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A novel water-soluble stilbene-type molecular photoswitch (CP) has been synthesized by attaching an N-meth-
ylpyridinium unit to 7-diethylamino-4-methylcoumarin (coumarin 1) via an ethylene bridge. The photo-
isomerization cycle of CP and the spectroscopic properties of the two isomers were studied in acetonitrile and in
water. In both solvents, the illumination of trans-CP with green light leads to a photostationary state (PSS) with
90% cis isomer and irradiating then this PSS mixture with near UV light, the trans isomer is almost fully
recovered. In water, the quantum yield for the trans-cis photoisomerization is 0.042, for the cis-trans photo-
isomerization it is 0.23. In acetonitrile, the photoisomerization quantum yields are even higher, the respective
values are 0.12 and 0.56. The trans isomer of CP is fluorescent with red emission and it has a large Stokes shift,
whereas the cis isomer is non-fluorescent. The two isomers are thermally stable at room temperature. The effi-
cient photoisomerization of CP in both direction, the thermal stability of both isomeric forms and the distinct
fluorescence of the trans isomer suggest that some water-soluble coumarin-based photoswitches may be prom-
ising candidates for applications in fluorescence imaging of biological samples.

1. Introduction norbornadienes are some very popular classes of synthetic photo-
switches [14,15]. By absorbing light of a suitable wavelength, stilbenes
[16] and azobenzenes [17] undergo an E-Z isomerization [18], spi-

ropyrans, fulgides and diarylethenes perform a ring-opening/closing

Molecular photoswitches are systems of two isomeric molecules, the
thermodynamically stable isomer can be converted into the metastable

form by light irradiation. The return to the stable form can be induced by
light of a different wavelength or simply by heat. The most widely
known natural compound acting as a molecular photoswitch is 11-cis-
retinal, which isomerizes into all-trans-retinal in the photochemical key
reaction of vision [1]. Inspired by the natural photoswitches involved in
some fundamental biological functions, scientists have developed a va-
riety of synthetic photoswitches. Synthetic photoswitches have been
successful in a variety of applications such as in molecular motors [2],
photoelectronic devices [3], photoactuators [4], information encoding
systems [5], solar energy stores [6,7], fluorescent biosensors [8], pho-
tocontrol of biological systems [9], photoswitchable catalysis [10] and
photoactivable drugs [11-13].

Stilbenes, azobenzenes, spiropyrans, diarylethenes, fulgides and
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reaction [19,20], whereas norbornadienes isomerize into quad-
ricyclanes via an intramolecular cycloaddition [21].

Molecular photoswitches operable with visible light have backbones
which are extensive conjugated systems with multiple bonds and aro-
matic units. Such structures are inherently lipophilic. With respect to the
applications in biological systems (photoactivation of drugs, photo-
controlling biological processes, fluorescent imaging of biological sam-
ples), there has been a continuous research effort to improve the water-
solubility of photoswitching molecules [22]. The main strategies are to
couple hydrophilic substituents to the hydrophobic structure, or, if there
is a basic or acidic group in the photoswitch then to protonate the basic
group or dissociate the acidic group by shifting the pH. Water-soluble
photoswitches that can be reversibly cycled between a fluorescent and
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a non-fluorescent state are becoming particularly important tools in
optical imaging techniques, involving super-resolution fluorescence
microscopic methods [23]. Diraryl ethenes [24,25], spiropyrans [26]
and spiropyran-naphthalimide FRET dyads [27] have been developed
which showed photoswitchable on/off fluorescence in aqueous media.

In the present work, we studied the photoswitching properties of the
coumarin derivative CP (see Fig. 1) which has a vinylpyridinium group
in the 3-position. Coumarin dyes with various substituents attached via a
vinylene bridge to the C3 atom of the coumarin core attract much in-
terest for their diverse applications, such as fluorescent chemical sensors
[28,29], fluorescent viscosity probes [30], dye sensitizers in solar cells
[311, photocages [32,33] or dual color photoconverters [34]. The first
coumarin based stilbene-type photoswitches (Al and A2 in Fig. 2) have
been described by Richers et al. [35]. They possessed a diethylamino
electrondonor in the 7-position and one or two electron withdrawing
cyano groups attached via an allylidene group to the 3-position of the
coumarin scaffold. Irradiating them by green light in acetonitrile or
DMSO solution, they underwent a trans/cis isomerization around the
first exocyclic double bond and irradiating the cis product by near UV
light the trans isomer could be recovered.

