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The  steady  state  absorption  and  fluorescence  spectra  of  a hemicyanine  dye  namely,  1-methy-2-[2-(9-
phenantheryl)ethenyl]  benzothiazolium  iodide  (9-PhEBI),  were  measured  in different  solvents  of  various
polarity  including;  H2O, MeOH,  EtOH,  CH3CN,  CH2Cl2 and  CHCl3.  The  photochemical  and  thermal  reac-
tivities  were  studied  in  MeOH,  EtOH  and  CH3CN  solvents.  The  molecular  aggregation  of 9-PhEBI  and
vailable online 16 July 2011
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formation  of  J-aggregates  was  observed  in  the  used  solvents  even  at  low  concentrations.  Further  aggre-
gation,  with  changing  the  color  of  the  dye  from  pale  yellow  to violet,  was  observed  in water.  Quantum
chemical  calculations  were  employed  in order  to  investigate  the  intramolecular  charge  transfer  (ICT)
process and  some  quantum  chemical  parameters.  A  good  agreement  between  the  experimental  and
theoretical  results  was  found.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Photochromism refers to a reversible phototransformation of
 chemical species between two forms having different absorption
pectra. Photochromic compounds change reversibly not only their
bsorption spectra but also their geometrical and electronic struc-
ures [1].  Photochromic materials are potentially useful for various
ptoelectronic devices such as optical memory, photo-optical
witching and display as well as molecular wires. Optical memory
sing photochromic media offers advantages over magneto-optical
ecording systems with regard to the speed of writing, multi-
lex recording capability and low fabrication cost [2].  Efforts have
een made to develop erasable compact discs using photochromic
iarylethenes [3–5] because they equip most of the necessary prop-
rties, particularly, the thermal stability and fatigue resistance [6].

The photochemical E–Z isomerization about an olefinic double
ond is well known example of photochromic reactions. Owing
o photoisomerization, azobenzenes, stilbenes, spiropyrans and
hodopsin have been utilized as a trigger or switch to control photo-
hemically various phenomena such as substrate binding of crown
thers [7] or cyclodextrins [8],  activity of enzymes [9],  permeation

f metal ions into liposomal membranes [10] and morphology of
ynthetic bilayers [11]. In nature, such a photoregulated process is

∗ Corresponding author. Tel.: +20 226170229.
E-mail address: safaaetaiw@hotmail.com (S.E.-D.H. Etaiw).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.06.008
well recognized as a primary stage in the photosynthesis and vision
[12].

The structure and spectroscopy of molecular aggregates in
which molecules are highly ordered (namely; J- and H-aggregates)
are of much interest because of their spectral properties and
possible technological applications [13]. This phenomenon plays
an important role in biological photosynthesis, in other light-
harvesting systems like organic solar cells, and in the photographic
industry where the aggregates of dye molecules are used as sen-
sitizer [14]. Briefly, J-aggregates are one-dimensional side by side
while the H-aggregates are face-to-face arrangements of molecules
[13]. The theory predicts that the strong coupling of several similar
monomers in the J- or H-aggregates results in a red or blue shift of
their absorption maximum, respectively, relative to the monomer.
In addition, the spectrum gets narrower due to the absence of vibra-
tional coupling of the molecular mode.

The photophysics and photochemistry of diarylethenes have
been extensively studied by both theoretical and experimen-
tal approaches. However, much less is known about that
bearing phenanthryl moiety [15–17].  Therefore, 1-methy-2-[2-(9-
phenantheryl)ethenyl] benzothiazolium iodide was studied here,
Fig. 1. In this context, we have examined the photo-response of
this dye in different solvents through the absorption, and fluores-
cence measurements as well as the photochemical isomerization.

Furthermore, its thermo-response has been examined as well. The
charge distributions over the whole skeleton, frontier molecular
orbitals energies and dipole moment have been calculated using
density functional theory (DFT/B3LYP).

dx.doi.org/10.1016/j.jphotochem.2011.06.008
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:safaaetaiw@hotmail.com
dx.doi.org/10.1016/j.jphotochem.2011.06.008
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Fig. 2. Absorption spectra of 9-PhBEI in some solvents.

Table 1
Spectroscopic data of 9-PhBEI in various solvents at 25 ◦C.

