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Abstract

Experimental and theoretical photophysical characterization of trans-2-[4-(dimethylamino)styryl]benzothiazole (DMASBT) has been carried
out in solutions of different polarities. Steady state fluorescence emission and excitation spectra of DMASBT in the solvents of varying polarities
suggest the existence of dual emitting states where locally excited state is responsible for fluorescence in nonpolar solvents; however, in polar
solvents fluorescence is from twisted intramolecular charge transfer (TICT) state. Solvatochromic comparison method suggests that the dipolar
interactions make the major contribution to the stability of ground as well as excited states with more effect on the latter. Semi-empirical AM1
singly excited configuration interaction (AM1-SCI) calculations support the formation of the TICT state of DMASBT. The twist of the -N(CHs),
group and the change in its hybridization in the excited state develops a high dipole moment in the S; state and thereby stabilizing it to give the
TICT fluorescence in polar solvents. The TICT fluorescence of DMASBT decreases above the pH value of 3.7 suggesting that hydrogen bonding
ability of water molecules becomes efficient above this pH. Results indicate that DMASBT can be a potential sensor based on its remarkably high
fluorescence sensitivity towards polarity, viscosity and pH of the medium.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Intermolecular and intramolecular electron donor—acceptor
systems that explain the charge transfer phenomenon has been
a topic of interest to many from long back [1-4]. The con-
cept of intramolecular charge transfer originated quite a few
decades ago and is still carrying a lot of interest and opening
grounds for important inventions regarding the characterization
of relevant molecules where the long wavelength, low-energy,
structureless charge transfer band is the principal feature [5,6].
Highly Stokes shifted fluorescence band of such molecules,
which develops as a result of twisting of the donor part around
the single bond connecting the donor to the acceptor system, is
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known as the fluorescence due to twisted intramolecular charge
transfer (TICT) according to Rotkiewicz and Grabowski in
their pioneering works with p-(N,N-dimethylamino)benzonitrile
(DMABN) in polar solvents [7,8]. The idea of the TICT
state is based on a principle that associates minimum orbital
overlap with intramolecular charge separation [8,9]. In this
context, a recent work of Cuquerella et al. [10] can be men-
tioned where they explained the photophysics of Norfloxacin
and its derivatives exploiting the TICT phenomenon in the
molecule. Their study reveals that the geometry of fluoro-
quinolone main system changes from an almost piperazinyl
pyramid in the ground state to nearly trigonal planar in the
excited singlet state due to a change in the hybridization of
the nitrogen atom. Apart from this, recently Druzhinin et al.
[11] demonstrated an ultrafast intramolecular charge transfer
(ICT) in DMABN, where they have taken acetonitrile as the
solvent medium. The essential difference between the TICT
and the other ICT models for molecules such as DMABN is
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Scheme 1. Trans-2-[4-(dimethylamino)styryl]benzothiazole (DMASBT).

the absence of electronic coupling between the amino and ben-
zonitrile groups in the TICT state (principle of zero electronic
overlap) [12,13].

A recent report of Fayed and Ali demonstrates the pro-
tonation dependent intramolecular charge transfer in 2-[4-
(dimethylamino)styryl]benzazoles, where they have compared
the ICT properties of 2-[4-(dimethylamino)styryl]benzoxazole
(DMASBO) with that of 2-[4-(dimethylamino)styryl]-
benzothiazole (DMASBT) [14]. Unfortunately, they have
explained the ICT to be because of the increase in the dipole
moment of the S state. They could not identify the stability
of the S3 state as the responsible factor that thereby produces
the TICT fluorescence. Moreover, they have not considered
the twist of the —-N(CH3); at all, which is, in fact, the most
important factor of the process. The stability of the Ss state
is achieved because of the development of a very high dipole
moment of the molecule in the excited state at a twist angle of
90° of the -N(CH3), group accompanied by a change in the
shape of the group because of a change in the hybridization of
the nitrogen atom. The study of Fayed and Ali needs thorough
revision since TICT in DMASBT can make the compound
a very sensitive candidate as a biosensor. Principally driven
by the medical importance of trans-2-[4-(dimethylamino)
styryl]benzothiazole (Scheme 1) we thought about its thor-
ough characterization. Dey et al. [15] have reported the dual
fluorescence of 2-(4-(N,N-dimethylamino)phenylbenzothiazole
(DMAPBT) molecule. DMASBT is different from DMAPBT
by a double bond incorporated between a benzothiazole ring
and a N,N-dimethylaminophenyl ring in such a way that these
two rings are at tfrans position with respect to the double
bond.

