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Abstract: The potential of E-Z photoisomerization in molecular organic light-to-thermal conversion
and storage in an E-styryl merocyanine system was studied in a polar acidic medium. A photoswitch-
able styryl merocyanine dye (E)-2-(2-(2-hydroxynaphthalen-1-yl)vinyl)-3,5-dimethylbenzo[d]thiazol-
3-ium iodide was synthesized for the first time. The reversible E-Z photoisomerisation of the dye
was investigated using UV-Vis spectroscopy and DFT calculations. E-Z isomerization was induced
through the use of visible light irradiation (A = 450 nm). The obtained experimental and theoretical
results confirm the applicability of the Z and E isomers for proton-triggered light harvesting.

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

1. Introduction

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

The photochromism of spiropyrans is due to the interconversion between the ring-
closed spiropyran (SP) structure and ring-open merocyanine (MC) form, in which the
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C—0Obond is split [17]. The photochemical properties of the two isomers are quite differ-
ent, making spiropyrans unique as a class of photoswitches. Their applicability to new
spiropyran-based dynamic materials is determined by the fact that the molecules undergo
a reversible and continuous interconversion in response to variety of stimuli. Spiropy-
ran functionalized materials have been developed due to their potential applications [18].
The fluorescent properties of spiropyran-bound polymers have been studied extensively
due to their potential applications in detection and imaging. PULSAR microscopy has
been developed with a special application for imaging biological systems and overcoming
the significant problem of false positive signals due to cell autofluorescence [19,20]. The
functionalization of biomolecules with spiropyran molecular photoswitches contributes to
solving various scientific challenges, such as the light-assisted control of natural biological
properties [21,22], the photoregulation of enzyme activity [23], and others.

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

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

2. Results and Discussion
2.1. Synthesis

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

HO O Q
H DIPEA s. O S, — + HI
S e I = O
(@) EtOH H.C N* HO H3C l\{ fe)
3 I \ CH
CHs 3
2

3 4

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

The chemical structure of dye 3 was proved via NMR spectroscopy, ESI-MS spectrom-
etry, melting point and UV-VIS spectroscopy. In the proton NMR spectrum of protonated
merocyanine 3 in DMSO-dg (Figures S1-53), all of the characteristic signals of the pro-
posed chemical structure are observed. At 2.52 ppm, a singlet with integral intensity
corresponding to three protons is denoted. In our opinion, it corresponds to the methyl
group attached to the aromatic core of the benzothiazolium fragment. In a weaker field at
4.06 ppm, a singlet with integral intensity for three protons appears, which corresponds to
the methyl protons of the group directly bonded to the quaternary nitrogen atom of the
methyl-benzothiazolium fragment. The doublet at 7.01 ppm with a J-constant of 9.2 Hz
is characteristic of the methine proton of the styryl group connecting the two aromatic
moieties of the conjugated system of the dye. The other similar methine proton signal
appears at 7.84 ppm with the same J-constant as the previous one. In the aromatic part of
the proton signals, the most characteristic is the singlet appearing at 7.89 ppm, describing
the proton between the methyl group of the benzothiazlium fragment and the quaternary
nitrogen atom. The number and integral intensity of the remaining signals corresponds to
the protons in the aromatic part of dye structure 3. The presence of only positive signals in
the carbon DEPT spectrum of dye 3 (Figure S4) certifies the absence of methylene protons in
the structure and confirms the presence of methyl and methine protons, corresponding to
the proposed chemical structure. The signals at 21.65 ppm and 56.50 ppm can be assigned
to the carbon atoms from the methyl groups.