Our cationic photoswitch, CP, proved to be sufficiently soluble in
water, allowing to study its photoisomerization cycle in aqueous solu-
tion. For comparison, its photoswitching behavior was also studied in
acetonitrile. It was hoped that CP will be switchable between a bright
and a dark state — using such fluorophores in biomaging, the interference
by autofluorescence can be eliminated by optical modulation [36,37]. A
further objective of our work was to explore the mechanism of the
photoconversion reaction of CP on the basis of theoretical calculations.
CP itself is a new compound, its analogue with a benzoate ester sub-
stituent (B in Fig. 2) acts as photocage, since irradiating it with visible
light, it undergoes photohydrolysis. The caged benzoic acid moiety is
released, leaving a 4-hydroxymethylcoumarin derivative as the other
photoproduct [33].

2. Materials and methods
2.1. General

Commercial reagents, solvents and catalysts were purchased
(Aldrich, Fluorochem, VWR) as reagent-grade and used without further
purification. Solvents for extraction were of technical quality and were
distilled for column chromatography. For spectroscopy and sample
treatment opti-grade (spectroscopic grade) quality solvents were used.
Organic solutions were concentrated by rotary evaporation at 25-40 °C.
Thin layer chromatography was carried out on SiOs-layered aluminum
plates (60778-25 EA, Fluka). Column chromatography was performed
using SiO2-60 (230-400 mesh ASTM, 0.040-0.063 mm from Merck) at
25 °C or using a Teledyne Isco CombiFlash® Rf + automated flash
chromatographer with silica gel (25-40 pm, Redisep Gold®). LC-MS
analyses were performed on a Shimadzu LCMS-2020 System operated
in electrospray ionization mode. Melting points were measured on a
Stanford Research Systems — OptiMelt device.

The samples for the NMR, UV-VIS and fluorescence spectroscopic
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measurements were prepared under dimmed light conditions and they
were kept in the dark until the beginning of the experiments. The NMR
spectra were acquired on a Varian 500 NMR spectrometer.

The UV-Vis absorption spectra were recorded on an Agilent 8453
diode array spectrometer. The steady-state fluorescence spectra and the
fluorescence decay curves were measured on an Edinburgh Instruments
FS5 combined steady-state and lifetime spectrometer, which uses the
method of time-correlated single-photon counting for measuring the
fluorescence decay. The excitation light source was a Xe steady-state arc
lamp when measuring the fluorescence spectra and an EPL 450 pulsed
diode laser (emitting at 441 nm, pulse width ~ 100 ps) when the fluo-
rescence decay curves were recorded. The fluorescence quantum yields
were determined using Rhodamine 6G as reference (®r= 0.94 in ethanol
[38]). All the optical spectroscopic experiments were carried out at 25
°C.

2.2. Syntheses

2.2.1. Synthesis of 3-bromo-7-diethylamino-4-methylcoumarin (C1-Br)
C1-Br was synthesized as previously described in the literature [39].

