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ABSTRACT

Photochemistry of trans-2-[4'-(dimethylamino)styryl]benzothiazole (t-DMASBT) has been examined
theoretically. Ground state calculations are performed by density functional theory (DFT) method. For
excited-state calculations restricted configuration interaction singles (RCIS) combined with time depen-
dent DFT (TDDFT) approach was used. Theoretical calculations predicted the existence of two ground
state conformers and the photophysics of both the conformers are nearly identical. With torsional rota-
tion of dimethylamino group, the energies of S; and S, states increase, but that of S3 state decreases.
In contrary to an earlier report [J. Photochem. Photobiol. A: Chem. 195 (2008) 368-377], the calculation
predicted at the perpendicular geometry the HOMO is localized on dimethylamino and, HOMO and LUMO
are decoupled. Excitation from HOMO to LUMO at perpendicular geometry results in twisted intramolec-
ular charge transfer (TICT) state. Avoided crossing of S; and S; states causes a barrier for formation of
TICT state from locally excited state. Potential energy surface of isomerization constructed by TDDFT
method suggests that the photoisomers are formed through phantom state in a nonradiative way, not by
aradiative way from cis and trans isomers as proposed earlier by Saha et al. [J. Photochem. Photobiol. A:
Chem. 199 (2008) 179-187].

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Excited-state torsional motion about carbon-carbon double
bond that leads to trans—cis photoisomerization is an important
nonradiative decay channel for many mw-systems [1,2]. The photoi-
somerization has been known for several decades to dominate the
photochemistry of aromatic olefins, and has been studied exten-
sively and reviewed [1-5]. ‘Push-pull’ aromatic olefins are much
more interesting [6-12]. The presence of single bonds linking elec-
tron donor and electron acceptor groups in ‘push-pull’ systems may
allow twisted intramolecular charge transfer (TICT) state forma-
tion. On the other hand, the double bonds can also lead to trans-cis
isomerization which can compete with TICT state formation.

trans-2-[4'-(Dimethylamino)styryl]benzothiazole (t-DMASBT)
is a push-pull aromatic olefins, which has benzothiazole ring on
one side of the olefin bond and dimethylanilino ring on the other
side (Scheme 1). Fayed and Ali were the first to synthesize and study
the photophysics of t-DMASBT [13]. They suggested that --DMASBT
is emitting from the intramolecular charge transfer (ICT) state and is
duetoincrease indipole momentin the S state.Sahaetal. had elab-
orated utility of t-DMASBT. It was found that the fluorophore can
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be used as molecular probe to study biological functions as well as
biomimicking systems [14]. --DMASBT can act as a surface probe to
monitor the premicellar aggregation and the phase change during
the process [15] and also it induces the formation of nanotubular
suprastructures by cylclodextrins [16-18].Saha et al. also reinvesti-
gated DMASBT both experimentally and theoretically and proposed
that DMASBT emits from TICT state in polar solvents [19]. They
hypothesized that the S3 state of the molecule developed a high
dipole moment with twisting of dimethylamino group and thereby
got stabilized in polar solvent to emit TICT fluorescence in polar
solvents. But there is large overlap between the HOMO and LUMO
(reported by Saha et al.) that involved in the formation of TICT state.
However it is known [20,21] that under charge transfer conditions
the donor and the acceptor are orbitally decoupled and therefore
there is little or no overlap between the atomic orbitals contribut-
ing to the HOMO and those to the LUMO [12,22-24]. In addition
the HOMO that is supposed to localize on the electron donating
dimethylamino, is localized on the other parts of the molecules in
the HOMO obtained by Saha et al. [19]. These behaviors of HOMO
and LUMO in the formation of TICT state are unexpected. Saha et al.
[14] also studied the photoisomerization of DMASBT and reported
that the photoisomerization of DMASBT is different from that of
stilbene and other olefins. According to their model the cis-trans
isomerization occurs thermally in the first excited state and both
the isomers relax to the ground state by radiative way. However
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Scheme 1. Different molecular forms of DMASBT.

photoisomerization via phantom singlet state, p* was reported
even in cases of many donor and acceptor substituted stilbenes
[6-12].

