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Application of spectroscopic and theoretical
methods in the studies of photoisomerization and
photophysical properties of the push–pull
styryl-benzimidazole dyes†

B. Jędrzejewska,*a B. Ośmiałowskia and R. Zaleśnyb,c

The synthesis and spectroscopic properties of a series of substituted 1,3-dimethyl-2-aminostyrylbenzimid-

azolium iodides are described and discussed. The products were identified by NMR, IR and UV-Vis

spectroscopy and elemental analysis. Their electronic absorption and fluorescence band positions are

affected by the character of the substituent and by the solvent polarity. The fluorescence decay of the

dyes shows two lifetimes interpreted in terms of emission from two forms of the dye in the excited state.

Moreover, the photochemical trans → cis isomerization is reported for these compounds. It occurs from

the first excited singlet state of the trans isomer to the cis isomer following a trans-S0 → S1 excitation. The

electron-donating character of the substituent in a styrene moiety is one of the crucial factors influencing

the photoisomerization process. The structure of the cis isomer was established by 1H and 15N NMR.

Experimental studies are supported by the results of quantum chemical calculations.

Introduction

It has become clear that the development of molecular and
supramolecular electronics, light harvesting and photocatalysis
would greatly benefit from the design and synthesis of
organic, electroactive and photoactive materials.1 Organic
molecules are already utilized in optoelectronic devices based
on electroluminescence, in photoconductors, light emitting
devices (LED), solid-state lasers,2,3 biochemical fluorescent
technology and non-linear optics.4–6 Among organic functional
materials, compounds possessing electron-donating (D) and
electron-accepting (A) groups on opposite sides of a π-conju-
gated linker are very important.

Generally, there are two kinds of D–A systems: molecular
complexes with intermolecular charge transfer, which are

usually encountered in bulk heterojunction solar cells for
instance, and D–A systems joined by covalent bonds exhibiting
the intramolecular charge transfer (ICT) within molecules.7

The photochemical and photophysical properties of the intra-
molecular D–A systems depend on the excited-state processes
that occur after absorption of a photon (interaction with
solvent molecules, rotation about single bonds, photoisomeri-
sation etc.). After excitation, the generated excitons are stabil-
ized and further separated because of the extended
conjugation (π-conjugated spacer). In such molecules rapid
electron transfer from D to A takes place.7 Thus, the properties
of molecules of D–π-A type can be readily changed by modify-
ing the donors or/and acceptors.1 Regarding the acceptor side,
several heterocyclic moieties were described, i.e.: quinoline,
dimethylindoline, benzoxazole, benzothiazole or benzimid-
azole.8,9 Among these the benzimidazole moiety is very useful
in the synthesis of such molecules. This heterocycle plays an
important role in, for instance, the medical field. The pharma-
cological activities of benzimidazole such as antiviral, anti-
ulcer, antihypertension, and anticancer properties are well
documented.7 Benzimidazole derivatives and their metal com-
plexes10,11 have been extensively investigated e.g. due to their
prominence in studies on the interaction of a transition metal
complex with nucleic acids.12 They were also used in determin-
ing the mechanism of metal ion toxicity.13 Furthermore, the
benzimidazole derivatives were applied as chromophores with
high extinction coefficient, readily tunable absorption wave-
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length, and fluorophoric properties and they are also desirable
as large planar synthetic building blocks in supramolecular
chemistry.9

The important role of benzimidazoles in biomedical
research, in organocatalysis, organometallic, and materials
chemistry stems from two reasons related to their molecular
structure. Firstly, imidazole is a precursor to N-heterocyclic
carbenes.14 Secondly, the benzene ring provides a convenient
scaffold for easy functionalization modifying the spatial and
electronic characteristics of this moiety. This combination of a
reactive carbene center with a modifiable backbone is respon-
sible for increasing attention and the use of benzimidazoles
and their N-heterocyclic derivatives.7,9–13,15

Essentially, styrylbenzimidazole dyes represent stilbene-like
structures, with two aromatic moieties and a vinylic CvC
double bond, offering the possibility of trans → cis isomerism.
Thus, one should expect styrylbenzimidazole dyes to exist in
trans and/or cis configurations as well as in two resonance
structures16 that should be taken into account when analyzing
their properties. It should be emphasized that a quinoid struc-
ture might also be considered as an ICT state. In principle the
trans and quinoid structures can be treated as mesomeric
resonance structures, with the positive charge localized on
different nitrogen atoms, i.e. on the benzimidazole nitrogen in
the case of the trans isomer and on the substituent’s nitrogen
atom (vide infra) in the quinoid form.17,18 Therefore, to gain an
insight into the electronic properties of the ground and excited
states of these dyes it is necessary to collect experimental
spectroscopic data.

In this study, we describe the synthesis and perform an
analysis of the structure–property relationship for hemicyanine
dyes based on a benzimidazole skeleton. We also explore the
essential aspects of the trans → cis photoisomerization for
these dyes. It is worth mentioning that a similar photoisomeri-
zation was recently described19–21 also in combination with
the supramolecular chemistry approach.