Solvent �max
a (nm) εmax (M−1 cm−1) f �ex (nm) �f (nm)

CHCl3 452, 533sh, 573 14,152, 17,228 0.337 475, 540 527, 591
DCM  449, 526sh, 566 17,228, 22,273 0.440 467, 531 539, 586
EtOH 425, 526sh, 563 15,136, 16,982 0.410 464, 530 523, 583
MeCN 413, 522sh, 562 17,290, 16,367 0.491 462, 528 531, 583
MeOH 422, 533sh, 560 14,582, 16,613 0.364 462, 529 524, 583
Fig. 1. Molecular structure of 9-PhEBI dye.

. Experimental and computational details

9-PhEBI was prepared by condensation of 2-
ethylbenzothiazole with 9-phenanthrylaldehyde according to

he general procedure reported for the synthesis of diarylethylenes
18]. Heating of the obtained product, for 1 h under reflux, with
quimolar quantity of methyl iodide in ethanol yields 9-PhEBI
s a purple amorphous product. It was recrystallized twice from
thanol. The structure was confirmed by elemental analysis, IR
nd UV–vis spectral measurements. The melting point of 9-PhEBI
as 181–183 ◦C.

Spectroscopic grade MeOH, EtOH, CH3CN, CH2Cl2 and CHCl3
Aldrich or Merck) were used as received, while water was dou-
le distilled. All solvents were found to be non-fluorescent within
he range of fluorescence measurements.

Steady-state electronic absorption spectra were recorded on a
himadzu UV-3101 PC spectrophotometer using 1.0 cm matched
ilica cells, while the steady-state fluorescence spectra were
ecorded using a Perkin-Elmer LS 50B scanning spectrofluorom-
ter. Typical concentration of 2 × 10−5 M of the dye was used for
he measurements. The fluorescence quantum yields (˚f) were
etermined at room temperature relative to quinine bisulfate in
.1 N H2SO4 (˚f = 0.515) [19]. The photoisomerization quantum
ields as well as the composition of the photostationary states
ere calculated as described previously [20]. The light intensity
as determined using ferrioxalate actinometry [21].

The thermal Z → E isomerization was followed spectrophoto-
etrically. Irradiation was performed at a pre-adjusted temper-

ture (within the range of 15–30 ◦C) in 3 cm3 quartz cuvette,
ontaining 3 ml  of 3 × 10−5 M of the pure E-isomer, using 366 nm
ight. Irradiation was stopped after reaching the photostationary
tate, and the sample was moved quickly to a temperature-
ontrolled spectrophotometer cell holder, where the Z-isomer
tarts to isomerize back to the E-isomer. The kinetics of this reac-
ion was followed by recording the change in absorbance of the
amples at the absorption maximum.

Full geometry optimizations were performed in ground state
sing density functional theory (DFT/B3LYP) that implemented

n Gaussian 03 [22]. However, the optimization, in both ground
nd excited states, is performed using AM1/CI implemented in
OPAC 7.21 package [23]. We  have calculated some quantum

hemical parameters such as the charge distributions over the
hole skeleton, frontier molecular orbitals energies and dipole
oment.

. Results and discussion

.1. Molecular aggregation
9-PhEBI hemicyanine dye undergoes molecular aggregation in
olution. Since UV–vis spectroscopy is a common technique to
tudy such behavior. The absorption and fluorescence spectra of
H2O 410, 558, 625a – – 461 531, 576

a Peak maximum of further aggregation in aqueous solution with color change.

9-PhEBI were recorded in solvents of different polarity, such as
H2O, MeOH, EtOH, CH3CN, CH2Cl2 and CHCl3, in order to investigate
the nature of the formed aggregates and the solute solvent inter-
actions. The absorption spectra of 9-PhEBI exhibit two  absorption
bands around 430 and 565 nm,  in addition to a third band around
300 nm,  in MeOH, Fig. 2. The higher energy band is broader and
more sensitive to the solvent polarity than the lower energy band,
Table 1. For example, a blue shift by 42 nm has been induced for the
band at 430 nm on going from H2O to CHCl3. On the other hand, the
band at 565 nm is narrow and suffers relatively small blue shift on
going from MeOH to CHCl3 (ca. 13 nm). It is worthy to mention that
both absorption bands appear in the mentioned solvents even at
low concentrations (≈10−6 M).  Based on the shape and position of
these absorption bands, the lower energy band can be assigned to
the formation of molecular aggregates of the J-type [24]. Self asso-
ciation of the ethylene bromide analogue of 9-PhEBI in water and
aqueous micellar solutions has been reported [25]. However, the
long-wavelength absorption band (around 620 nm) was assigned
to the dimmer formation which is not consistent with the used rel-
atively higher concentrations, 100 �M (compared to those used in
the present work).

