO and LUMO energies, is calculated
for all the ligand molecules and is given in Table S5. The HOMO energies of CPAMN
and FPAMN are —5.25 eV and —5.16 eV, respectively, which indicate the destabilization
of the HOMO level on replacing Cl with an F atom. Similarly, the LUMO energies of
CPAMN and FPAMN are at —1.87 eV and —1.81 eV, respectively. This result reveals that in
both cases, the energy gap is nearly the same, but as we replace the Cl atom and F atom
with the -OMe group at the central benzene ring, there is an increase in HOMO as well
as in LUMO energy levels (destabilization), as shown in Figure 5a. The destabilization of
the HOMO level is higher than the destabilization of the LUMO level, as corresponds to
chloro and fluoro-substituted molecules. The calculated HOMO, LUMO energies, and the
HOMO-LUMO energy gap (HLG) for metal complexes is shown in Figure 5b. The HOMO
and LUMO energy levels are destabilized by C1 — F— OMe substitution on the benzene
ring, and the resultant HLG for all the three metal complexes is almost the same. It has also
been calculated and found that there is not much difference in the energy gap of the three
metal complexes shown in Figure 5b.

a b
: 20 ) 212 L&
1 -187 -1.81 -1:66 & i
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%‘ % 5‘-3.0
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=) 3.25 - 35 v
8.1 % a 1 b= 3.18 317 i
g -4 540 \ 1
“‘ 3
-4.5
& -1
{525 -5.16 i 50 1
6 — HOMO 9L nl 3
— LUMO 55 535 -5.29 5.10
CPAMN FPAMN MPAMMN [Zn(CPAMN])] [Zn(FPAMN)] [Zn(MPAMN)]

Figure 5. HOMO-LUMO energies and HOMO-LUMO gap of (a) ligands and (b) metal complexes.

The emission spectra of ligands and its Zn-complexes were recorded in solution. The
compounds were excited at A maxima of 480, 475, and 492 nm of ligands, whereas for
Zn(II) complexes, they were at 505, 492, and 520 nm, respectively. The emission spectrum
provides significant evidence about the rate of recombination of hole and electron pairs [41].
Based on this evidence, it is concluded that the ability to allocate carriers or trick charge
to investigate the possible formation of electron-hole pairs from Zn(Il) complexes [41].
As shown in Figure 6, the emission strength of the [Zn(CPAMN)] complex decreased
completely when correlated with the [Zn(FPAMN)] and [Zn(MPAMN)]. The [Zn(CPAMN)]
complex’s lower emission strength indicates a low rate of recombination, implying that
[Zn(CPAMN)] can benefit from hastening the separation of holes and electrons, resulting in
a high photooxidation process.
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Figure 6. PL spectral pattern of ligands and Zn(II) complexes.

3.3. Photocatalysis

Under visible light source conditions, new 2-(2-nitrophenyl)-3H-indol-3-one com-
pounds (2a—j) were synthesized in the presence of new Zn(Il) complexes and an oxidant
(PhI(OACc)2). The performance and stability of the catalyst play a vital role in the photocat-
alytic activities of the complexes [41]. The one-step synthetic pathway of 2-(2-nitrophenyl)-
3H-indol-3-one and its derivatives from internal alkynes [42] is shown the in supporting
information as Scheme S1. It is also noticed that the formation of 2-(2-nitrophenyl)-3H-
indol-3-one (2a-j) as products at 500 watts with a tungsten lamp.

3.3.1. Optimization of Catalysis (Ligands and Zn(II) Complexes

All the ligands and Zn(II) complexes are used for photooxidation and condensation in
the occurrence of visible light. The conversion of 2-(2-nitrophenyl)-3H-indol-3-one was not
observed in the presence of pure ligands, whereas in the presence of Zn(II) complexes, it
was shown in TLC, and after 24 h, no starting material was present (Table 2).

Table 2. Optimization of catalysts.

NH, NH, ) 0
Ligand/Zn (II) complex,
- PhI(OAc)2 O / O
— CH;CN, H,0 (1:9), hY
la 2a 0,
Intensity of the Visible . o/ i
S.No. Light (Tungsten) Time (h) % Yield Compound 5a