Experimental section
Synthetic procedure

In the present study we have followed the synthetic method
(Scheme 1) described earlier.22–24 2-[4-(N,N-dialkylamino)-
styryl]-1,3-dimethyl-benzimidazolium iodides were obtained by
refluxing (4–6 hours) an appropriate amount of p-amino-
benzaldehyde (0.01 mol) with 1,2,3-trimethylbenzimidazolim
iodide (0.01 mol) in methanol (20 mL) in the presence of
piperidine (a few drops). The precipitate formed after cooling
down the reaction mixture was filtered out and recrystallized

from ethanol or methanol. The purity of the dyes under study
was checked by thin layer chromatography on aluminum oxide
IB-F gel, eluting with a mixture of chloroform and ethanol
(5 : 2 v/v).

Materials and methods

The following solvents, purchased from either Aldrich or Lan-
caster Chemical Co., were used for spectroscopic measure-
ments: acetonitrile (MeCN), N,N-dimethylformamide (DMF),
acetone (AcMe), 1-methyl-2-pyrrolidone (MP), tetrahydrofuran
(THF), ethylene glycol dimethyl ether (EGDME), propionitrile
(EtCN), toluene and benzene. Absorption and emission
spectra were recorded at room temperature using a Shimadzu
UV-Vis Multispec-1501 spectrophotometer and a Hitachi
F-4500 spectrofluorometer, respectively. The concentration of
the dye in solvents of different polarities was 1.0 × 10−5 M and
1.0 × 10−6 M for absorption and fluorescence measurements,
respectively. The fluorescence quantum yields of the dyes were
calculated using eqn (1).

Φdye ¼ Φref
IdyeAref
IrefAdye

n 2
dye

n 2
ref

ð1Þ

where: Φref is the fluorescence quantum yield of the reference
(Coumarin 1; Φref = 0.64 (ref. 25)) sample in ethanol, Adye and
Aref are the absorbances of the dye and reference samples at
the excitation wavelengths (A ≈ 0.1 at 404 nm), Idye and Iref are
the integrated emission intensities of the dyes and reference
samples, ndye and nref are the refractive indices of the solvents
used for the dyes and the reference, respectively.

The fluorescence lifetimes were measured using an Edin-
burgh Instruments single-photon counting system (FLS920P
Spectrometers). The apparatus utilizes a picosecond diode
laser for the excitation generating pulses of about 55 ps at
375 nm. The dyes were studied at concentrations at which they
exhibit similar absorbance at 375 nm (0.2–0.3 in the 10 mm
cell). The fluorescence decays were fitted to two-exponential
functions. The average lifetime, τav is calculated as

τav ¼
P

τiαiP
αi

ð2Þ

where αi and τi are the amplitude and lifetime.
The photochemical bleaching process was studied in a

quartz cuvette with dimensions 4 × 1 × 1 cm. In order to
ensure complete absorption of light, the cuvette was placed in
a horizontal position and irradiated with diode-pumped solid
state (DPSS) laser light (λEM = 408 nm; intensity 20 mW) (or
xenon lamp equipped with monochromator, λEM = 280 nm)
through the bottom wall (the optical path length = 4 cm). The
solution was stirred during irradiation. The photobleaching
quantum yield was determined using the following formula:

Φbl ¼ NA � c � h � V � ΔA
λ � ε � t � P � l ð3Þ

where NA is the Avogadro’s number, c is the velocity of light
under vacuum, h is the Planck’s constant, V is the reactionScheme 1 General route for the styrylbenzimidazolium dye synthesis.
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volume, ΔA is the absorbance difference at the peak wave-
length (λ) prior and post irradiation, t is the irradiation time,
ε is the molar absorption coefficient of the dye, P is the power
of absorbed light and l is the optical path length.

The electronic structure calculations were performed using
the Kohn–Sham formulation of the density functional theory
using the linear response polarizable continuum model
(LR-PCM26). For a recent comparative study of continuum
solvation models we refer to the work of Chibani et al.27

Optimization of the ground state geometry was carried out
using two exchange–correlation functionals: B3LYP and
CAMB3LYP. Vertical excitation energies were computed
employing the time dependent density functional theory. For
all quantum-chemical calculations the 6-311++G(d,p) basis set
was used. All electronic structure calculations were performed
using the Gaussian 2009 (revision D01) program.28

Results and discussion
Molecular design and synthetic procedures

Nine hemicyanine dyes (Fig. 1) have been synthesized by the
reaction (Knoevenagel condensation) of 1,2,3-trimethyl-benz-
imidazolium iodide with an appropriate amount of
p-aminobenzaldehyde.22–24 It is fair to mention that an
alternative method (solvent-free microwave irradiation) of the
hemicyanine synthesis was described by Lan-Ying Wang
et al.29,30 The 1H and 13C NMR chemical shift data are in agree-
ment with the dyes structures. The two characteristic doublets
related to vinyl protons in a trans conformation (3JH,H = 15–16
Hz) are localized roughly at 7 and 8 ppm. Detailed analytical
and spectroscopic data for the novel styrylbenzimidazolium
dyes are available in the ESI.†