2.2.2. Synthesis of 7-diethylamino-4-methyl-3-(2-(pyridin-2-yDvinyl)
coumarin (C1-vPyr)

C1-Br (100 mg, 0.322 mmol, 1 eq), 2-vinylpyridine (68 mg, 0.644
mmol, 2 eq), Pdz(dba)s (28 mg, 0.032 mmol, 0.1 eq), QPhos (21 mg,
0.032 mmol, 0.1 eq) and N,N-dicyclohexylmethylamine (189 mg, 0.967
mmol, 3 eq) were dissolved in abs. DMF (2 mL) in a reactor tube under
nitrogen atmosphere. In a microwave reactor the reaction mixture was
stirred under continuous microwave irradiation to maintain 100 °C for 1
h. After completion, the mixture was dissolved in EtOAc (20 mL),
filtered through a pad of Celite and the solvents were removed by rotary
evaporation. The crude product was purified by flash column chroma-
tography (hexane — hexane/EtOAc 1:1). The product was isolated as a
yellow solid (100 mg, 93% yield). 'H NMR (500 MHz, DMSO-dg) 6 8.58
(d, J = 4.6 Hz, 1H), 7.82 (d, J = 15.7 Hz, 1H), 7.76 (td, J = 7.7, 1.8 Hz,
1H), 7.70 (d, J =15.7 Hz, 1H), 7.67 (d, J = 9.2 Hz, 1H), 7.49 (d, J = 7.9
Hz, 1H), 7.25-7.21 (m, 1H), 6.74 (dd, J = 9.2, 2.6 Hz, 1H), 6.53 (d, J =
2.6 Hz, 1H), 3.45 (q, J = 7.0 Hz, 4H), 2.55 (s, 3H), 1.14 (t, J = 7.0 Hz,
6H). 13C NMR (126 MHz, DMSO-dg) 5 = 159.46, 155.54, 154.29,
150.36, 149.83, 149.42, 136.73, 130.90, 127.06, 124.99, 122.60,
122.08, 113.35, 109.14, 108.84, 96.23, 43.99, 14.64, 12.33. ESI-MS m/
z: [MH]™" Calcd. for Co;Ha3N205 335.1760; Found 335.1743.

2.2.3. Synthesis of trans-CP

C1-vPyr (50 mg, 0.150 mmol, 1 eq) and iodomethane (280 pL, 4.50
mmol, 30 eq) were dissolved in dry MeCN (2 mL) and the reaction
mixture was stirred at 80 °C for 18 h. The volatiles were removed under
reduced pressure and the crude product was purified by flash column
chromatography (DCM/MeOH 9:1). The product was isolated as an or-
ange solid (64 mg, 90% yield). It was non-hygroscopic. 'H NMR (500
MHz, CD3CN) & 8.50 (d, J = 6.3 Hz, 1H), 8.33 (d, J = 6.3 Hz, 2H), 8.16
(d, J=15.4 Hz, 1H), 7.80 (d, J = 15.4 Hz, 1H), 7.74-7.66 (m, 2H), 6.78
(dd, J=9.3,2.6 Hz, 1H), 6.51 (d, J = 2.6 Hz, 1H), 4.20 (s, 3H), 3.49 (q, J

@l b 'e
X \'il I@ hv, Ny T ,@I
N 0o hv, /)“ 070 N
trans-CP cis-CP

Fig. 1. Chemical structures of the isomers of photoswitch CP.
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Fig. 2. Chemical structures of the coumarin-based photoswitches (A1, A2) described in Ref. [35] and the photocage (B) reported in Ref. [33].

=7.1 Hz, 4H), 2.64 (s, 3H), 1.20 (t, J = 7.1 Hz, 6H). 13C NMR (126 MHz,
CD3sCN) 6 160.84, 156.81, 156.59, 155.36, 153.24, 146.27, 144.96,
137.72,129.03,126.02,125.30,118.87,112.83,110.84, 110.14, 97.33,
46.92, 45.55, 15.35, 12.76. ESI-MS m/z: [MH]" Calcd. for CasHasN202
349.1916; Found 349.1923.

2.3. Photochemical experiments

The trans-to-cis isomerization of CP was achieved by illumination of
solution samples with a 540 nm LED through a 550 nm low-pass
(FGL550) filter, whereas the cis-to-trans isomerization was induced
with a 370 nm LED. The kinetic experiments were carried outina 1 cm
quartz cell and the photoconversion was monitored by measuring the
UV/VIS spectra of the samples. The photon fluxes in the kinetic exper-
iments were determined by chemical actinometry, using Ru(bpy)sCl,
based actinometry (®¢c, = 0.019) in the visible range [40] and ferriox-
alate actinometry [41] (®c, = 1) in the near UV range. The actinometric
measurements are described in the Supplementary Material.