1 CPAMN 24 -
2 FPAMN 24 -
3 MPAMN 24 -
4 [Zn(CPAMN)] 24 84
5 [Zn(FPAMN)] 24 62
6 [Zn(MPAMN)] 24 40

3.3.2. Identifying the Active Species and Optimization of Oxidant for Photooxidation Process
The reactive species in any photocatalytic process are four types: superoxide radical
(O2°7), hydroxyl radical (*OH), hole (h*), and electron (e™) [43]. The photooxidation of
internal alkynes was established in the presence of Zn(II) complexes and various types
of oxidants, along with scavengers, are used in the visible light irradiation technique.
The effect of several oxidants was tested for photooxidation reaction promotion: of all
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the oxidants tested, the strongest is PhI(OAc), as compared to other oxidants, as shown
in Table 3. Out of these four scavengers, a considerable decline in the reaction rate was
observed in the presence of the O,°~ scavenger (benzoquinone BQ). The existence of
electron scavengers (K;S,0g KSO) affects the rate of photooxidation (is slower) of 2,2’-
(ethyne-1,2-diyl)aniline, which indicates that the electrons also reactive species for the
photooxidation procedure. As a result, these findings imply that the generated O,*~
and electron (e™) are the primary active species in photooxidation reactions. Hence, a
photocatalytic mechanism [44] was proposed for the construction of compound 2a in the
presence of Zn(Il) complexes and the PhI(OAc); system (Figure 7).

Table 3. Optimization of oxidant and identification active species in the presence of scavengers for
conversion of 2-(2-nitrophenyl)-3H-indol-3-one.

Oxidant Scavenger (T:::S ConI‘{/aetr:lon
Tert-butyl peroxide t-butyl alcohol 24 10
Pyridine N-oxide t-butyl alcohol 24 16
4-Methylpyridine N-oxide t-butyl alcohol 24 22
(Diacetoxyiodo)benzene t-butyl alcohol 24 84
Bis(tert-butylcarbonyloxy) iodobenzene t-butyl alcohol 24 69
[Bis(trifluoroacetoxy)iodo]benzene t-butyl alcohol 24 74
Tert-butyl peroxide Benzoquinone 24 5
Pyridine N-oxide Benzoquinone 24 2
4-Methylpyridine N-oxide Benzoquinone 24 trace
(Diacetoxyiodo)benzene Benzoquinone 24 15
Bis(tert-butylcarbonyloxy) iodobenzene Benzoquinone 24 8
[Bis(trifluoroacetoxy)iodo]benzene Benzoquinone 24 5

( w
O Y O {[Zn(Il) complex](H20)x(OAc)x}  H,N
W\
Visible Jight Q
PhI(OAc)2

CH;CN & H,0 (1:9)

Cy ) =

—N_—'N

H,N ]l I 0, C 02" ¥

O
k/ Zn(ll) complex

Figure 7. Proposal mechanism for formation of 2-(2-nitrophenyl)-3H-indol-3-one.

In this photocatalysis process, we focused mainly on three features, such as (i) variation
in the strength of the energy source (effect of visible light), (ii) the effect of solvent and
(iii) recyclability and stability of the catalytic system.

Effect of Visible Light Intensity

The various types of visible light sources [45] used with different intensities play a
dynamic role in initializing the photooxidation and condensation in the occurrence of
a photo-catalyst. The variation of the power is directly proportional to the visible light
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strength, which is related to the yield and time of the final compounds as presented in
Table 3. In total, 500 watts of tungsten light was used for all the reactions, and the yield of
by-products (diones) was reduced by two-fold. Finally, optimization with 0.02 mmol of a
photocatalyst system is sufficient to yield the 2-(2-nitrophenyl)-3H-indol-3-one (Table 4) in
twenty-four hours with an obtained yield of 84%.

Table 4. Optimization of the intensity of visible light.

o
NH, NH,

[Zn(CPAMN)], PhI(OAc)2 O ) O
O — O CH;CN, H,0 (1:9), h®

0,

1a 2a

Intensity of the Visible Light Time (h) % Yield Compound 52

(Tungsten)
1 300 Watts 46 40
2 400 Watts 38 62
3 500 Watts 24 84

2 After purification.

Effect of Solvent

The reaction has not progressed in the absence of acetonitrile solvent (Table 5), suggest-
ing that acetonitrile is crucial for this oxidation process. We thus studied different protic
and aprotic solvents, particularly acetonitrile as an additive in H,O. As shown in Table 5,
the reaction was much slower in methanol, ethanol, CH,Cl,, CHCl3, DMSO, toluene, and
DMF than in acetonitrile.

Table 5. Solvent effect for the synthesis of new 2-(2-nitrophenyl)-3H-indol-3-one.