To support this conclusion, the effect of concentration of the
dye on the absorption spectrum in MeOH was  investigated. Upon
changing the concentration of 9-PhEBI from 4 × 10−6 to 8 × 10−5 M,
the absorption spectrum displays detectable changes as shown in
Fig. 3, where the ratio of absorbance at the two-absorption max-
ima  (A560/A421) increases with increasing the concentration until
leveling off at 2 × 10−5 M,  within the experimental error, Fig. 4.
This indicates growth of the band due to J-aggregates on the
expense of the monomeric band at relatively higher concentrations.
In addition, the formation of molecular aggregate is explored by

checking the linearity of the Beer’s law, where negative deviation
was  observed at both of the two absorption maxima at higher con-
centrations. However, anomalous behavior was observed in water,
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ig. 3. Effect of the concentration on the absorption spectrum of 9-PhBEI in MeOH.

here in addition to the appearance of an absorption band around
60 nm corresponding to formation of the J-aggregates, an addi-
ional band was observed at 620 nm.  In fact, the color of the fresh
olution is red but changes into greenish blue after about 15 min.
herefore, the change in the absorption spectrum of 9-PhEBI in
ater was monitored as a function of time, Fig. 5. As can be seen,

he absorbance of the maximum at 620 nm increases with inherent
ecrease in the maximum absorbance at 560 nm,  and a clear isos-
estic point appears at 578 nm with freezing the monomer band.
his suggests that higher molecular aggregates are taking places
n water because water is the most favorable solvent for the dye
ggregation due to its high dielectric constant which reduces the
epulsive force between the similarly charged dye molecules in the
ggregate. In addition, 9-PhEBI dye is not completely soluble in
ater and adsorbs strongly from aqueous solutions on the glass-
are on standing for long (actually, this does not interfere with

pectral measurements). This behavior along with absorption in
he visible and near-infrared region is technologically important
specially for sensitization in photographic industry [26].

Also, the fluorescence behavior of 9-PhEBI has been studied. 9-
hEBI displays dual fluorescence emission when excited at 450 nm
n each of the used solvents, Fig. 6. According to the fore men-

ioned results, the band around 523–540 nm is assigned to the
uorescence of monomeric 9-PhEBI while the shoulder around
75–590 nm is due to fluorescence from the J-aggregates. This was
onfirmed by recording the fluorescence spectra of 9-PhEBI while
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ig. 4. Dependence of the relative absorbances of the two absorption maxima on
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Fig. 5. Variation of the absorption spectrum of freshly prepared aqueous solution
of  9-PhBEI with time.

the sample was  excited at 520 nm,  where a high intense and nar-
rower band around 585 nm was mainly observed. It seems that the
electronic structure of the monomeric 9-PhEBI is different some-
what from that of the formed aggregates in the excited state. This
can be concluded from the different solvent effects on both fluores-
cence maxima. As shown from Table 1, the emission maximum of
the J-aggregates undergoes blue shift with increasing the solvent
polarity while that of the monomer is feebly sensitive to the sol-
vent polarity. This is in agreement with the decrease of the dipole
moment of 9-PhEBI upon excitation (vide infra).

The appearance of two  different excitation bands when the
excitation spectrum of 9-PhEBI has been recorded at �f = 520 and
600 nm,  as illustrated in Fig. 7, reflects the presence of two different
species in the ground state. The excitation spectrum monitored at
�f = 600 nm nearly coincides the low energy absorption band indi-
cating that their origin is due to aggregate formation where the
vibrational coupling is absent. However, the excitation spectrum
recorded at �f = 520 nm shows a hint of structure and is blue shifted
relative to the broad absorption band.

The total fluorescence quantum yield (˚f) of 9-PhEBI was
determined in the used solvents and the values are collected in

Table 2. The ˚f values are relatively small and increases notice-
ably with increasing the solvent polarity (expressed as Kosower’s
Z-parameter [27]) in non-chlorinated solvents. The Z-parameter is
an empirical parameter corresponding to the CT absorption band
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Fig. 6. Normalized fluorescence spectra of 9-PhBEI in some solvents upon excitation
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Table 2
A list of solvents, the corresponding polarity parameter (Z-value), � �̄st (cm−1) and
˚f of 9-PhBEI.