Thus we reinvestigated theoretically the excited-state prop-
erties of DMASBT by time dependent density functional theory
(TDDFT) to verify Saha et al. model about TICT emission and pho-
toisomerization in DMASBT. Our theoretical calculations clearly
suggest that HOMO is more localized on the donor dimethylamino
group and the LUMO is localized on the rest of the molecule and
there is a minimum overlap between these molecular orbitals. In
addition the calculations predict that there is avoided crossing
between the S3 and S; states that makes a barrier for the formation
of TICT state. In contrary to Saha et al. model the photoisomerization
of DMASBT is also predicted to occur via perpendicular geometry
in a nonradiative way.

2. Computational method

The molecular geometries in the ground state were obtained
by full optimization of structural parameters employing Berny
optimization algorithm by density functional calculation in spin
restricted shell wavefunction manner [25,26]. The functional
used in the calculation was B3LYP where the gradient corrected
exchange functional of Becke [27] and the correlation functional of
Lee, Yang and Paar (LYP) [28] were employed. The basis set used
in all the calculations was 6-31G(d,p) which includes polarization
functions, d orbitals for C, N, O and S atoms and p orbitals for H
atoms.

Configuration interaction singles (CIS) [22,29] and complete
active space self-consistent field (CASSCF) [30-32] methods are
very popular computational methods for the excited-state elec-
tronic structures. CIS method is less expensive and found to
overestimate the energies [33,34]. CASSCF method is also known to
over estimate the excitation energy to ionic-type or charge trans-
fer and it is necessary to include dynamic correlation to correct
this behavior [32,35]. CASSCF are good for small systems, but quite
expensive for large systems [30,31,36]. The geometries obtained
at the CIS level as well as molecular properties are quite reason-
able and correct, at least as a first approximation for a variety
of molecules [34,37,38], including 4-dimethylaminobenzonitrile
[39]. TDDFT calculations were also used successfully to explain the
formation of the TICT state in systems like Michler’s ketone and
dimethylamino fluorenone [23,40]. In view of this we have per-
formed ab initio CIS calculation to obtain the molecular geometry.
As the energy predicted by the calculations are quite high com-

pared to experimental values, using the CIS optimized geometries
as input TDDFT calculations were employed to obtain the energies.

Vertical excitation energy calculations were performed on
the optimized ground and excited S; state geometries for the
assignment of excitation and emission energies, respectively, by
TDDFT/B3LYP/6-31G(d,p) [41,42]. All the computations were per-
formed with a developed version of Gaussian 03W [43].

3. Results and discussion
3.1. Conformers

Two conformers are possible for t--DMASBT (Scheme 1) and
optimized geometrical parameters for both the conformers are
compiledinTable 1. Trans-A is the most stable form of the molecule.
However the energy difference between the two trans conformers
is negligible, and DFT calculations predict a rotational barrier of
0.34eV for the conversion of one conformer to other conformer
(Fig. 1). Comparison of data in Table 1 shows that the geometri-
cal parameters and properties of both the conformers are nearly
same. The molecule is almost planar with small dihedral angle (~5°)
between the dimethylamino group and rest of the molecule. The
excitation energies were obtained by the vertical transition of the
ground state geometries. The difference in excitation energies of
both the conformer is very small and values obtained by TDDFT
calculation are in excellent agreement with experimental value
(Table 1). The longest wavelength transition is intense and has con-
tribution only from HOMO-LUMO excitation and the transition is

Table 1

Optimized Parameters for trans-DMASBT in Sy and S; states.
Parameters trans-A trans-B

So S1 So S1

Energy (eV)? 0.0 3.2229 0.0009  3.2268
T.EP (nm) 384 (384) 419 (447) 383 419
Oscillator strength (f) 1.3051 1.4833 1.3607 1.4881
(D) 52 5.1
Dihedral angles (°)
©1 5.0 0.0 4.9 0.1
@2 180.0 180.0 180.0 180.0
@3 180.0 180.0 180.0 180.0
[ 180.0 180.0 0.0 0.0

3 With respect to ground state energy of trans-A.
b T.E.: transition energy and the values in parentheses are experimental value for
t-DMAPBT in cyclohexane from Ref. [19].
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Fig. 1. Ground state potential energy surfaces for the conversion of trans-A to trans-
B.

m— 7*. The relaxed geometries in the excited state were obtained
by full optimization using RCIS/6-31G(d,p). The excited-state opti-
mized geometries indicate that the complete planarization of the
molecule in the excited state and this is expected to increase the
conjugation (Table 1). Thus, favors the quinioid structure in the
excited state and responsible for the emission in nonpolar solvents.
The emission energies are obtained by vertical transition from these
relaxed geometries. The emission energies of both the conform-
ers are same and also in good agreement with experimental value
(Table 1).