UV-Vis spectroscopic properties

The spectroscopic data of dyes 1–9 in nine solvents of different
polarities are collected in Table S1.† All hemicyanine dyes
studied in this work show a characteristic absorption band

with the maximum at the range 418–475 nm and a corres-
ponding, clearly Stokes-shifted, emission band (λEX = 404 nm).
The broad absorption bands correspond to the π → π* ICT
transition involving the amino nitrogen and the cationic benz-
imidazolium moiety.18,22 Indeed, the results of time-dependent
density functional calculations for compound 1 (cf. Table S2 in
ESI†) reveal that the π → π* excitation to the lowest-energy
state is dominated by the HOMO → LUMO transition. The
shape of the two frontier orbitals for trans-1 and cis-1, shown
in Fig. 2, confirms that the density reorganization takes place
from dimethylamino to the benzimidazolium moiety. The
short-wavelength bands are attributed to the π → π* tran-
sitions. As an example, the spectra of the dye are shown in
Fig. 3. The molar absorption coefficients of the CT bands are
in the range 31 200–45 600 M−1 cm−1. The high value of the
molar absorption coefficient indicates an extensive conju-
gation of π-electrons, thus suggesting a planar structure of the
dye molecule in its ground state. In fact this is confirmed by
the results of calculations.

The selected bond lengths, as predicted by quantum chem-
istry calculations, for trans and cis forms are summarized in
Table 1. The theoretical calculations show that the bond
lengths of the π-spacer show a single–double–single bond

Fig. 1 Dyes studied.

Fig. 2 Frontier orbitals involved in the lowest-energy excitation for
trans-1 (top) and cis-1 (bottom) in DMF solvent.

Fig. 3 Normalized electronic absorption spectra of selected hemi-
cyanine dyes (2, 5, 7 and 8 in MeCN at 293 K).
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character confirming the ethenic linkage character in the
ground state. The values of bond angles between imidazole
carbon and the central double bond (and between the central
double bond and benzene carbon) are equal to 127.64°
(125.65°) for trans and 132.66° (129.3°) for cis forms, respecti-
vely. The torsional angle of C–CHvCH–C equals 179.57° for
the trans form, thus confirming its planarity in the ground
state. The corresponding angle for the cis isomer is −11.33°.

The absorption spectra of the studied compounds are
affected by the type of dialkyl(aryl)amino group in the dye
molecule. In all the solvents the maximum absorption posi-
tions (Table S1†) differ in some cases up to 40 nm and this
indicates that the energy of electronic transition substantially
depends on the structure of the electron-donating moiety. It
can be seen that the replacement of the NMe2 group (dye 1) by
the NEt2 one (dye 2) shifts the absorption band toward a
longer wavelength by about 10 nm. Additionally, a batho-
chromic effect is observed when the methyl group is intro-
duced in the ortho position to the central double bond
(compound 3) or upon elimination of the free rotation of the
dialkylamino group by the bridging (compounds 6, 7 and 8).
The absorption spectra of the largely bridged compound (8)
are the most shifted to lower energies. This is probably due to
reduction of conformational flexibility in the ground state and
it is connected with an increasingly rigidized molecular
skeleton.8,17,34 On the other hand, the blue shift of the CT
absorption band appears when the alkylamino group is
twisted because the coplanar conformation decreases the
probability of radiative transitions.

The UV-Vis absorption spectra recorded in solvents of
different polarities show weak solvatochromism. Upon increas-
ing the solvent polarity, the CT absorption band is slightly
blue-shifted as for instance the change of the solvent from
benzene to DMF in the case of 1 changes the maximum
absorption wavelength from 438 nm to 424 nm. The results
indicate that these molecules might possess fairly similar
polarities between the excited state and the ground state and
thus the energy gap is barely influenced by the increasing
polarity of the solvent.35 In order to gain a deeper insight into
the polarity changes upon photoexcitation to the lowest-energy
π → π* excited state, we performed quantum chemistry calcu-
lations for the trans isomer of compound 1. Note that unlike
dipole moment components in the ground and excited states,

only their differences are translationally invariant for a
charged system. The orientation of trans-1 for property calcu-
lations is shown in Fig. 4. The dipole moment change upon
photoexcitation along the conjugation pathway, i.e. along the
x direction, is an order of magnitude larger than that for the
other directions. The value of Δμx for trans-1 is 8.6 D and
10.1 D in benzene and DMF, respectively. Thus, as already
mentioned, one observes an increase of Δμ with increasing
solvent polarity.