There are reports on the effect of solvent polarity and vis-
cosity on TICT properties of various molecular systems such
as coumarins, DMABN, a group of molecules called molec-
ular rotors, etc. [16,17]. Although solvent polarity causes a
bathochromic shift of the emission band in all these compounds,
this shift is smallest in the case of molecular rotors. Peak inten-
sity is influenced strongly by solvent viscosity in DMABN and
the molecular rotors but polarity and viscosity influences cannot
be separated with DMABN. Coumarins, on the other hand are
not sensitive to viscosity. Interestingly in DMASBT both sol-
vent polarity and viscosity have their own effects on emission
intensity as well as on emission wavelength unlike coumarins
and molecular rotors. As mentioned above, DMASBT can be
a very potential candidate as sensitive biosensor because of its
structural nature. Experimental findings indicate the sensibil-
ity of DMASBT under different environmental conditions and
quantum chemical AM1-SCI calculations have rationalized the
experimental data.

2. Experimental
2.1. Materials and methods

DMASBT was procured from Aldrich Chemical Company,
WI, USA and was recrystallized from a mixture of ethanol and a
small percentage (~10%) of n-hexane. A single spot was noticed
for the recrystallized compound in thin layer chromatography
(TLC) plate. All the solvents used are of spectroscopic grade and
procured from Spectrochem Chemical Company, India. Triple
distilled water was used for the preparation of the aqueous solu-
tions. Dilute sulfuric acid and sodium hydroxide solutions were
used to adjust the pH of the prepared solutions. A stock solution
of DMASBT (1.001 x 1073 M) was prepared in pure methanol
to record the UV—vis absorption and fluorescence spectra of
DMASBT in pure solvents; 0.1 mL of this solution was poured
in a 10 mL volumetric flask and left for a few hours for complete
evaporation of methanol and then the compound was dissolved
in respective solvents to make the final volume to 10 mL. To pre-
pare the solutions of the compound in dioxane—water mixtures,
0.1 mL of dioxane solution of DMASBT (1.001 x 1073 M) was
pipetted out and poured into a 10 mL volumetric flask, and the
final volume of the solution was made to 10 mL with required
amount of dioxane and water. The concentration of DMASBT in
all the experimental solutions used for spectroscopic measure-
ments was 1.001 x 1075 M. The fluorescence quantum yields
were determined with respect to that of quinine sulfate in 0.1N
H>SO4 (0.55). The absorption spectra were recorded using a
Jasco V570 UV-vis spectrophotometer. Fluorescence measure-
ments were performed using a Shimadzu RF-5301PC scanning
spectrofluorimeter. ELICO L1610 pH meter was used to measure
the pH of the solutions.

2.1.1. Solvatochromic comparison method (SCM)

To find the information about the individual contribution
of different solvent effects a multiparametric approach, known
as solvatochromic comparison method proposed by Kamlet et
al. [18], has been used. This approach separates the dielec-
tric effects of solvents ("), hydrogen-bond donor ability (c),
and hydrogen-bond acceptor ability () of the solvents on the
spectral properties. The equation describing these effects is:

E =E°+ cn* + ao + bB (1)

where, a, b, and c¢ are the coefficients and E° is the spectral
maxima independent of solvent effects. The values of 7, a,
and B of different solvents have been taken from the report of
Kamlet et al. [18]. The values of E are absorption/fluorescence

band maxima in terms of cm™!.