3.2. TICT

DMASBT was reported to emit TICT emission only in polar
solvents [19]. In the TICT state, donor is twisted from within
the molecular plane to a position perpendicular to other part of
the molecule [20,21]. In DMASBT the torsional rotation of the
dimethylamino group (¢ ) or the dimethylanilino ring (¢, ) or the
dimethylaminostyryl ring (¢s3) is supposed to result in TICT state.
In a related system 4-dimethylamino,4’-cyanostilbene, it was pro-
posed that the rotation of dimethylanilino leads to a TICT state and
was stabilized by polar solvents [12]. However rotational motion
of dimethylanilino group involves large amplitude motion and vis-
cous solvents like glycerol retards the motion of such bulky moiety.
It was found that the fluorescence yield of thioflavin T increases in
glycerol, as it retards torsional motion of dimethylanilino group
that is supposed to result in nonfluorescent TICT [44]. On the other
hand TICT emission was observed for dimethylaminobenzonitrile
even in polymer matrix, where the formation of TICT state involves
the twisting motion of small dimethylamino group [45]. DMASBT
emits strong TICT fluorescence in glycerol [14,19] and thus rule
out rotation of bulky dimethylanilino group or dimethylaminos-
tyryl moiety in the formation of TICT emission. However we have
calculated the energy of all the three twisted conformers. The calcu-
lations also show that the formation of TICT state by the twisting of
dimethylanilino group or dimethylaminostyryl group are energeti-
cally less favored compared to the twisting of dimethylamino group
(Scheme 2). In trans-B conformer also rotations of bulky groups are
unfavorable compared to that of dimethylamino group (Supporting
Information).

The potential energy surface for the formation of TICT state
was constructed by rotating the dimethylamino group from the
relaxed excited state and performing partial optimization on dif-
ferent geometries that have preset torsional angles. The potential
energy surfaces thus constructed are in Fig. 2 and the transition
character of the first three excited states are compiled in Table 2.
The frontier molecular orbitals involved in the transition for both
planar and twisted states are shown in Fig. 3. From these it is clear

Scheme 2. Energy level diagram for planar and twisted conformers of trans-A. Sim-
ilar results have been determined for trans-B (Supporting Information).

that all the three states are wm* states. In the planar conformer as
mentioned earlier, the S; state is described by HOMO-LUMO single
excitation and is strongly allowed. But the higher states are com-
posed of multiple excitations with small oscillator strength. The S,
state has major contribution from HOMO-1-LUMO excitation with
minor contribution from HOMO-2-LUMO and HOMO-LUMO+3. In
the S3 state HOMO-1-LUMO excitation has more contribution than
the other excitations. But with rotation of dimethylamino group,
the contribution of HOMO-1-LUMO excitation increases in the S3
state and that of HOMO-2-LUMO excitation increases in the S,
state. The energy of the S; state decreases and that of S, state
increases with rotation of dimethylamino group. The two states
cross each other at a torsional angle of ~50°. Alike S, state, the
energy of Sy state also increases with twisting. However the S3 and
S; states do not cross and there is an avoided crossing between
these states. In the region of avoided crossing both states are
expected to strongly mix up and finally repel each other, keeping
their relative spectral positions unaltered. The S; state is defined
by single excitation up to 50° rotation of dimethylamino group.
When the twisting angle increases further, the S; state has addi-
tional contribution from HOMO-1-LUMO excitation. The same way
HOMO-LUMO excitation also contributes to S3 state when tor-
sional rotation increases above 50°. The oscillator strength of S;
state decreases and that of S; state increases. Finally when the
states move apart at 90°, the S; and S5 states have contribution
only from single excitations. Saha et al. [19] also suggested that the
energy of the S3 state decreases with torsional motion of dimethy-
lamino group, but they reported that the S; and S; states also
cross each other, in contrary to avoided crossing between these