As in the case of electronic absorption spectra, the structure
of the electron donor group and solvent polarity also affect the
position of the emission band. The rigidity and planarization
of the amino group lead to the red shift in the fluorescence
(see Table S1†). A solvent change from benzene to acetonitrile
causes a bathochromic shift roughly by few nanometers for its
fluorescence band, e.g. the maximum emission peak for 1 is at
541 nm in benzene and at 546 nm in MeCN. Only in the case
of dye 9 a more pronounced effect is observed. Solvent change
from benzene to acetonitrile causes a bathochromic shift in
fluorescence maximum equal to 120 nm. In the same com-
pound the absorption peak position shifts to the blue only by
10 nm. For N,N-diphenylamine-substituted dye (9) a clear red-
shift of the fluorescence spectra with increasing polarity of the
solvents indicates the occurrence of an intramolecular charge
transfer process from the electron-donating triphenylamine
moiety to the electron-accepting benzimidazole moiety. As a
result the excited state energy decreased with increasing
polarity of the solvents due to enhanced solvent-solute dipole–
dipole interactions, and the energy gap between the ground
state and excited state declined, which explains the sensitivity
of the emission spectra of the compound toward solvent
polarity.34,35

Generally, data collected in Table S1† reveal that the long
wavelength absorption band undergoes a hypsochromic shift
as the solvent polarity increases whereas there is a batho-
chromic shift of the fluorescence band, with an increase of the
Stokes shift as the solvent polarity increases (Fig. S1†). On
changing the solvent from nonpolar to polar, the change in
the Stokes shift equals ca. 4400 cm−1 for 9 and ca. 1000 cm−1

for other dyes, respectively. The large value of the Stokes shift
indicates that the excited-state geometry differs significantly
from that of the ground state.36,37

Table S1† shows that the Stokes shifts of the studied dyes
are large (>3000 cm−1). Presumably, this can be linked to the
extensive ICT across the molecule, which is facilitated by the

Fig. 4 Orientation of trans-1 in Cartesian coordinate system for the
ground- and excited-state dipole moment calculations.

Table 1 Crucial bond lengths [Å] for optimized structures of 1

trans cis

Imidazole C–CH(vCH–) 1.432 1.449
CHvCH 1.366a 1.362
(–CHv)CH–Cipso 1.440 1.448
Cortho–Cmeta 1.381 1.382
Cpara–NMe2 1.365 1.367

a 1.341 in trans-4-NMe2-cinnamaldehyde,31 1.336 in trans-4-NMe2-
C6H4-p-CHvCH–NO2,

32 1.332 in trans-4-NMe2–C6H4-p-CHvCH-2-(N-
methylpyridine).33
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presence of a typical D–π-A structure. An increase in the Stokes
shift with increasing solvent polarity indicates an increase in
the dipole moment upon excitation.36,37

To gain a further insight into the emission process the fluo-
rescence decay profiles were recorded by using the time corre-
lated single-photon counting system. The samples were excited
at 375 nm and the emissions were followed at 550 nm. The
decay curves were fitted to two-exponential decay and the life-
times were extracted from the measured decay curves by
deconvolution of the instrument response function. The fluo-
rescence decay profile of selected dyes is shown in Fig. 5. The
results of lifetime measurements are summarized in Table 2.

The two-exponential character of the decays is consistent
with the observations of Röcker et al.38 and Rettig et al.39 for
similar compounds. From their work it is known that hemi-
cyanine dyes exist as a mixture of rotamers. Rettig et al. investi-
gation39 shows that single bonds adjacent to the ethylenic
group lead to low lying twisted intramolecular charge transfer
states with possibly emissive properties while the twist of the
dimethylamino group leads to an energetically higher lying
twisted intramolecular charge transfer state, unlikely to be
populated thermally.

On the other hand, twisting around the central bond leads
to an excited state considerably lower in energy than the
planar one. This state possesses a nonemissive character
because of the small energy gap between the ground and
excited states.39 So, the emitting structures at room tempera-
ture are linked to conformations with close to planar geome-
tries. In this approach, the dominant component in
fluorescence decay of the studied dyes can be attributed to the
emission from the trans isomer.18 The short lifetime (τ1) in

this case reflects the fast reaction from the planar Franck–
Condon state to a non-emissive partially twisted state (the so-
called “phantom” state) which quickly leads to internal conver-
sion to S0 as a mixture of trans + cis isomers. The long lifetime
component may instead be assigned to the perpendicular
quinoid (Q⊥) or ICT form, respectively.17,18,40–44 However,
because of the small percentage of long-lived components only
the main component of the fluorescence decay curve (above
90%) was selected for further analysis.

The radiative rate constants kr and the total nonradiative
rate constants knr from the singlet-excited state of tested dyes
were estimated from the fluorescence quantum yield (Φfl) and
the main lifetime (τ1) values using well-known equations.36

Thus, the calculated rate constants are kr = (0.71–13.76) ×
108 s−1 and knr = (0.8–3.21) × 1010 s−1 (Table 3). This estimation

Fig. 5 Fluorescence decays of 8 and 9 dyes (weighted residuals are
shown in the bottom panels) in AcOEt–NMP mixture (10 : 1 v/v) (A ≈
0.2–0.3 in the 10 mm cell, λEX = 375 nm, λEM = 550 nm, at r.t.).