2.4. Determination of the photoisomerization quantum yields

The quantum yields of the opposite photoisomerization reactions,
@, and @, were determined from the time dependent absorbance
data of the samples irradiated by the 540 nm and 370 nm LEDs (see
section 2.3). The Beer-Lambert law for a system with the two isomers as
absorbing species is

ADbS(Ap, AE,t) = Eirans(AD) ® Cirans (A, 1) ® £+ €cis(Ap) ® Ceis (A, 1) 7, (@)

where Abs(Ap, g, t) is the absorbance of the sample at detection wave-
length Ap, (= 4. or 4;) is the wavelength of the exciting light, €qns(4p)
and ¢.;5(Ap) are the molar absorption coefficients of the isomers, / is the
optical path length. Supposing that no side product is formed, thus the
mass balance is simply

Crrans (AE7 t) + Ceis (AE¢ t) = Cior- (2)

where ¢y is the total concentration, one of the isomer concentrations
can be eliminated from Eq (1),

Abs(lD7 AEy t) = [Slr(ms (AD) — Ecis (AD)] ® Cirans (1E7 l) o/ + i (]-D) ® Cior ® /L
3
The time derivative of the isomer concentration, i. e. the reaction

rate is related to the photoisomerization quantum yields. The reaction
rate of a reversible photoisomerization reaction is [42].

dc[ram‘ (/IEy [) _ d)t—w’l(/lﬁ) ° ﬂrmnsuh‘? t) _ (I)(,_”O[(/l};) ° ﬁm(AEv t) (4)
dt NyoV NyoV

where I(g) is the photon flux, N, is the Avogadro number, V is the
volume of the sample. f,q,(4g,t) and f (4, t) are the fractions of the
absorbed light which have the forms

Etrans (AE) ® Crrans (/115 ] [)

Ag,t)= 1— lofAb:(/lE,t) 5,
Brrans At g,mm(ﬁg)oc,mm(ﬂ&t)+gm(,15).cm(/1£’t)( ) (5a)
and

P (1) = ai (A) Cais (A 1) (1—10747Ge0)  (Sb)

E1rans (AE) ® Crrans (AE 1) +Ecis (Ar) @ Ceis(Ag, 1)

The isomerization quantum yields were obtained by a global fitting
of simulated absorbance time profiles to the experimental data, with
@ and @, as fitting parameters. The simulated absorbance profiles
were calculated according to Eq (3), using Cyans(Ag,t) concentration
functions generated by the numerical integration of the kinetic equation

4.
2.5. Computational methods

In the theoretical calculations, the Marvin [43] and the Gaussian 09
[44] program packages were used for the molecular mechanical (MM)
and density functional theory (DFT) calculations, respectively. First, a
MM conformation analysis was performed for both the trans- and cis-CP
molecules, applying the MMFF94 [45] force field. For the stable con-
formers that were not more than 5 kcal/mol above the lowest energy
conformer, the geometry was optimized further using the DFT method at
the wB97X-D/6-311+G** level [46,47]. The excited-state calculations
were carried out within the time-dependent DFT (TDDFT) formalism
[48]. As demonstrated, the applied functional is one of the most suitable
for calculating excitation energies [49], and its performance for
ground-state properties is also outstanding [50]. Additionally, the
selected basis set provides a reasonable compromise between accuracy
and computational requirements. To mimic the experimental condi-
tions, all (TD-)DFT calculations were performed using the polarized
continuum model [51], with water and acetonitrile as the solvents. To
obtain the ground- and excited-state potential energy surface (PES),
constrained geometry optimizations were carried out. In these calcula-
tions, the torsional angle around the central C=C bond was fixed and all
the other geometrical parameters were optimized.
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3. Results and discussion
3.1. Synthesis of photoswitch CP

The synthetic route is shown in Fig. 3. The first step was the
bromination of 7-(diethylamino)-4-methyl coumarin (coumarin 1, C1)
at position 3 with N-bromosuccinimide [39]. This was followed by the
extension of the electron system of the coumarin unit, which was
accomplished by a Heck reaction with 2-vinylpyridine. The last step was
the quaternization of the pyridine N-atom with methyl iodide, thus
forming the strongly electron-withdrawing 3-vinyl-(2-pyridinium)-cou-
marin structure. The 'H NMR spectrum indicated that the product was
pure trans isomer. The solubility of CP in water was 3.6-10> M at 25 °C.

3.2. Optical spectra of trans and cis isomers

In a preliminary experiment, a solution of trans-CP in acetonitrile
was irradiated with the green LED and it caused spectacular changes in
the appearance (see Fig. 4). Before the irradiation, the solution was
orange in color. Under UV lamp, it exhibited a strong reddish-orange
fluorescence. Following the irradiation, the color of the sample turned
to yellow and its fluorescence was quenched almost completely.