Fig. 2. Simulated potential energy surfaces for the formation of TICT state obtained
by the torsional motion of dimethylamino group in trans-A. Similar results have
been determined for trans-B (Supporting Information).
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Table 2
Transition character of different energy level on the pathway to the TICT state in trans-A.
Dihedral angle, ¢; (°) S state S, state S3 state
MO T.E. (f) MO T.E. (f)? MO T.E. (f)?
0 LUMO « HOMO (100%) 2.960 (1.48) LUMO « HOMO-2 (35.7%) 3.757 (0.04) LUMO « HOMO-2 (38.4%) 3.973(0.00)
LUMO « HOMO-1 (52.2%) LUMO « HOMO-1 (25.1%)
LUMO+2 < HOMO (12.1%) LUMO+1 <~ HOMO (11.1%)
LUMO+2 < HOMO (9.8%)
LUMO+3 <~ HOMO (15.6%)
10 LUMO « HOMO (100%) 2.957(1.48) LUMO « HOMO-2 (37.7%) 3.756 (0.04) LUMO « HOMO-2 (37.3%) 3.966 (0.01)
LUMO « HOMO-1 (50.5%) LUMO « HOMO-1 (26.6%)
LUMO+2 <~ HOMO (11.8%) LUMO+1 <~ HOMO (10.9%)
LUMO+2 <~ HOMO (10.0%)
LUMO+3 <~ HOMO (15.2%)
20 LUMO « HOMO (100%) 2.950(1.48) LUMO « HOMO-2 (44.2%) 3.750 (0.04) LUMO « HOMO-2 (33.2%) 3.942(0.01)
LUMO « HOMO-1 (44.7%) LUMO « HOMO-1 (43.1%)
LUMO+2 — HOMO (11.1%) LUMO+1 <~ HOMO (10.3%)
LUMO+2 <~ HOMO (10.7%)
LUMO+3 <~ HOMO (14.2%)
30 LUMO « HOMO (100%) 2.937(1.46) LUMO « HOMO-2 (62.9%) 3.737 (0.04) LUMO « HOMO-2 (25.1%) 3.897 (0.02)
LUMO « HOMO-1 (37.1%) LUMO « HOMO-1 (40.8%)
LUMO+1 <~ HOMO (9.5%)
LUMO+2 <~ HOMO (12.8%)
LUMO+3 <~ HOMO (11.8%)
40 LUMO « HOMO (100%) 2916 (1.42) LUMO <« HOMO-2 (72.6%) 3.714(0.03) LUMO « HOMO-2 (12.9%) 3.819 (0.05)
LUMO < HOMO-1 (14.6%) LUMO <« HOMO-1 (60.1%)
LUMO+3 — HOMO (12.8%) LUMO+1 <~ HOMO (9.9%)
LUMO+2 < HOMO (17.2%)
50 LUMO <« HOMO (100%) 2.883(1.32) LUMO « HOMO-2 (37.4%) 3.708 (0.13) LUMO « HOMO-2 (52.7%) 3.669 (0.02)
LUMO « HOMO-1 (49.8%) LUMO « HOMO-1 (36.7%)
LUMO+2 <~ HOMO (12.8%) LUMO+3 — HOMO (10.6%)
60 LUMO <« HOMO-1 (21.5%) 2.825(1.07) LUMO « HOMO-2 (72.0%) 3.666 (0.07) LUMO « HOMO-2 (19.2%) 3.497 (0.28)
LUMO « HOMO (78.5%) LUMO « HOMO-1 (16.6%) LUMO « HOMO-1 (69.6%)
LUMO+3 <~ HOMO (11.3%) LUMO « HOMO (11.2%)
70 LUMO <« HOMO-1 (33.4%) 2.718 (0.60) LUMO « HOMO-2 (100%) 3.642 (0.06) LUMO « HOMO-2 (12%) 3.299 (0.73)
LUMO « HOMO (66.6%) LUMO « HOMO-1 (64.6%)
LUMO < HOMO (23.4%)
80 LUMO < HOMO-1 (40.9%) 2.568 (0.15) LUMO « HOMO-2 (100%) 3.626 (0.06) LUMO « HOMO-1 (62.9%) 3.179(1.16)
LUMO <« HOMO (59.1%) LUMO < HOMO (37.1%)
90 LUMO « HOMO (100%) 2.494 (0.00) LUMO « HOMO-2 (84.7%) 3.620 (0.06) LUMO « HOMO-1 (100%) 3.144 (1.30)

LUMO+3 <~ HOMO-1 (15.3%)

a T.E.: transition energy in eV, f: oscillator strength.