Table 2 Fluorescence quantum yield (Φfl) determined with the use of
Coumarin 1 in ethanol (Φ = 0.64 (ref. 25)) as reference (A ≈ 0.1 in the
10 mm cell at λEX = 404 nm at r.t.) and fluorescence lifetime results (A ≈
0.2–0.3 in the 10 mm cell, λEX = 375 nm, and λEM = 550 nm, at r.t.) of
hemicyanine dyes 1–9

Dye Φfl (%) τ1 (ps) τ2 (ps) α1 α2 τav (ps) χ2

AcOEt – MP mixture (10 : 1 v/v)
1 0.81 65 1719 96.7 3.3 120 1.28
2 0.95 67 2694 81.3 18.7 558 1.06
3 0.38 53 2436 90.5 9.5 279 1.25
4 1.13 71 1411 92.2 7.8 176 1.22
5 1.32 79 1887 94.5 5.5 178 1.06
6 0.70 69 960 96.8 3.2 98 1.29
7 0.75 66 1194 98.8 1.2 79 1.35
8 1.22 80 1046 98.4 1.6 96 1.08
9 14.73 107 2372 69.5 30.5 798 1.10

MeCN
1 0.73 36 1040 99.8 0.2 38 1.81
2 0.95 38 1249 99.3 0.7 46 1.77
3 0.42 31 729 98.5 1.5 41 1.08
4 1.02 38 1421 99.2 0.8 49 1.83
5 1.14 41 872 99.9 0.1 41 1.02
6 0.66 35 1213 99.4 0.6 40 1.86
7 0.98 39 1105 99.6 0.4 43 1.52
8 0.80 37 1326 98.9 1.1 51 1.42
9 2.71 64 1131 93.7 6.3 131 1.94

Table 3 The radiative (kr) and non-radiative (knr) rate constants with
reference to average lifetimes and the rate constants (k) and quantum
yields (Φbl) of photobleaching process (vide infra) for tested dyes

Dye

kr (10
8 s−1)

knr
(1010 s−1) knr/kr

Φbl

k
(10−4 s−1)A B A B A B

1 1.24 2.02 1.53 2.76 122.8 136.4 0.144 4.75
2 1.42 2.50 1.48 2.61 104.1 104.3 0.148 4.93
3 0.71 1.35 1.88 3.21 263.0 237.3 0.155 5.40
4 1.59 2.69 1.39 2.60 87.5 96.9 0.147 5.34
5 1.67 2.79 1.25 2.41 74.6 86.5 0.137 4.53
6 1.01 1.89 1.44 2.84 142.3 150.0 0.091 4.19
7 1.13 2.52 1.50 2.54 132.6 100.8 0.133 4.45
8 1.51 2.17 1.23 2.68 81.1 123.8 0.119 4.02
9 13.76 4.24 0.80 1.52 5.8 35.9 0.002 0.10
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indicates that for the tested hemicyanines the non-radiative
transition rate is at least two orders of magnitude faster than
the radiative rate.

The results of spectroscopic and lifetime measurements
indicate the existence of multiple species of the styrylbenzimid-
azolium dye in organic solvents. In the case of hemicyanine
dyes, the presence of a positive charge at two different types of
nitrogens in the molecule (two resonant forms) may cause that
some specific solvents can stabilize these two structures to
different extents. The degree of the charge transfer can influ-
ence the properties of dyes including the bond order and thus
the bond rotational barrier.16,17,30,34–37,40,41

Trans → cis photoisomerization

Due to the presence of the carbon–carbon double bond, the
hemicyanine dyes may undergo photoreactions typical of
alkenes. The most characteristic reaction is the trans–cis iso-
merization. It is obvious that the photophysical properties of
such molecules may be dependent on the trans–cis isomerism.
Thus, it is crucial to gain an insight into the photophysics of
these dyes.

Irradiation with a laser beam (λ = 408 nm, 20 mW) of a
solution of 1 prepared in the dark causes a progressive
decrease in the absorbance of the long-wavelength band (λmax

initially at 425 nm) with a concomitant increase in the absor-
bance intensity at ca. 280 nm until a stationary state is reached
(Fig. 6 top). The sharp isosbestic point at ca. 370 nm is evi-

dence for a transformation between two species, but not yet
proof for a photoisomerization (any photodegradation could
lead to a similar behavior).16 Once a photostationary state had
been reached, we have changed the excitation wavelength to a
region where an increase in absorption was observed and ir-
radiated the sample at 280 nm (xenon lamp equipped with a
monochromator). The results (Fig. 6 bottom) show a reversal
trend: an increase of the main band (around 425 nm) and a
decrease of absorption at ca. 280 nm.

In order to distinguish the substrate from the product
formed after irradiation of the solution NMR analysis was per-
formed. The spectra were recorded for (a) the initial solution
prepared in the dark, (b) after heating in the dark and (c) after
irradiation (Fig. S2†).