S.No. Solvent and H,O Time (h) Yield (%) Compound 2a
1 Toluene 24 32
2 Dichloroethane 24 58
3 THF 24 35
4 1,4-Dioxane 24 18
5 Acetone 24 21
6 Methanol 24 30
7 Ethanol 24 42
8 CH3CN 24 84
9 DMF 24 13
10 DMSO 24 9
11 Pure H,O 24 65

One distinguishing feature that distinguishes acetonitrile from other solvents is its
oxygen solubility. Oxygen is highly soluble in acetonitrile (8.1 mM) than in other usually
used organic solvents [46], such as DMSO (2.1 mM) and DMF (2.1 mM). Dioxygen plays a
crucial role in this conversion. For confirmation, a controlled experiment was performed in
degassed acetonitrile; only 4% yield was observed in 24 h of reaction time, as compared
to 84% of compound 2a yields in acetonitrile with water (1:1). The same was performed
without organic solvent; only pure water as solvent had a 65% yield. This experiment
shows that O, plays a role in the oxidation of the substrates in the presence of Zn(II)
complexes and the PhI(OAc), system. It also acts as a photocatalyst, which means it helps
the process go faster. Therefore, in the acetonitrile and water solvent systems, these act as
proper accelerators for the consequent solvent selection.
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Recyclability and Stability of the Catalytic System

Subsequently, after the completion of reactions, the suspended catalyst residue at the
bottom was separated by the centrifugation process. The collected catalyst samples are
of their original color, such as dark brown, indicating that the photo-oxidative product
washed out the entire product present on the catalyst surface with dichloromethane to
obtain the dark brown-colored catalyst [Zn(CPAMN)]. After the third rotation of the
reaction, all the 'H-NMR peaks are slightly broadened, as shown in Figure 8. Despite this,
the [Zn(CPAMN)] photocatalyst performed 78% and slightly decreased the compound yield
in the following cycle, which is due to the decreased purity of the complex [47,48]. After
the photocatalysis process, the metal complexes recovered. Estimation of powder-XRD
and FESEM analysis were carried out and are shown in Figures 9 and 10, respectively. As
compared to the powder-XRD pattern and FESEM metaphors of pure Zn(II) complex with
after photocatalysis, there was a very slight change in 20 values, whereas there was no
change in the morphology of pure and after photocatalysis.

(a) Pure [Zn(CPAMN)]

QI

(b) After Photooxidation reaction

=l
&

Q<

bt
=}

Figure 8. 'H-NMR spectrum of (a) pure and (b) after photocatalysis [Zn(CPAMN)] complex.
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After [Zn(MPAMN)]

Pure [Zn(MPAMN)]

L A A
After [Zn(FPAMN)]

2 ] a2
Pure [Zn(FPAMN)]

After [Zn(CPAMN)]

Pure [Zn(CPAMN)]

Normalized Intensity (cps)

5 10 15 20 25 30 35
20 (Deg.)

Figure 9. Powder XRD pattern of pure and after photocatalysis Zn(II) complexes.

Figure 10. FESEM images of pure (a) [Zn(CPAMN)]; (b) [Zn(FPAMN)]; (c) [Zn(MPAMN)]; and after
photocatalysis (d) [Zn(CPAMN)]; (e) [Zn(FPAMN)] and (f) [Zn(MPAMN)] complexes.
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3.3.3. The Efficiency of the Photocatalyst System

As shown in Figure 11, the order of efficiency of the photocatalyst system with all sub-
strates shows that [Zn(CPAMN)] and PhI(OAc), are more active than both [Zn(FPAMN)]
and [Zn(MPAMN)] complexes. In the Scheme S1 (supporting information), synthesis of the
compound 2a is a unique pathway such as the photooxidation method, and the formation
of the indolone ring containing by-product is a minor yield. All the reactants and final
target molecules are shown in Table 6, and the data of the final molecules are shown in
Figures S14-533. Finally, the new [Zn(CPAMN)] complex performance was compared with
some reported Zn-complexes as given in Table 7; the reported new Zn(CPAMN)] shows
the better photocatalytic activity.

100

fcs [=1] ]
=1 =] =1

% of Yields

[ ]
=]

0

Figure 11. Optimization of photocatalytic performance of Zn(II) complexes.

(ZnicPAMN)T; [ tZniF PANN 1T [ (ZniMPANN )]

5a 5b 5c 5d 5e 5f 5g 5h 5i
Compounds

o]

Table 6. Synthesis of new 2-(2-nitrophenyl)-3H-indol-3-one and its derivatives.

NH,

R

Zn-complex, PhI(OAc)2

CH;CN, H,0 (1:9), hY

(0]

R

(0]
2a 2
Complexes Yield %
O [Zn(CPAMN)] 84
[Zn(FPAMN)] 59
[Zn(MPAMN)] 48
H,N o]

O _ O O b O Zn(CPAMN)] 90
H, 0, [Zn(FPAMN)] 61
1b 2b [Zn(MPAMN)] 39
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Table 6. Cont.