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

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

—H,0
—— TE buffer
MeOH
0.8 1 —— EtOH
——— DMSO

DMF
——AcCN
—— CHCl,
Tol

o
»
1

Absorption (au)
o
iSS

0.2 1

300 400 500 600 700
Wavelength (nm)

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

+
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() = S SO X =0
= HO HaC NH\=

HO I Hs I tHS
Hs

Trans-styryl (TS) Cis-styryl (CS) Spiro

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

. Dielectric Amax1 (nm) €1 Amaxz (nm) €

Solvent Polarity Index Permittivity e Styryl (L x mol-1 x cm~1) MC (L x mol-1 x cm~1)
Toluene 2.4 2.3741 481 9 490 589 13,160
CHCl; 4.1 4.71 e 590 55,700
MeOH 5.1 32.613 459 10510 574 72,860
EtOH 5.2 248 e - 581 76,980
Acetonitrile (AcCN) 58 35.688 451 15220 582 43,540
DMF 6.4 37219 e 588 50,050
DMSO 7.2 46.826 —— e 590 72,190
H,O 10.2 78.355 454 23180 543 14,930
TE bufferpH=7 - 407 6460 535 38,960

As can be seen from Figure 1, the solvatochromism of the merocyanine form is mainly

vertical (molar absorptivity from 13,160 L x mol™! x cm™

in toluene till

76,980 L x mol™! x cm™! in ethanol) with a weak red /bathochromic shift of the longest
wavelength maximum going from less polar to more polar solvents. This positive solva-
tochromism is an indication of an increased dipole moment of the excited state relative
to the ground state. Meanwhile, for the trans-styryl form, we observed a negative sol-
vatochromism typical for dyes of the styryl cyanine type [22]. The merocyanine form
predominates in some solvents (Table 1), while both forms of the dye exist simultaneously

in other solvents.

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

0.6
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Figure 2. Acetic acid triggered merocyanine to styryl form (3 to 4) isomerization in DMF as a solvent.
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The solution was irradiated with a 450 nm laser for different periods of time to induce
cis-trans isomerization. The irradiation of the solution (dye 3 in DMF and acetic acid)
resulted in a substantial decrease in the intensity of the band responsible for the trans-styryl
form of the dye (Figure 3). As can be seen from Figure 3, the irradiation after the fortieth
minute leads to a complete disappearance of the signals for forms 3 and 4, which is visually
registered as a complete discoloration of the solution. This phenomenon is accompanied
by an increase in the absorption intensity at 363 nm, which can be associated with the
formation of the cis-styryl isomer and its eventual incorporation into a spiropyran cycle.
The formation of a second isosbestic point at 390 nm (Figure 3) confirms this hypothesis.
The color of the solution did not recover, and the system did not return to the original
absorbance values at 450 nm, even after six months of relaxation in the dark at room
temperature and/or upon heating to 50 °C. The irreversibility of the E-Z isomerization
process in DMF-acetic acid makes these conditions unsuitable for the intended application.

—— DMF 220 ul AcOH

TS .
0.3 ——5 min 450 nm
—— 10 min
—— 15 min
= 20 min
3 25 min
- 0.2 ——30 min
i) ——40 min
°
o
301+ MC
<
0.0

400 500 600
Wavelengthg (nm)

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

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

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

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

—— EtOH
—— EtOH 20 ul HCI
084 MC 5 min 450 nm
' —— 10 min relax
15 min relax
IS HCI 20 min relax
E 0.6 1 —— 25 min relax
g —— 30 min relax
g_ —— 40 min relax
S 0.4 TS —— 50 min relax
g —— 24h relax
<
0.2 1
0.0 -

500 600 700
Wavelength (nm)

400

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

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

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

The transition states structures are characterized via the eigenvector of the imaginary
frequency and are proven through intrinsic reaction coordinate (IRC) calculations. The
spiro form converts to the cis isomer (CS) through an energy barrier of 30.6 kcal/mol. The
trans to cis conversion has a free energy barrier of 33.6 kcal/mol (Figure 7). The theoretical
results show that the trans form is 6.5 kcal/mol more stable than the cis form. Therefore,
the transition from cis to trans results in energy gain.
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3. Conclusions

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

that can be subsequently modified in order to increase the energy difference between Z- and
E-isomers.