The analysis of 1H NMR spectra of 1 in DMSO-d6 indicates
that the heating of solution (b) did not cause any changes in
the signal position. There are well-separated pairs of doublets
for two olefinic protons. The coupling constant 3JH,H = 16.4 Hz
is characteristic for the trans configuration. After irradiation to
a photostationary state and transition, the proton spectrum of
the same solution shows considerable changes in chemical
shifts. It becomes evident that for the new pair of doublets the
coupling constant is equal to 12.0 Hz, which is in perfect
agreement with the cis arrangement (the similar is observed in
acetonitrile).45 It follows from the studies of Steiner et al.16

that in the cis configuration, as in cis-stilbene, two arene rings
must be twisted from the coplanar orientation relative to the
central double bond. Upon rotation of the aromatic parts of
the molecule around the single bonds adjacent to the central
double bond, Hd and He (Fig. 7) protons may come into the
screening cone of the anisotropic ring current. This would
result in different shielding in cis and trans isomers. Simul-
taneously, the aryl protons in the ortho position to the olefinic
spacer (Hf) are located well within the shielding cone of the
benzimidazole ring in the cis conformation, and thus experi-
ence a significant high-field shift. Such an effect is in fact
observed.

The additional experiments were focused on the possibility
of thermal isomerization of 1. The following steps were
recorded (1H and 15N spectra) for (1) the parent sample (trans
form), (2) the sample heated at 80 °C for at least 4 h, (3) the
irradiated sample (visible light, r.t., time = 4 h), (4) the re-
heated sample that was irradiated before (from step 3, in order
to check if the cis-to-trans thermal isomerization takes place,

Fig. 6 The dependence of UV-Vis absorption spectra of 1 in MeCN
upon irradiation with DPSS laser beam (λ = 408 nm, 20 mW, top) and
xenon lamp (λ = 280 nm, bottom). Arrows indicate the direction of
changes with time of irradiation. Fig. 7 The trans and cis forms of the dye 1.
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80 °C, 3 h). The results are summarized in Table 3, while the
stacked spectra are collected in Fig. S2.†

Analysis of the NMR and electronic absorption spectra
recorded under various conditions (data presented in the ESI†)
indicates that the trans isomer is thermally stable but is par-
tially converted to the cis-isomer under visible light irradiation.
Based on the NMR spectra of 1 recorded for the photostation-
ary state the trans/cis photoisomer ratio was calculated by inte-
grating respective peaks corresponding to the vinylic doublets
and/or the methyl groups in cis and trans forms. The re-heated
sample (step 4, 3 h at 80 °C) did not exhibit any significant
changes in the absorption and NMR spectra. However, the
abundance of the trans form increased. Thus, a more precise
study of the thermal back-reaction was performed. The 1H
NMR spectra of a previously irradiated sample of 1 at r.t.,
recorded 16 h, 36 h, 39 h and 74 h after heating (see Fig. S3†)
show that the peaks attributable to the cis isomer decrease in
intensity. Signal integration suggests that almost all of the cis
isomer reverts thermally to the trans isomer after 74 h at 373 K
(a percent of the remainder cis form equals ca. 2.8%). This
indicates that the cis-to-trans thermal interconversion is slow
and inefficient and this is, most probably, due to the high
value of cis → trans activation energy. Similarly to Mishra et al.
studies,46 the photoisomerization of styrylbenzimidazolium
iodides follow the non-adiabatic path and occur via the per-
pendicular state. However, in contrast to the neutral molecule,

the trans and cis isomers of the tested dyes exist only in one
confomeric form.

Further, calculations were based on the geometry of trans
and cis forms. The shieldings of the nuclei in 1 were used to
calculate the chemical shifts. It is known that the nitrogen
atom is sensitive to the environment47 thus its chemical shift
may be a method of choice for distinguishing between two iso-
meric forms. This is especially true for compounds, which
exhibit intramolecular charge transfer. Such charge transfer is
dependent on the geometry of the molecule and thus it can be
directly linked to the cis–trans isomerism. The GIAO-based48,49

calculations yield various chemical shifts for imidazole and
NMe2 group nitrogen atoms in trans and cis forms (see row c
in Table 4). Table 5 collects the experimental and calculated
15N NMR data (with respect to MeNO2). The same table con-
tains (in italic) the values of the 1H chemical shifts of methyl
groups that gave a cross-peak in 1H,15N HMBC spectra. It is
clearly seen that methyl protons are also sensitive to isomer-
ism of 1.