The absorption spectra of trans-CP which was available in pure form,
were taken in 2:107> M solutions in acetonitrile and in water. The
fluorescence spectra, fluorescence quantum yields and fluorescence
lifetimes of trans-CP in the two solvents were measured in 107 M
solutions.

To obtain the spectra of the cis form, photostationary mixtures were
made by irradiating the solutions of the trans isomer with the 540 nm
LED. In the fluorescence spectra of irradiated samples, no emission from
the cis isomer was observed. Only the band of trans-CP appeared with a
substantially decreased intensity, corresponding to 9% of the initial
concentration in acetonitrile as well as in water. This result was
confirmed by an NMR experiment (see Section 3.3). The relative in-
tensities of the signals in the 'H NMR spectrum of a photostationary
mixture in CD3CN also corresponded to a composition of 91% cis and 9%
trans isomer. We note that at the photostationary state (PSS) the con-
centration ratio of the two isomers is given by

(Clmns> _ (1)1'41 ® Eojs (/15) (6)
PSS

Ceis D ® Epans(AE)

(The relationship follows from Eq. (4) when the net reaction rate
reaches zero.) This means that at the PSS, the isomeric ratio does not
depend on the total concentration, thus, it will take the same value in the
samples of very different total concentrations used in our fluorescence,

o, o
I\N o o THF N 0~ ~0
§ N

0°C-RT
C1 1h C1-Br

2) Pd,dbag, Q-Phos
Cy,NMe
X WP DMF
1h MW, 100 °C

trans-CP

C1-vPyr

Fig. 3. Synthesis of the coumarin-based photoswitch CP.
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hv
ﬁ

Fig. 4. Photographs of an acetonitrile solution of trans-CP before and after
irradiation with the green LED; (left) photographs taken in daylight, (right)
photographs taken under UV light.

UV-VIS absorption and NMR experiments.

Following the determination of the isomeric ratios in the photosta-
tionary mixtures, the absorption spectra of cis-CP in the two solvents
were obtained by decomposing the spectra of the mixtures with cis
isomer excesses as the weighted sums of the spectra of the pure isomers.
This is illustrated in Fig. S3 in the Supplementary Material where the
spectrum of the photostationary mixture in acetonitrile is resolved into
the spectra of the two isomers.

The absorption spectra of the two isomers and the fluorescence
spectrum of trans-CP in acetonitrile and in water are shown in Fig. 5. The
wavelengths of the LED-s used for irradiation are indicated in the figure.
As can be seen, at 370 nm the cis isomer absorbs much stronger than the
trans isomer, whereas at 540 nm practically only the trans isomer shows
absorption, the absorption of the cis isomer is negligible. Irradiating the
samples at these wavelengths, photostationary mixtures with high
isomeric excesses could be obtained.

solvent acetonitrile

1.2 1.2
14 Itrans-CP Abs. L1
cis-CP Abs. 3
g 08 1 Itrans-CP FL. 08 E
= 0.6 - 0.6 3
2 N
= =
<04 4 - 04 E
370 nm 540 nm 2
02 4 + 0.2
0 T T T T T 0
200 300 400 500 600 700 800
Wavelength [nm]
solvent water
1.2 1.2
1 - trans-CP Abs. L1
cis-CP Abs. z
é’ 08 Otrans-CP FL. [ 08 ;
[
o o
§ 0.6 - 0.6 g
2 E
< 0.4 A 370 nm. - 04 E
=]
02 540 nny L 02 ©
0 T T T ey T 0
200 300 400 500 600 700 800

Wavelength [nm]

Fig. 5. Absorption spectra of trans-CP and cis-CP and the fluorescence spectra
of trans-CP in acetonitrile and in water. The concentrations are 2-10~> M (ab-
sorption spectra) and 10~® M (fluorescence spectra). The fluorescence spectra
were obtained with excitation at 540 nm. The arrows note the wavelengths of
the LED-s used for irradiation.
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The spectral data of the two isomers are collected in Table 1. For
comparison, the data of the parent compound C1 are also presented in
the table.

Comparing the spectral data of trans-CP and the parent compound
C1, it can be seen that the absorption band as well as the fluorescence
band of trans-CP show a significant redshift, as a consequence of the
extended conjugated system. In addition, the Stokes shift of trans-CP is
even larger than the Stokes shift of C1, indicating that the positively
charged substituent in trans-CP enhances the strong CT character of the
parent C1 molecule further.