Solvent Z-Value � �̄st (cm−1) ˚f

CHCl3 63.2 3149 532 0.034
DCM 64.7 3719 603 0.034
EtOH 79.6 4409 609 0.024
MeCN 71.0 5381 641 0.021
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Table 3
Photochemical data for the E → Z photoisomerization 9-PhBEI in MeOH.

405 nm 436 nm

% Z ˚E→Z ˚Z→E % Z ˚E→Z ˚Z→E
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H2O 94.6 5558 560 0.018

f 1-ethyl-4-(methoxycarbonyl)-pyridinium iodide. The lower ˚f-
alues can be attributed to the non planar geometry of 9-PhEBI
olecules and the intramolecular charge transfer interaction which

nhances the non radiative deactivation of the excited singlet state.
n the case of H2O, the fluorescence yield decreases to 0.018 com-
ared to 0.064 in MeOH, which can be attributed to the formation
f additional non-fluorescent high aggregates.

.2. Direct E → Z photoisomerization
The photochemical E–Z isomerization of 9-PhEBI dye was  inves-
igated at room temperature in MeOH only as illustrated in Fig. 8.
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Fig. 9. Change in the absorption spectra of a photostationary state of 9-PhBEI in
MeCN at 25 ◦C; the heating times are indicated.

This is due to the fast backward thermal Z → E isomerization of the
irradiated solution in other solvents like EtOH and MeCN which
does not allow following the photoreaction under steady-state
conditions, and the formation of further aggregates in water as
discussed previously. Upon irradiation of methanolic solution of
9-PhEBI at 436 nm,  the absorbance at the maximum at 422 nm
decreases gradually as the irradiation time proceeds, until reach-
ing a constant value confirming the achievement of photostationary
state (PSS). This is accompanied by an increase in the absorbance
around 299 nm and appearance of an isosbestic point at 339 nm.
This reflects the uniform of the photochemical E/Z isomerization
reaction. The composition of the photostationary state (% Z) was cal-

culated and found to increase as the irradiation wavelength changes
from 405 to 436 nm,  Table 3. Meanwhile, the photochemical quan-
tum yields (˚E→Z and ˚Z→E) decrease slightly.
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.3. Thermal Z → E isomerization

The Z-isomer of 9-PhEBI dye was found to exhibit back thermal
 → E isomerization in MeCN, MeOH and EtOH solvents. However,
n other solvents, this hemicyanine dye is either photochemically
table or the thermal reaction is superimposed on the photo-
hemical one. At a given temperature, the gradual change in the
bsorbance of the photostationary state during the thermal Z → E
somerization of PhBEI was monitored spectrophotometrically at
he absorption maximum. Fig. 9 shows the thermal isomerization
f the Z-isomer of 9-PhEBI in MeCN at 25 ◦C as a representative
xample. The absorbance of the photostable band at 562 nm does
ot change during the thermal reaction, while the absorbance of
he band at 424 nm enhances continuously as the heating time is
ncreased. The appearance of the isosbestic point at 342 nm con-
rms the occurrence of a clean thermal conversion between the two

somers. The non-response of longer wavelength band during the
hoto- and thermal reaction is attributed to the formed molecular
ggregate.

The rate constant (kZ→E) was calculated from the plots, Fig. 10,
y applying the first order kinetics, while the activation param-
ters of the thermal reaction were calculated from temperature
ependence of the rate constant, Table 4. The data reveal that, as

he solvent polarity increases the rate of the thermal Z–E conver-
ion decreases which is in agreement with the observed increase
n the activation energy, �E#. The observed solvent effect on the
Z→E suggests that the thermal isomerization of 9-PhEBI proceeds

able 4
ate constant (kZ→E) of the Z → E thermal isomerization of 9-PhBEI (at 25 ◦C), activation p

Solvent kZ→E (min−1) t1/2 (min) �E# (kJ/mol) �

EtOH 0.8951 0.77 47.4 45
MeCN 0.0430 16.12 71.0 75
MeOH 0.0024 284.08 73.1 70
sition s tate

ermal Z → E isomerization of 9-PhEBI.

via a rotation process around the ethenic bridge, Fig. 11,  similar to
that reported for azobenzenes [28]. It is worthwhile to note that
the ICT interaction enhances the single bond character of the cen-
tral ethenic bridge, which facilitates the rotation process and the
thermal Z → E isomerization.