2.1.2. Calculation of excited state acidity constant (pK')

pK; has been calculated by fluorometric titration method
[19-21]. In this method, the relative fluorescence intensities
(I/p) at a particular wavelength of acid and its conjugate base are
plotted separately against pH. These sigmoid curves intersect at
a point (I/Ip =0.5) if these are the only two species present, and
that pH value represents the pK?.
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2.1.3. Quantum chemical calculations

Hyperchem package Version 6.01 (Hypercube Inc., Canada)
has been used for the theoretical calculations. The ground state
(Sp geometry) of the compound was optimized by AM1 method
[22,23]. AM1-SCI (singly excited configuration interaction) was
performed to get the energy (E;) and dipole moment in the
ground state and the transition energies (AEj_,j), and dipole
moments of different excited states. We have taken care of all the
singly excited configurations within an energy window of 11 eV
from the ground state. AE;j . corresponds to the excitation of
an electron from the orbital ¢; (occupied in the ground state) to
the orbital ¢; (unoccupied in the excited state). The total energy
of the excited state (E;j) was then calculated as Ej = Eq + AEj ;.
The CI wavefunction has been used to generate g orbitals and
one-electron density matrices, which were used to calculate the
dipole moments of the excited states of the compounds. The sta-
bilization of the different states due to solvation has been calcu-
lated from the solvation energies based on Onsager’s theory [24].
Assuming that the solute molecule having a dipole w; in the ith
electronic state is fully solvated, the solvation energy is given by,

2uie = 1)

AEsoly = a3(28 T

@

where ¢ is the relative permittivity of the solvent and a is the
cavity radius.

3. Results and discussion
3.1. UV—-vis absorption study of DMASBT

The UV-vis absorption spectra of DMASBT in pure solvents
of different polarities show the normal trend of red shift of the

Table 1

Absorption wavelength maxima (A2 (nm)], 10g Emax, fluorescence wavelength maxima [

max

DMASBT in different solvents along with their E1(30) (kcal mol~!) values

long wavelength absorption band maximum (A2, ) with increas-

ing polarity of the solvents (Table 1). The structured character
of the absorption bands observed in nonpolar and/or less polar
solvents progressively diminishes with increasing polarity of the
solvent media, which suggests some sort of interaction between
DMASBT and the polar solvent molecules [25,26]. In agree-
ment with the arguments given by Mallick et al. [25] about their
study on steady state photophysics of a quinolizine derivative,
we also state that the ground state charge transfer character of
DMASBT is absent in polar solvents. The absorption data have
been analyzed using the solvent comparison method proposed
by Kamlet et al. [18]. The equation obtained from this approach
with regression coefficient value 0.92 is as follows:

E(cm™!) = 26048 — 807.27* + 100.94c — 88.958 3)

The negative values of ‘c’ and ‘b’ indicate stabilization, whereas
positive value of ‘a’ indicates destabilization. The positive value
of ‘a’ is consistent with the fact that donation of lone pair of
electrons of the nitrogen atom of —-N(CH3), group to hydrogen
bonding solvent hinders the participation of the lone pair with the
w-cloud of the ring and thus destabilizing the system. However,
the observed red shift of absorption maxima with increasing
the solvent polarity indicates that the dipolar interactions offer
major contribution. Therefore, highly red-shifted structureless
bands observed in polar solvents like water, acetonitrile, DMF
and DMSO are mainly due to the presence of dipole—dipole
interactions.

3.2. Fluorescence study of DMASBT

The emission spectra of DMASBT in some of the pure sol-
vents of different polarities are shown in Fig. 1. Similar to the

fl

max (nm)]?, fluorescence quantum yields (¢r) and Stokes shift (vg) of

Solvents Er(30) A8 (nm) 10g €max” A (nm) Vs (em™!) @ (£0.0001)°
Cyclohexane 30.9 384 4.44 447 3671 0.0010
Heptane 31.1 387 4.45 446 3418 0.0014
Hexane 324 384 4.53 445 3604 0.0018
Diethyl ether 34.5 390 4.48 460 3902 0.0020
1,4-Dioxane 36.0 393 4.36 467 4032 0.0022
THF! 37.4 396 4.57 482 4506 0.0030
Ethylacetate 38.1 391 4.29 477 4611 0.0053
DMF® 43.6 402 4.41 504 5035 0.0070
DMSOf 44.8 405 4.36 513 5198 0.0078
Acetonitrile 45.6 401 4.35 504 5097 0.0066
Isopropanol 48.4 394 4.23 493 5097 0.0048
Ethanol 51.9 396 4.29 498 5173 0.0045
Methanol 55.4 397 4.28 507 5465 0.0030
Glycerol 56.7 409 4.25 530 5582 0.1150
Water? 63.1 402 4.10 516 5496 0.0012
& dex =395 nm.