The fluorescence quantum yields of C1 and trans-CP are lower in
water than in acetonitrile. Water is a general quencher, due to a resonant
energy transfer process, in which the electronic excitation energy of
fluorescent solutes is transformed to the energy of the high frequency
overtones and combinations of the water solvent molecules [54]. In
addition, coumarin fluorophores with rotatable dialkylamino groups,
like C1 and trans-CP, also deactivate via a highly polar dark TICT state
and this process is preferred in the highly polar water solvent [52,53]
The fluorescence quantum yields of trans-CP are lower in both solvents
than the respective ®r values of C1. This in accordance with the ability
of the excited trans-CP molecule to isomerize which is an additional
deactivation channel. Cis-CP is non-fluorescent, like the cis isomers of
many other stilbene-like molecules [55-58].

The cis isomer of the stilbene parent molecule is very weakly fluo-
rescent at room temperature, whereas the fluorescence of trans-stilbene
is relatively strong. (®%=1.2e10 % ®7%=0.055 in hexane) [59].
According to a widely used model for the photoinduced processes in
stilbene, the non-radiative S;—Sy decays of the two isomers, leading to
partial isomerization, proceeds via a common intermediate with
perpendicular conformation, called p* or ‘phantom’ state [60-62].
Starting from the trans isomer, the molecules pass over a 3 kcal/mol
barrier before reaching the p* state, whereas from the cis isomer the
rotation to the p* state is barrierless, minimizing the probability of
fluorescence emission [60,61]. Comprehensive theoretical calculations
on the photochemistry of stilbene found non-radiative decay pathways
via conical intersections, with a barrier only on the side of trans-stilbene
[63].

3.3. NMR spectra of trans and cis isomers

The 'H NMR spectra of trans-CP and a photostationary mixture were
taken in 10 mg/ml CD3CN solutions. The latter sample was obtained by
irradiating the trans isomer with the 540 nm LED light for ~20 min (A
higher photon flux was applied than in the UV-VIS experiments.) The
obtained mixture was kept in the dark until the NMR measurement.
Some characteristic ranges of the spectra are shown in Fig. 6.

The main difference between the spectra of the two isomers is shown
by the signals of the protons on the central C=C bond where the pho-
toisomerization takes place. In the spectrum of trans-CP, the pair of
doublets showing “roof effect” belong to these two protons, they appear
at 7.80 ppm and 8.16 ppm, with a coupling constant of 15.4 Hz. The
respective signals are shifted upfield by ~1 ppm in the spectrum of cis-
CP and the coupling constant is significantly smaller, 11.9 Hz.

Table 1
Photophysical properties of coumarin dyes C1, trans-CP and cis-CP.
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In the spectrum of the irradiated sample, the relative intensities of
the trans isomer correspond to ~9% molar concentration. This is illus-
trated in Fig. 6 by the 2.4-2.7 ppm ranges of the spectra where the
signals of the 4-methyl groups of the two isomers can be seen.

The complete NMR spectra of the trans isomer and the photosta-
tionary mixture with the cis isomer in excess are shown in Figs. S2 and S4
in the Supplementary Material.

3.4. Photoisomerization cycle

The photoisomerization cycles in acetonitrile and water were studied
by irradiating 2-10~> M solutions of trans-CP in the two solvents with the
540 nm LED until a stationary state was reached and subsequently,
irradiating the samples with the 370 nm LED until another stationary
state was achieved. The temporal variation of the absorption spectra in
the two solvents are shown in Fig. 7. As written in section 3. 2., the
photostationary mixtures rich in the cis isomer consisted of 91% cis and
9% trans isomer in both solvents. The subsequent back isomerization
induced by the 370 nm LED was much faster and the stationary mixtures
contained >99 % trans isomer.

The quantum yields of the opposite photoisomerization reactions
@, and ®._,; were determined from the time dependent absorbances at
540 nm, as described in Section 2.4. The results are presented in Table 2.
As can be seen, for the excited state cis isomer, the photoisomerization is
the main route of deactivation. The quantum yields for the trans-cis
isomerization are lower — the excited trans isomer also deactivates via
fluorescence emission. The ®,_,. and ®._,; values measured in water are
lower than the respective values measured in acetonitrile. This can be
explained by the same reasons as the lower fluorescence quantum yield
observed in water: the quenching effect of the water matrix and a decay
route via a highly polar TICT state. But even if the reaction rates are
lower in water, the photoactive compound can be switched efficiently
between two stationary states at which the mixture contains the trans or
the cis isomer at high excesses.