The differences between experimental and calculated
chemical shifts may be related to the fact that under experi-
mental conditions the averaged structure related to thermal
motions is observed while in calculations only one confor-
mation, i.e. the optimal one, is taken into account. Despite the
differences in experimental conditions and model calcu-
lations, it is also worth emphasizing that (a) the trends in cal-
culations are preserved with respect to the experimental data
and (b) the difference between experimental and calculated
values of 10 ppm (15N) is less than 3% error on the 15N scale.
Moreover, in experiments the solvent–solute interactions exist
and the I− anion is present while in calculations the solvent is
treated as a continuum and only the organic cation is opti-
mized. However, the calculations reflect the general trends
observed in DMSO-d6 solution after irradiation (photoisomeri-
zation). In the case of trans conformation, the chemical shifts
are lower for imidazole nitrogen atoms and higher for the
NMe2 group. The same trend is found based on the results of
computations. Finally, both the measured and calculated
difference in chemical shifts for NMe2 and imidazole are
larger for the cis conformation. This is in agreement with the
fact that in the case of trans arrangement the charge transfer is
more effective than in the case of cis form. This enables a
higher degree of equalization of shielding the nuclei by
electrons.

Table 4 Results of probing the sample of 1 after heating and irradiation

Step
(see text)

1H
(trans)a

15N
(trans)

1H
(cis)b

15N
(cis)

% of trans
formc

1 7.196 −230.7 — — 100
7.746 −317.2

2 7.196 −231.5 — — 100
7.744 −317.7

3 7.197 −230.7 6.400 −225.8 12
7.742 −317.2 7.525 −319.7

4 7.197 −231.0 6.399 −226.0 19
7.742 −318.0 7.525 −320.5

a Chemical shift of the vinylic protons (trans doublet with 3JH,H =
16.3 Hz). b Chemical shift of the vinylic proton (cis doublet with 3JH,H =
12.0 Hz). c Ratio based on integration of the vinylic doublets ([trans]/
[trans] + [cis]).

Table 5 The experimental and calculated 15N NMR data with respect to MeNO2

Atom (form) Exp. Calcd Δ trans-to-cisa
Δ NMe2-to-
imidazole N

NMe2 (trans) −317.2 (NMe2, 3.04) −332.7 2.5 86.5
NMe2 (cis) −319.7 (NMe2, 2.93) −336.8 4.1 71.3
Imidazole N (trans) −230.7 (CH3, 4.10) −261.4 4.9 93.9
Imidazole N (cis) −225.8 (CH3, 3.77) −252.9 8.5 83.9

a First and second row represent experimental and calculated (bold) values, respectively.
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The above presented discussion indicates that the investi-
gated styrylbenzimidazole molecules undergo a photoinduced
trans-to-cis isomerization along the central carbon–carbon
double bond. The photochemical conversion from the trans-
form to the cis-form and vice versa is induced by absorbed
light. The trans-form absorbs more light relative to the cis-
form at 408 nm, while ultraviolet light (280 nm) is mainly
absorbed by the cis-form.

Substitution effect and photoisomerization

The kinetics of the photoisomerization was studied by measur-
ing the changes in the area under corresponding peaks in 1H
NMR spectra as a function of irradiation time (see Fig. S4–S12
in the ESI†). The kinetic equation for the photochemical reac-
tion takes the following form:

½trans� ¼ ½trans�0 expð�ktÞ ð4Þ
where k is the observed rate constant, and t is the time of
irradiation. In what follows we use the logarithmic scale for
analysis of the experimental data to obtain k.

Since all signals in 1H NMR spectra for the trans and cis
forms are well separated, small changes in the trans : cis ratio
were readily determined. Fig. 8 compares the kinetic behavior
for selected styrylbenzimidazole dyes containing various donor
groups. The kinetic data fit well to a mono-exponential func-

tion, giving the rate constant of trans–cis photoisomerization
(k) in DMSO-d6. The obtained data are compiled in Table 2.

The substitution (the structure of the donor part of dyes)
has a strong impact on the kinetics of the trans–cis reaction as
seen in Fig. 8. An acceleration of the reaction is achieved by
stronger electron-donating groups, while less electron-releas-
ing groups slow down the reaction kinetics. This is in agree-
ment with ICT and the quinoid-like structure, i.e. the central
vinyl bond has a more singular character with increasing elec-
tron-donating ability of a substituent.

To quantify the substitution effect, besides the NMR data,
the electronic absorption spectra were also analyzed. The
obtained results allow us to calculate the photobleaching
quantum yield (Table 2). The photobleaching quantum yields
and rate constants of the photochemical process have the
smallest values for 9, while the highest values are observed for
compound 3. The dyes possessing the stiffened –NR2 group
have much better photostability, whereas the compounds with
alkyl groups which are linked to the N position are less stable.
The dye with the methyl group in the meta position with
respect to the –NR2 substituent is the least stable. The less
electron-releasing group improves photostability compared
with the dyes with a stronger electron-donating group which
decreases photostability obviously.

The influence of the substitution by various amino groups
affecting the rate of the photoisomerization was quantitatively
described using the Hammett relationship with known
ground-state parameters, σ.50 Fig. 9 shows the Hammett corre-
lations for the trans–cis process. Since in 9 some other pro-
cesses are present (as mentioned above) manifested by much
larger Stokes’ shifts especially in polar solvents (Table S1†) we
performed a correlation with and without this substituent.