The isokinetic relationship (correlation between �H# and �S#)
for the thermal isomerization of 9-PhEBI in different solvents is
linear with a good correlation coefficient (r = 0.92, plot not shown)
from which the isokinetic temperature was calculated (152 ◦C). At
this temperature, the thermal Z → E isomerization of the dye fol-
lows the same mechanism in the different solvents [29]. However,
it was found that the isokinetic temperature is higher than the aver-
age of the experimental value, 22.5 ◦C, reflecting that this reaction
is enthalpy controlled [29].

3.4. Quantum chemical calculation

Full geometry optimizations using density functional theory
(DFT/B3LYP) showed that 9-PhEBI has a slightly twisted struc-
ture, with a dihedral angle C10–C11–C12–C13 equals 15◦ (the
angle between ethenic plane and phenanthryl plane as shown in
Fig. 12).  Based on the DFT-optimized geometry, the structure is re-
optimized using AM1/CI producing a similar twisted structure with
a dihedral angle equals 21◦. Upon excitation using AM1/CI method,
the angle is twisted more to 30◦.

Quantum chemical calculations using AM1/CI can explore the
direction of ICT via two ways; the first one is the distribution of
charges on the individual molecular subunits (i.e. phenanthryl,
ethenyl and benzothiazolium) in both ground and excited states,
which reveals that 81.9% of the net positive charge is carried by
the benzothiazolium part in the ground state versus 63.29% in the
excited state. This is accompanied by a great charge deficiency on
the phenanthryl moiety from 24.59% to 36.72% upon excitation.
Accordingly, the benzothiazolium part is regarded as a strong elec-
tron acceptor, while the phenanthryl moiety can be considered as
a donor. This result agrees with the large decrease in the dipole
moment 9-PhEBI from 10.06 to 2.38 Debye upon excitation, which
supports our interpretation of the blue shifted absorption spectra
of the dye in highly polar solvents.

Besides charge distribution, the orbital topologies could also

provide qualitative information about the nature of charge transfer
for such D–�–A system. It is shown from the configuration interac-
tion calculations (AM1/CI) that the S0 → S1 transition of the dye has
more than 93% of the HOMO–LUMO character. The spatial distri-

arameters and frequency factor in different solvents.

H# (kJ/mol) �G# (kJ/mol) �S# (J/mol K) A (min−1)

.0 72.8 −94.1 1.7 × 108

.5 80.3 −16.2 2.2 × 1012

.6 87.4 −56.8 4.8 × 105
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ution of the HOMO is highly localized at the phenanthryl subunit
hile that of LUMO is drifted toward the benzothiazolium moi-

ty, as illustrated in Fig. 13.  This reflects that the ICT comes from
he phenanthryl subunit to benzothiazolium one via the ethylenic
ridge.
The potential energy curves of the ground and lowest excited
inglet as a function of the twist angle around the central double
ond were calculated using AM1/CI in MeOH, Fig. 14.  The energy
arrier hindering the internal rotation in the ground state is too
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high to be overcome in the E–Z thermal isomerization (20 kcal).
This is consistent with the experimental observation where the E-
isomer is thermally stable in absence of light. In the ground state the
most stable conformation of the Z-isomer involves a twisting angle
about 40◦ which seems to be realistic due to the steric hindrance
between the hydrogen atoms of ethenyl and phenanthryl moieties,
Fig. 14.

4. Conclusion

In this work, a hemicyanine dye (9-PhEBI) has been synthe-
sized and investigated spectrophotometrically and theoretically.
In this context, the absorption and fluorescence spectra of the
dye in solvent of various polarities have been recorded. 9-
PhEBI dye undergoes the formation of molecular aggregates
of the J-type in different solvents and adsorbs strongly from
aqueous solutions on the glassware, so it may  be used as
spectral sensitizer in photographic industry. In addition, the quan-
tum chemical calculations have been employed to explain and
support the experimental findings. The density functional the-
ory (DFT/B3LYP) and AM1/CI showed that 9-PhEBI has slightly
twisted structure which increases upon excitation. The benzoth-
iazolium part is regarded as a strong electron acceptor, while
the phenanthryl moiety can be considered as a donor. The
orbital topologies reflect the fact that the ICT comes from the
phenanthryl subunit to benzothiazolium one via the ethylenic
bridge.
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