4. Materials and Methods
4.1. General

All of the solvents used in the present work were commercially available (HPLC
grade). The synthesis of 2,3,5-trimethylbenzo[d]thiazol-3-ium iodide (1) was prepared via
a previously described procedure [39]. 2-Hydroxy-1-naphthaldehyde (2) is commercially
available and was used as supplied. The melting points were determined on a Kofler
apparatus and were uncorrected. The NMR spectra of the samples in DMSO-ds were ob-
tained on a Bruker Avance III 500 DRX 600 MHz spectrometer at the Faculty of Chemistry
and Pharmacy, University of Sofia. Mass spectrum acquisitions were conducted at the
MPIP, Mainz, Germany on an Advion expression compact mass spectrometer (CMS) with
atmospheric pressure chemical ionization (APCI) at high temperature and low fragmen-
tation regime. The MS-spectrum was acquired in the positive ion reflection mode, m/z
range from 10 to 1000 m/z, and acquisition speed 10,000 m/z units s~ 1. The obtained

spectrum was analyzed by using Advion CheMS Express software version 5.1.0.2. at the
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MPIP, Mainz, Germany. The UV-VIS spectra were measured on a Unicam 530 UV-VIS
spectrophotometer in conventional quartz cells of 1 cm path length. The absorption spectra
were recorded for solutions with identical total dye concentrations (1 x 107> M). A thermal
stabilized single-mode diode laser passes through a spatial filter in order to reach nearly
TEMyy transversal intensity distribution, and the used laser intensity is 1 mW x 1072 cm,
A =450 nm, cw.

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

In a 50 mL round bottom flask equipped with an electromagnetic stirrer and reflux
condenser, 0.25 g (0.82 mmol) 2,3,5-trimethylbenzo[d]thiazol-3-ium iodide (1) and 0.17 g
(0.98 mmol) 2-hydroxy-1-naphthaldehyde (2) were dissolved in 15 mL ethanol and one
drop of DIPEA was added. The reaction mixture was vigorously stirred and refluxed
under argon for 2 h. After cooling to room temperature, 30 mL of ethyl acetate was added,
and the mixture was stored in a refrigerator for 24 h. The formed precipitate was suction
filtered, washed with 20 mL cold ethanol and 30 mL ethyl acetate, and air dried. Yield:
0.27 g (71%). M.p. > 250 °C. 'H-NMR (500 MHz, DMSO-d6, § (ppm)): 2.52 s (3H, CH3),
4.06 s (3H, CH3), 7.01 (d, 1H, 3]y = 9.2 Hz), 7.33 (dd, 1H, *Jyy = 7.3 Hz), 7.46 (d, 1H, CH,
3Tuu = 8.4 Hz), 7.55 (dd, 1H, 3Jyy = 7.6 Hz), 7.75 (d, 1H, 3Jyy = 7.8 Hz), 7.84 (d, 1H,
CH, 3Jgn = 9.2 Hz), 7.89 (s, 1H, CH), 8.08 (d, 1H, CH, ®Jyy = 8.2 Hz), 8.18 (d, 1H, CH,
3Tyqn = 8.4 Hz), 8.26 (d, 1H, CH, 3]y = 14.6 Hz), 8.46 (d, 1H, CH, 3]y = 14.7 Hz). 3C NMR
DEPT 125 MHz (DMSO-dg, 8(ppm)): 21.65 (CH3), 56.50 (CH3), 114.01 (CH), 115.77 (CH),
121.91 (CH), 123.56 (CH), 123.87 (CH), 128.55 (CH), 128.69 (CH), 129.55 (CH), 136.33 (CH),
139.59 (CH), 141.49 (CH). Calc. for: Co1H1gNOS* m/z = 332.4, found: ESI-MS: m/z = 332.2.
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