The linear Hammett relationship for the investigated reac-
tion shows that a pronounced structure–reactivity relationship
exists for investigated compounds.

A quantitative correlation between the empirically derived
Hammett constants and the reaction rates suggests that the
type of amino substituent controls the photochemical behavior
of the styrylbenzimidazole molecules. Such a correlation was

Fig. 8 (a) Changes in abundance of trans form during white light
irradiation as monitored by 1H NMR spectroscopy. (b) Kinetics of styryl-
benzimidazole photoisomerization induced by irradiation.

Fig. 9 Hammett correlation for the trans–cis photoisomerization in
1–8 (top) and 1–9 (bottom) (R2 correlation coefficient).
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earlier observed for other stilbene derivatives.51–53 The
observed substituent effects indicate that the product for-
mation during trans–cis isomerization of styrylbenzimidazole
molecules occurs via a transition state (TS) with effective
delocalization of a positive charge.54,55

The photostability of the hemicyanine dyes is strongly
dependent on their chemical structure. The influence of sub-
stitution on the photochemical rate is also reflected in fluo-
rescence spectroscopy. Since time-resolved fluorescence is a
very sensitive technique to detect multiple emissive
species,36,56 in the present study we carried out such measure-
ments, recording the fluorescence decays of the dye 1 in MeCN
solutions, as a function of the monitoring emission
wavelength.

As indicated by the time-resolved emission spectra (TRES)
constructed based on the emission wavelength dependent
fluorescence decays, the fluorescence intensity decreases
sharply for the initial time span. During this time, however,
there is hardly any shift in the spectral position, as clearly indi-
cated in Fig. 10. These observations are in accordance with our
inference that the major contribution in the fluorescence
decays is due to the excited trans-dye having a reasonably short
fluorescence lifetime of ca. 0.04 ns in MeCN.

At the long time spans, there is a significant blue shift in
the TRANES. This observation evidently indicates that the
major emitting species at the latter time span have largely
blue-shifted emission spectra in comparison with that of trans
form. The clearly visible isoemissive point at 500 nm indicates

that the emission comes from two species. The blue-shifted
low intensity emission in the TRANES might be connected
with the cis form or more probably come from a locally excited
state due to deconjugation.

It is worth mentioning that the same effect was observed in
steady-state fluorescence measurements as seen in Fig. 11.
Due to difficulty in isolating the sterically hindered isomers we
extended our fluorescence studies to include pure trans and a
mixture of trans and cis isomers. The trans isomer is character-
ized by a strong component of the short lifetime τ1 (see
Fig. S13 in the ESI†)) and fluorescence maximum at 545 nm in
MeCN. The fluorescence spectrum of the trans–cis mixture in
MeCN has two maxima, one at 545 nm and the second at
435 nm. The fluorescence intensity of the long-wavelength
band decreases, but no shift is observed in that case. The
emission decrease indicates the formation of a cis isomer after
irradiation. In most cases, the cis isomers are observed to be
either very weakly fluorescent or completely non-fluorescent in
nature, mainly because of their fast nonradiative de-excitation
rates.18,39,42–44,57,58 The fluorescence decay of a mixture of
trans and cis isomers of 1 is also two-exponential in MeCN. A
steady increase in the long-lived fluorescence lifetime τ2 with
the increase in population of the cis isomer was observed (see
Fig. S13 in the ESI†). These results suggest that the cis isomer
converts to the same excited state as that of the trans.

To sum up, trans-to-cis and cis-to-trans photoisomerization
of styrylbenzimidazole molecules occurs through a common
intermediate in the excited state, which is the transition state
(TS). Presumably, the TS corresponds to a quinoid form with a
twist of the two aromatic planes on either side of the double
bond.18,34,37,38

Conclusions

The synthetic method described provides an attractive and
environmentally friendly pathway to several useful hemi-
cyanine dyes.

Fig. 10 (a) Time-resolved emission spectra (TRES) and (b) time-resolved
area-normalized emission spectra (TRANES) of 1 in MeCN constructed
from the decay transients obtained at different wavelengths.

Fig. 11 Steady-state fluorescence spectra before and after irradiation
of diluted solution of 1 in MeCN.
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Visible light promotes the conversion of the trans-isomer of
styrylbenzimidazolium dyes to the cis-isomer that is confirmed
by several instrumental methods and the regularity of pro-
perties with respect to the substituent constants. It was found
that the stronger electron-releasing substituent has a more pro-
minent effect on the observed photostability. The changes in
the reaction rate of the trans–cis photoisomerization are
successfully correlated with the Hammett constants.

Moreover, the hemicyanine dyes with an electron acceptor
and an electron donor group on opposite sides of a π system
exhibit an ICT character in solvents of variable polarity. The
solvatochromism of dyes under study exhibited regular
changes. We observed the blue-shifted absorption and red-
shifted emission of the hemicyanine dyes with increasing
polarity of solvent. The observed fluorescent behavior was
ascribed to ICT upon excitation. An increase in the polarity of
solvent decreases the activation barrier and enhances the
process.
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