 [DMSBT] =1.001 x 1075 M.

¢ Fluorescence quantum yields at Aex =395 nm.
4 Tetrahydrofuran.

¢ Dimethylformamide.

f Dimethylsulfoxide.

¢ pH of aqueous solution is 7.2.
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Fig. 1. Fluorescence spectra of DMASBT in different pure solvents at
[DMASBT] =1.001 x 1075 M and A =395 nm; (a) methanol, (b) ethylacetate,
(c) dioxane, (d) cyclohexane, (e) acetonitrile, (f) DMSO, (g) DMF, (h) water,
and (i) glycerol.

absorption bands, the emission bands are also structured in non-
polar solvents and have mirror image relationship with their
respective absorption spectra. This confirms that there is no
change in geometries between absorbing and emitting species in
a nonpolar solvent. Appearance of a broad red-shifted fluores-
cence band with gradual disappearance of vibrational structures
with increasing solvent polarity indicates the development of
the charge transferred (CT) state in a polar solvent [25]. The
fluorescence band maxima (Al ) are listed in Table 1. Emis-
sions in nonpolar solvents can be ascribed to originate from
the locally excited (LE) state. Upon excitation, transfer of an
electronic charge occurs from a donor (D) to an acceptor (A)
site leading to a charge separation. This process is called as
twisted intramolecular charge transfer proposed by Grabowski
et al. [8,27] and the resulting state is labeled as TICT state
which is believed to be responsible for the anomalous fluo-
rescence. In this process, a positive and a negative charge are
localized in two different and separated functional parts of
the molecule resulting in an increase in the molecular dipole
moment. Contrary to DMABN, DMASBT does not exhibit dual
emission peaks like coumarins [((7-amino-4-methylcoumarin-
3-acetyl)amino)hexanoic acid, coumarin 1, and coumarin 6]
[16].

Fluorescence excitation spectra have been recorded in sol-
vents of varying polarities to establish that the fluorescence of
DMASBT are from two different emitting states (LE and TICT)
although there is a single absorbed species. Fig. 2 represents the
absorption and excitation spectra (Aem =500 nm) of DMASBT
in methanol. The band maximum of the latter differs by 7 nm
from that of the absorption spectrum indicating that the absorbed
and emitted species are different. The spectrum in the inset is
the excitation spectrum of DMASBT (Aer =500 nm) in cyclo-
hexane. The band maximum, in this case, is same as that of
absorption spectrum (384 nm) with structured characteristics of
band. Therefore, it can be concluded that emissions in nonpolar
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Fig. 2. Normalized absorption (—) and excitation (---) spectrum
(kem =500nm) of DMASBT in methanol. Inset: excitation spectrum of
DMASBT in cyclohexane (Aep =500 nm).

solvents originate only from the LE state where the absorbed
species is same as the emitted species. However, emission in
a polar solvent is mainly from a state, which is created at the
excited state assigned as charge transfer state.

Calculated values of fluorescence quantum yields and Stokes
shifts are also listed in Table 1. It can be seen that fluorescence
quantum yield increases and then decreases with increasing
E1(30), an empirical solvent polarity parameter [28,29], which
includes the effects of specific as well as non-specific interac-
tions. However, the disadvantages of such scales are that the
information about the individual contribution of different sol-
vent effects is lost. The data in Table 1 show that the Stokes shift
increases with increasing the E1(30) of pure solvents.