two states predicted by the present study. They considered only
trans-B conformer in their calculation. However the present calcu-
lations predicted that the behavior for the first three excited states
of trans-B conformer is also nearly identical to that of trans-A con-
former (Supporting Information). In both trans-A and trans-B, at
90°, the lowest singlet excited state is defined by HOMO-LUMO
single excitation. The HOMO is localized on the charge donating
dimethylamino group and the LUMO is localized on the acceptor
(Fig. 3). Thus it is clear that the orbitals are decoupled at perpen-
dicular geometry and the HOMO-LUMO excitation ensures a full
electron transfer that results in the formation of TICT state. The
avoided crossing causes a barrier for the formation of TICT state
from the locally excited state in t-DMASBT. The barrier height and
the energy of the TICT state are expected to decrease with increase
in polarity to favor the formation of TICT state in polar solvents.
Recently it has been suggested that for DMABN the TICT state
is directly formed from the Frank-Condon structure on S, through
a conical intersection, corresponding to a nearly barrierless TICT-
forming pathway in a nonadiabatic way [46,47]. However the
present calculations predicted that the formation of TICT state
in t-DMASBT is an adiabatic process. It was suggested for trans-
aminostilbenes [11], the systems similar to t-DMASBT that the
nonadiabatic process has no role in the formation of TICT state.

This was due to the different electronic structures in aminostil-
benes from the DMABN systems and the argument also holds good
for t-DMASBT.

3.3. Photoisomerization

Torsional rotational around C=C bond that leads to cis-trans
isomerization is one of the important de-excitation path in aryl
olefins and is competing with radiative decays [1-5]. In general,
the torsional rotation in either the singlet or the triplet excited-
state reaches a potential minimum phantom state (!p* or 3p*),
at the perpendicular geometry. The decay of !p* and 3p* parti-
tions to trans and cis isomers with nearly equal probability. Saha
et al. studied the effect of viscosity and temperature on the fluo-
rescence quantum yield of t-DMASBT [14]. Their studies revealed
that the fluorescence yield increases with increase in viscosity and
decreases with increase in temperature. They had performed AM1
calculations to predict the potential energy surface for isomeriza-
tion. The potential energy surface constructed by them have barrier
of 77 kcalmol~! in the ground state and the barrier height was at
the torsional angle of ~40°. The shape of the potential barrier in the
S; state is nearly identical to that of Sy state, but the height of the
barrier was reduced to 36 kcal mol~1 at ~40°. In contrary to those
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Fig. 3. Optimized structure and the isosurface plot of frontier molecular orbitals obtained by TDDFT calculation for planar (¢; =0°) and twisted (¢; =90°) conformers of

trans-A. Similar results have been determined for trans-B (Supporting Information).

observed for aryl olefin no perpendicular minimum was observed in
the potential energy surface obtained by Saha et al. It was proposed
that DMASBT undergo temperature induced photoisomerization
and fluorescence emission from both the isomer.

We have constructed the potential energy surface for isomer-
ization from the Franck-Condon state of both the trans conformers
using TDDFT method by rotating the olefinic bond in the excited
state. The potential energy surfaces thus obtained are shown in

Fig. 4 and are quite different from those reported by Saha et al.
[14]. The perpendicular geometry possesses the maximum energy
in ground state, but has the minimum energy in the S; state. There
is a small barrier for trans isomer and little or no barrier for cis
isomer to reach the perpendicular minimum, the phantom state,
from there the molecule is expected to decay nonradiatively with
nearly equal probability to trans and cis isomers. The picture is
consistent with those observed for stilbene and other aromatic

Fig. 4. Potential energy surfaces simulated for photoisomerization of (a) trans-A and (b) trans-B.
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olefins [1,2]. The formation of the phantom state is energetically
more favored than the formation of TICT state. This explains the
low fluorescence quantum yield of t-DMASBT in nonpolar solvents
[14].

4. Conclusion

The t-DMASBT exists in two conformeric forms. The difference
in energy and dipole moment are very little between the con-
formers. The excitation and emission energies calculated by TDDFT
method is in good agreement with the experimental values. Twist-
ing of dimethylanilino and dimethylanilinostyryl moieties are high
energy process compared to twisting of dimethylamino group. The
S3 state gets stabilized with torsional rotation of dimethylamino
and it crosses the S, state, but there is an avoided crossing between
S; and S; states. At perpendicular geometry, the HOMO is localized
on the dimethylamino group and thus, the donor lone pair becomes
available for charge transfer to decoupled LUMO that results in
the TICT state. t-DMASBT undergoes photoisomerization in the Sq
state through phantom state, and is a major nonradiative path of
de-excitation. In nonpolar solvents cis-trans isomerization is the
dominating process and in polar solvents it is expected to compete
with TICT process.
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