The different rates in the trans-cis and cis-trans directions, shown by
the different absorption time profiles in Fig. 7, can be interpreted in
terms of the rate equation, Eq (4) in Section 2.4. As shown by Eq (4), the
rate of the net reaction in the irradiated samples depends on the quan-
tum yields of the opposing photoreactions, on the light flux of the
irradiating beam and - via the fractional absorptions — on the absorption
coefficients of the two isomers at the irradiation wavelength. The ab-
sorption coefficients at 370 nm are related as &is>>¢€yans, promoting the
cis-trans isomerization, whereas at 540 nm they are related as &ygns>>¢cis,
favoring the trans-cis conversion. The faster cis-to-trans isomerization
achieved by the UV LED was caused partly by the higher photon flux
incident on the sample. This value was 4.52.107° (mol photon)/s when
the 370 nm LED was the irradiating source and 1.07-10~° (mol photon)/
s when the 540 nm LED (with filter) was used for irradiation. The other
reason of the faster cis-to-trans isomerization was the difference in the
photoisomerization quantum yields, ®._;> ®,_, the excited trans-CP
molecules also relax radiatively to their ground state.

The thermal stability of the two photoisomers was tested by
measuring at intervals the UV-VIS spectra of the PSS mixtures kept in the
dark at room temperature. The spectra did not show detectable changes

1

solvent compound Aabs [NmM] e [Mtem™1] g [nm] @p [—] T [ns] Stokes shift [cm ']
acetonitrile c1° 367 438 0.62 3.24 4259
trans-CP 481 44600 618 0.091 0.375 4610
cis-CP 432 24000 non-fl. - - -
water c1’ 385 470 0.041 0.36 4697
trans-CP 472 24600 618 0.011 <0.02 5005
cis-CP 441 15000 non-fl. - - -
@ Ref. [52].

b Ref. [53].
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Fig. 6. Ranges of the 'H NMR spectra (500 MHz, CD5CN) of trans-CP and a
photostationary mixture in which cis-CP is the dominant isomer. (a) Signals of
the protons on the central C=C bond, (b) signal of the 4-methyl group.

for three days, proving that both trans-CP and cis-CP are thermally stable
in acetonitrile and in aqueous solution (see Fig. S5 in Supplementary
Material).

We also tested the fatigue behavior of the molecular photoswitch CP,
applying repetitive irradiations with the 370 nm and 540 nm LEDs. As
can be seen in Fig. 8, there was a small, but observable decrease in the
signal amplitude with the number of isomerization cycles, CP showed a
fairly good, but not complete resistance to photofatigue.
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3.5. Potential energy surface calculations

The potential energy surfaces for the ground state and excited state
trans-cis isomerization of CP, calculated for aqueous solution, are visu-
alized in Fig. 9. The surfaces were obtained by constrained geometry
optimizations in which the twisting angle around the ethylenic C=C
bond was fixed and all the other geometrical parameters were
optimized.

Inspecting the ground state surface, the cis isomer has minimally
higher energy than the trans isomer, the difference is less than 1 kcal/
mol. The two isomers are, however, separated by a high (~30 kcal/mol)
activation barrier, located at a twisting angle of 90°. These findings
confirm that both isomers are thermally stable in their ground states.

The calculations indicate the existence of two conical intersections
(CI1 and CI2) between the ground state and excited state surfaces. For
the trans-to-cis photoisomerization the pattern of PES diagram suggests a
route on which the molecule relaxes to the ground state surface at CI1,
the conical intersection around 60° and it reaches then the TS where the
molecule has perpendicular conformation. The subsequent relaxation on
the ground state surface branches - it leads both to cis-CP and trans-CP
molecules. The cis-to-trans photoisomerization proceeds in an analogous
manner. The excited cis-CP molecule decays to the ground state PES at
CI2, the conical intersection around 120°, it relaxes then to the TS from
where the route branches to the ground state trans and cis isomers.