SCM has also been applied to analyze the fluorescence data,
which results into the following equation with regression coef-
ficient value =0.96:

E (cm™') = 22468.43 — 2052.497* — 368.45¢ — 379.16p (4)

This equation shows that all the three parameters, 71*, o, and
B, contribute to the stabilization of excited state. Compared to
ground state, negative value of ‘a’ indicates that the stabiliza-
tion is also due to hydrogen-bond donor ability of solvents.
This favors that although the lone pair of electrons on the
N-atom of —-N(CH3); group is not available due to their involve-
ment in the formation of the charge transfer state, but that
on the tertiary N-atom of the benzothiazole moiety is avail-
able for donation to the hydrogen bonding solvents. This, in
turn, favors the stability of the excited state. Eq. (4) shows
that greater contribution to the stability of the excited state is
also due to dipole—dipole interactions like ground state stabi-
lization. But, this contribution is greater in the excited state
than that in the ground state, which also supports that the
excited state dipole moment of DMASBT (see later) is greater
than the ground state dipole moment. This explanation supports
the high Stokes shift values in polar solvents. In the cases of
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Fig. 3. Fluorescence spectra of DMASBT in different percentages of dioxane
in water; (a) 100, (b) 98, (c) 90, (d) 80, (e) 60, (f) 50, (g) 40, (h) 30, and (i)
20. Aex =408 nm, [DMASBT]=1.001 x 1075 M. Only a few of the spectra have
been shown for clarity. Fig. 4 contains the Stokes shift values for all the spectra
taken for different water concentrations in dioxane.

DMEF, DMSO and glycerol high fluorescence quantum yields are
observed. This is probably due to the higher viscosity of these
solvents compared to other solvents thus restricting a degree
of nonradiative processes as observed by Dey et al. [15] in
9-(N,N-dimethylamino)anthracene (9-DMA) and by Haidekker
et al. [16] in DMABN and 9-(dicyanovinyl)-julolidine
(DCVI).

The fluorescence spectra of DMASBT in different percent-
ages of dioxane in water are shown in Fig. 3. The fluorescence
band gets red shifted with increasing percentage of water in the
mixture. Fig. 4 and its inset show the variations of Stokes shift
(vss) and energy corresponding to fluorescence maxima (Ef),
respectively, whereas Fig. 5 depicts fluorescence quantum yields
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Fig. 4. Plot of variation of Stokes shift of DMASBT against ET(30) of
dioxane—water mixture. Inset: variation of energy corresponding to fluorescence
maxima (Er) against ET(30) of dioxane—water mixture.
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Fig. 5. Plot of variation of fluorescence quantum yields against ET(30) of
dioxane—water mixture. Aex =408 nm, [DMASBT]=1.001 x 1075 M.

(¢q) of DMASBT with increasing the E1(30) of dioxane—water
mixtures. Fig. 4 shows a linear variation of Stokes shift up to
a certain value of ET(30). At this point it can be stated that the
stabilization of the ICT state is very sensitive to the change in
polarity of the medium up to a certain extent, after that the sen-
sitivity towards polarity decreases may be due to the fact that
the extent of stabilization due to specific interactions (hydrogen
bonding) becomes progressively less important with increas-
ing the concentration of water in dioxane—water mixture. This
can be supported by the nature of the plot in inset of Fig. 4,
in which it is observed that the initial decrease of energy cor-
responding to fluorescence maxima (Ef) is greater than that in
the higher polarity region quite in contrast to that observed by
Mallick et al. in case of a quinolizine derivative showing ICT
fluorescence [25]. When plotted against the ET(30) values of
the mixed solvents, the fluorescence quantum yield shows an
initial hike up to a certain magnitude of polarity followed by a
concomitant decrease with further increase in the polarity of the
environment (Fig. 5). In nonpolar solvent, like dioxane, emis-
sion takes place from the LE state; with increasing concentration
of water, due to the increase in polarity of the solvent, the more
polar ICT state gets progressively stabilized resulting into a red
shift of the emission band maximum and an increase in fluo-
rescence quantum yield. After a certain critical concentration
of water (~50%) in the mixture, the ICT state gets further sta-
bilized due to solvation and comes closer to the nearby triplet
state as well as to the ground state, which leads to enhancement
of the rate of nonradiative processes (viz., internal conversion
(IC), and intersystem crossing (ISC)). For example, in pure
water the solvated S3 energy is —3860.73 kcal mol~! and that
of the corresponding solvated T, state is —3860.56 kcal mol !
indicates the proximity that is required for ISC to occur
efficiently.