R

Zn-complex, PhI(OAc)2

CH;CN, H,0 (1:9), hY

Diamine Compound Product Complexes Yield %
cl H,N o o Cl
al Q _ O a O N O cl Zn(CPAMN)] 79
H, cl N
' 0, [Zn(FPAMN)] 55
1c 2¢ [Zn(MPAMN)] 42
F HN o) F
F
F Q _ O . O \ O . Zn(CPAMN)] 81
F N
He F o, [Zn(FPAMN)] 49
1d 2d [Zn(MPAMN)] 31
F H,N E o F
_ Jd O Zn(CPAMN 85
= L0 S(CPAMN)
N i 0, [Zn(FPAMN)] 51
1e 2e [Zn(MPAMN)] 43
cl H,N o (o} Cl
o~ = )9 . O b O o Zn(CPAMN)] 86
(o}
HZ
y ' o, [Zn(FPAMN)] 49
2f [Zn(MPAMN)] 37
NC H,N NG o CN
NC O = O CN O ) O CN Zn(CPAMN)] 69
NC N
Nz o %, [Zn(FPAMN)] 50
1g 2g [Zn(MPAMN)] 41
NH, CN NG o] CN
O _ O O b O Zn(CPAMN)] 74
NC H 0, [Zn(FPAMN)] 38
1h 2h [Zn(MPAMN)] 21
NH, o o cl
cl O = O cl O \ O Zn(CPAMN)] 87
N
e 0, [Zn(FPAMN)] 56
1i 2i [Zn(MPAMN)] 32
FiC H,N F.C [0} CF;
3
ro—{ )= Fca iy O b O CF, Zn(CPAMN)] 64
Hzl. ’ °: [Zn(FPAMN)] 35
) 2 [Zn(MPAMN)] 19
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Table 7. Optimization of photocatalyst (PC) for conversion of 2,2'-(ethyne-1,2-diyl)dianiline into
2-(2-nitrophenyl)-3H-indol-3-one with various commercially available and new Zn(II) complexes.

S.No. Photocatalyst Time (h) Yield (%) @
PC-1 Dichloro(N,N,N’ N’-tetramethylethylenediamine)zinc (28308-00-1) 24 -
PC-2 Zinc bis[bis(trimethylsilyl)amide] (14760-26-0) 24 5
PC-3 Zinc di[bis(trifluoromethylsulfonyl)imide] (168106-25-0) 24 8
PC-4 Ziram (CAS No. 137-30-4) 24 10
PC-5 Zinc phthalocyanine (14320-04-8) 24 -
PC-6 [Zn(CPAMN)] 24 84
PC-7 [Zn(FPAMN)] 24 59
PC-8 [Zn(MPAMN)] 24 48

@ After purification.

4. Conclusions

In this study, we concluded the synthesis and account of the new three Schiff base
salophen ligands and their Zn(Il) complexes. The newly obtained Zn(Il) complexes are
examined by analytical, thermal, and spectroscopic studies. We studied the photooxidation
of 2,2'-(ethyne-1,2-diyl)dianiline and its derivatives in the presence of Zn(Il) complexes and
converted them into new 2-(2-nitrophenyl)-3H-indol-3-one and its analogues under visible
light irradiation. When compared to ligands, the bandgap energies of all Zn(II) complexes
change only marginally, but their surface area increases three-fold. The outstanding pho-
tooxidation catalytic performance of [Zn(CPAMN)] is due to the low rate of recombination
of hole—electron pairs, larger surface area, and low bandgap. Hence, the [Zn(CPAMN)]
complex is suggested as an effective photocatalyst for the oxidation process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /photochem2020025 /s1, Figures S1-S11: H, 13C NMR and mass
spectral data of ligands and its metal complexes; Figure S12: IR spectral images of ligands and Zn(II)
complexes; Figure 513: UV-vis-DRS spectra of ligands and Zn(II) complexes; Figures S14-533: NMR
and mass spectral data of 2,2'-(ethyne-1,2-diyl)dianilines; Table S1: Analytical and physicochemical
data of Zn(II) complexes; Table S2: Thermal data of Zn(II) complexes; Table S3: Electronic excitations
(AcaL in nm) oscillator strength (f) major transitions (MT) and % weight (%Ci) of ligands and
complexes at TD-B3LYP/6-31G(d,p) method; Table S4: Molecular orbitals pictures of HOMO LUMO
for ligands; Table S5: Calculated HOMO, LUMO energies and HLG (in eV) of ligands and complexes.
Scheme S1: Synthesis process for 2-(2-nitrophenyl)-3H-indol-3-one and its derivatives.
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