The excited trans-CP molecule reaches the CI on its side via a barrier
of 6 kcal/mol, whereas for cis-CP this barrier height is only 1 kcal/mol.
Therefore, the non-radiative deactivation of the excited trans isomer is
expected to be much slower and the trans isomer is expected to produce
a much stronger fluorescence than the cis isomer. This is in accordance
with the observation that only the trans isomer of CP emits detectable
fluorescence.

On the excited-state PES there is a shallow local minimum at a
twisting angle of 90°, above TS state, the local maximum on the ground
state surface. This minimum corresponds to the ‘phantom’ (p*) state of
stilbene and related molecules [64]. In addition to the reaction paths via
the CI stationary points, the trans-to-cis as well as the cis-to-trans isom-
erization may also take place via the p* and TS states.

The substantial difference between the dynamics of the thermal and
photoinduced isomerization reactions can also be rationalized in terms
of the bond lengths in the central ethylene unit. For the ground-state
trans-CP molecule, the length of the double bond is 1.348 A, while the
lengths of the single bonds connecting the vinylpyridinium group and
the coumarin moiety to the ethylene unit are 1.455 and 1.451 A,
respectively. In the transition state on the ground state surface, the
double bond elongates to 1.419 A, while the single bonds shorten to
1.406 and 1.398 A, respectively. In other words, the lengths of the bonds
move significantly closer to each other. In the excited state trans-CP
molecule, the length of the former double bond is 1.403 A, while the
lengths of the former single bonds are 1.407 and 1.401 A, respectively.
This structure with the three practically equivalent bonds favors the
torsional motion of the substituents around the central bond, leading to
isomerization. Similar findings can be made comparing the ground and
excited state structures of the cis form.

The calculations for the photoisomerization reactions of CP in
acetonitrile produced qualitatively similar results. The corresponding
surfaces are presented in Fig. S6 in the Supplementary Material.

4. Conclusion

We studied the photoisomerization cycle of a stilbene type molecular
photoswitch, CP in acetonitrile and in water. CP consists of a
diethylamino-coumarin and an N-methylpyridinium moiety which are
linked via a vinylene bridge. The trans isomer is fluorescent with a large
Stokes shift and emission in the red range, whereas the cis isomer is non-
emissive. CP can be switched efficiently between the two isomeric states
in both solvents. The trans-to-cis isomerization can be induced by green
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Fig. 7. Photoinduced variations of the absorption spectra of CP in 2.10~% M solutions in acetonitrile and water. (left) The solutions of trans-CP are irradiated by the
green LED, (right) the photostationary mixtures with 91 % cis-CP are irradiated with the near UV LED. The insets show the change of the absorbance at 540 nm.

Table 2
Photoisomerization quantum yields of photoswitch CP.

Solvent

(Dt—>C mc—»t

acetonitrile 0.12 0.56

water 0.042 0.23
061? L A A A A S O A
A WA U A A A WY A S L S L
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Fig. 8. Evolution of the absorbance at 472 nm of a 2.10~> M CP solution in
water during repetitive switching cycles consisting of consecutive visible (540
nm, 70 s) and UV (370 nm, 4 s) irradiations.

light, the cis-to-trans isomerization can be achieved via irradiation with
near UV light. For the trans-to-cis isomerization the quantum yields are
lower than for the reverse process, in accordance with the fluorescence
of trans-CP which competes with the isomerization in the deactivation of
the excited molecule. The photoisomerization quantum yields are lower
in water than in acetonitrile. Presumably, this is related to a deactivation
route via a non-emissive TICT state which is more stable in the highly
polar water. Even higher photoisomerization quantum yields can be

80.0
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Fig. 9. The ground-state (blue and green squares) and excited-state (orange
squares) PES-s of the CP molecule along the torsion of the central C=C double
bond. TS is the transition state on the ground state surface, CI1 and CI2 are
conical intersections, p* is the ‘phantom’ state. Solvent: water.

hoped from analogue coumarin-based photoswitches with amino groups
fused with the coumarin core, however, such coumarin derivatives are
expected to be more hydrophobic.

The efficient photoisomerization of CP in both direction, the thermal
stability of both isomeric forms and the distinct fluorescence of the trans
isomer suggest that such type water-soluble coumarin-based photo-
switches may be promising candidates for applications in fluorescence
imaging of biological samples.
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