Ravi et al. [30] reported a very effective method to determine
the difference between the dipole moments of the excited and
the ground states (A ). To obtain this value, Stokes shifts can be
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Stokes shift (cm™)

Fig. 6. Plot of variation of Stokes shift against E¥ of dioxane—water mixtures.

plotted against E¥ of dioxane—water mixtures (Fig. 6) according
to Eq. (5)

Stokes shift (cmfl)

B Ap \? fapy3 N | y*
_11307'6{<AMD) (7) }ET+Y (m, g) 5)

where Aup =9 D, the change in dipole moment on excitation of
pyridinium N-phenoxide betaine dye, ap =6.2 A is its Onsager
cavity radius [30], a is radius of molecule of interest and Y (m,g)
is a constant. Similar to Fig. 4, Fig. 6 also shows the devia-
tion from linear relationship between Stokes shift and EY of
dioxane—water mixtures at a higher percentage of water in the
overall mixture. A calculated from the slope of the first seg-
mented linear portion of Fig. 6 is found to be 8.06D. The
Onsager’s cavity radius (a) of DMASBT is taken to be 7.79 A
(obtained from the calculation using AM1 method). Using the
calculated ground state dipole moment value of DMASBT i.e.,
3.20D, the dipole moment of the excited state CT species comes
out to be 11.26 D. Theoretical calculations (discussed later)
show that the S3 state is responsible for the polarity induced
TICT emission. The calculated value of dipole moment of the
SEICT state (12.5D) is in well agreement with the experimen-
tal value (11.26 D). Since the dipole moment of this S;ICT state
(u =12.5D) is much greater than that of the ground singlet TICT
state (SgICT, u=0.8D), the former is much more polar. There-
fore, S;ICT state becomes relatively more stabilized as compared
to the SgICT state by the influence of the polar medium. This
results into a decrease in the energy gap, AE (S;ICT - SEICT),
with a consequent red shift in the TICT emission. As a result of
that the rate of internal conversion from S;HCT to SEICT is higher
in water than that in less polar solvents. This fact is in favor of the
stronger TICT emission in the less polar medium as compared to
that in pure water [25]. Moreover, TICT emissions in less polar
solvents are also increased due the decrease in the rate of inter-
system crossing from the S;ICT state to triplet TICT state [31].
Hydrogen-bonding interaction between DMASBT and water is
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Fig. 7. Fluorescence spectra of DMASBT in aqueous solution of different pH;
(a) 0.27, (b) 0.92, (c) 1.88, (d) 2.38, (e) 2.65, (f) 3.7, (g) 4.01, (h) 5.58, and (i)
6.98. Aex =345nm, [DMASBT] =1.001 x 1075 M.

also responsible for fluorescence quenching [32,33] due to radi-
ationless transitions, e.g., in the cases of some dyes, stronger
hydrogen-bonding solvents have been found to enhance the rate
of singlet-triplet intersystem crossing [34]. As a result of that, a
weak TICT emission of DMASBT is observed in pure water.

3.3. Effect of hydrogen ion concentration on absorption
and fluorescence spectra

The absorption spectrum of DMASBT taken at pH 0.27
exhibits two bands, one is red shifted (A%, = 455nm) and
the other is blue shifted (A2 = 351 nm) with respect to the
long wavelength absorption band (A‘;‘I'fax = 415 nm) of the neu-
tral DMASBT molecule. The fluorescence spectra at different
pH values are shown in Fig. 7. The fluorescence spectra obtained
by exciting DMASBT at the respective band maxima of the
above mentioned two absorption bands are also different and
similar to the absorption spectrum; one of them is red shifted
(Al = 549 nm) and the other is blue shifted (A = 456 nm)
with respect to that of the neutral molecule (Al = 508 nm).
In this case, the lower value of Al (508 nm) for the neutral
molecule compared to that in pure water (Al = 516nm) is
due to the presence of 1% methanol as a cosolvent, most proba-
bly because of the exceptional sensitivity of DMASBT towards
polarity. In addition to that, the fluorescence excitation spectrum
corresponding to the blue-shifted fluorescence band matches
exactly with the short wavelength absorption band while that for
the red-shifted fluorescence band resembles the long wavelength
absorption band. This suggests the formation of two different
kinds of monocation species. The red-shifted absorption or emis-
sion band corresponds to the monocation I (Scheme 2), formed
due to the addition of proton to the heterocyclic nitrogen of the
benzothiazole ring and the blue-shifted absorption or emission
band is associated with the monocation II formed as a result
of protonation at the dimethylamino nitrogen. Since the lowest

energy transition of the molecule is  — 7" in nature, the proto-
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Scheme 2. Behavior of DMASBT in different pHs of the aqueous medium.

nation at the heterocyclic nitrogen atom will shift the absorption
and fluorescence band to the red, whereas the same at the nitro-
gen atom of —-N(CH3), group will shift the band to the blue with
respect to that of the neutral molecule. The large red shift for
the monocation I, can be explained by the resonance interaction
of the -N(CH3), group with the styrylbenzothiazole part of the
molecule that leads to structure I’ responsible for the stabiliza-
tion of the species. The formation of both types of monocations
(monocations I and II) indicates the involvement of the lone pair
of electrons of -N(CH3), group in resonance interaction, thus
reducing the charge density on the nitrogen atom of -N(CH3)»
group and enhancing the same on the heterocyclic nitrogen atom.
Therefore, protonations at both types of nitrogen atoms are pos-
sible at lower pH as observed in case of DMAPBT molecule
reported by Dey et al. [15].

As the pH of the medium increases the intensity of the flu-
orescence band corresponding to species I decreases whereas
that of the species Il increases and reaches the maximum value
at pH 1.88. It appears that with decreasing the concentration
of hydrogen ions the possibility of formation of monocation I is
reduced. Above pH 1.88, the intensity of the monocation II starts
decreasing and at the expense of that a new band starts appear-
ing in the wavelength region lying between the above mentioned
two bands; the Al for this new band is equal to 508 nm, which
is almost same as Al of TICT band in water. The appearance
of TICT emission band of DMASBT at pH 2.38 is shown in
Fig. 7, intensity of which becomes maximum at pH ~ 3.7. All
these observations indicate an equilibrium between monocation
II and the neutral DMASBT in the pH range of 1.88-3.7. The
pK” (excited state protonation constant) of this equilibrium, cal-
culated by fluorimetric titration method [19-21] is found to be
2.77. The monocation II shows its maximum accumulation at a
pH of 1.88. With increasing pH the equilibrium concentration
of the neutral species (i.e. species III in Scheme 2) increases
in the equilibrium between species II and III. This results in an
increase in fluorescence intensity of species III. It can be seen
in Fig. 7 that when intensity of species II at pH 3.7 is very low,
the intensity of species III becomes close to the intensity of
species II at pH 1.88. The pK of this equilibrium is found to be
2.77, whereas the ground state protonation constant (pKj,) of the
same equilibrium comes out to be 4.8. The higher value of pK,
compared to pK} can be explained by the fact that basicity of
N-atom of —-N(CHj3); decreases due to a greater extent of charge

transfer from the same N-atom on excitation that results in the
lowering of equilibrium concentration of species Il in the excited
state [21,34]. The appearance of a new band at pH 2.38 suggests
that this band is due to the TICT emission, which is the only
predominant emission that can exist in water. This also confirms
that monocation II is formed as a result of protonation of N atom
of —-N(CH3), group, for which TICT band is not expected due
to the engagement of lone pair of electrons with the H* ion. It is
worth mentioning here that no TICT band appears at pH 0.27 for
monocation I, although it involves greater charge transfer from
N-atom of -N(CH3)> group to the protonated benzothiazole ring.
The protonation of N-atom in this ring facilitates the conjuga-
tion of the -N(CH3), group with the mw-system of DMASBT,
which in turn leads to the appearance of a double bond charac-
ter of the phenyl carbon-nitrogen bond (resonating structure I’
in Scheme 2) and thus reducing the rotational relaxation of the
—N(CH3), group in the excited singlet state.

The TICT fluorescence intensity of DMASBT reaches its
maximum value at pH~3.7 after which the fluorescence
intensity starts decreasing and becomes constant at a pH ~ 7.
Therefore, from this observation it can be concluded that the H-
bonding effect of water becomes important only when the pH of
the solution is greater than 3.7. Increasing the pH of the solution
above 3.7 drives more and more H3O" ions to loose a proton
to form H>O. As a consequence the efficiency of H-bonding
interactions increases, thus decreasing the TICT fluorescence
intensity, which attains its minimum constant value at around pH
7. This observation indicates the sensing efficiency of DMASBT
towards H-bonding interaction. Fayed and Ali [14] have also
studied the effect of acid concentration on the spectral behav-
ior of DMASBT. However, in the present study pK,, and pK}
values of monocation II-neutral species equilibrium have been
calculated and compared. Moreover, the fluorescence quenching
of neutral DMASBT has been observed above pH 3.7 and the
possible reason behind the same has been explained above.

3.4. Quantum chemical calculations

To rationalize the experimental findings and also to locate the
TICT state, some semi-empirical quantum chemical calculations
have been performed. AM1-SCI calculations [23,24,35-37]
have been carried out to determine the optimized geometries
of the different conformations of DMASBT to explain their
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Scheme 3. Optimized geometry of trans isomer of DMASBT in the ground state.

properties in the ground and excited states. Scheme 3 repre-
sents the optimized geometry of trans DMASBT in the ground
state. The donor moiety is flexibly linked to the acceptor moiety
by the C—N bond. In the Franck-Condon or locally excited (LE)
state there is an increase in planarity of the molecule due to the
mutual conjugation of nitrogen lone pair orbital and the acceptor
1 subsystem that may have a fractional internal charge transfer.
Rotational motion around C-N bond is described by the torsion
angle ¢ (Scheme 1), which is equal to zero when the amino lone
pair orbital is perpendicular to the molecular plane of the accep-
tor subsystem. When the two moieties are orbitally decoupled
due to the twisting of the dimethylamino group with respect to
the benzene ring of acceptor part (¢ = 90°), then full intramolec-
ular charge transfer (ICT) takes place in the excited state. In the
ground state the -N(CH3);, group in DMASBT shows a pyrami-
dal shape because of the sp> hybridization of the nitrogen atom
and changes to trigonal planar in the excited state due to a change
in hybridization of the nitrogen atom to sp? [35]. The experimen-
tal findings have already established that DMASBT undergoes
TICT in solvents of high polarity. The calculation suggests the
requirement of the twisting of the donor group (—N(CH3),) per-
pendicular to the plane of the rest of the molecule for the creation
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Fig. 8. The variation of dipole moments of DMASBT in first four singlet states
with the variation of torsion angle (14-15-18-19, vide Scheme 3). Inset: the
variation of energy of DMASBT in water as solvent in first four singlet states
with the change of same torsion angle.

of stable TICT state in polar medium. In this process the over-
lapping orbitals in the planar geometry get decoupled and as a
result of that complete charge transfer takes place.

3.4.1. Locating the TICT state
The TICT state of DMASBT can be well examined through
energy evolutions of several excited singlet states as a function
of the twist angle (¢) between the donor and the acceptor parts of
the molecule. Such an examination allows ascertaining the dual
fluorescence and can be interpreted in terms of TICT state. This
type of analysis has been done for several molecules using a wide
range of experimental and theoretical methods [8,35-37,38—41].
Adiabatic energy evolutions of the first four singlet states of
DMASBT in relation to the variation of the twist angle ¢ are
given in the inset of Fig. 8. AM1-SCI calculations have been
used to find out the excited singlet state that is responsible for
the increasing TICT emission. On rotating the -N(CH3), moiety
in the molecule keeping the rest of the molecule in the trans
planar form, it can be observed that at an angle of 90°, the S3
state of the molecule is acquiring a very high dipole moment
(12.5D). The change in the dipole moments of the different
singlet states with the variation of the torsion angle (14-15-18-
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Fig. 9. Plot of change in energy of the S3 state at the dihedral angle of 90°
with changing the relative permittivity of the solvent. Inset: change in energy of
first three excited singlet states with changing the torsional angle between the
—N(CH3), group and the rest of DMASBT molecule.
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HOMO

LUMO

Fig. 10. Frontier molecular orbital (FMO) of DMASBT with the (top) planar (¢ (14-15-18-19))=0°) and (bottom) twisted (¢(14-15-8-19)) =90°) geometries at S3

state in the gas phase.

19) is illustrated by Fig. 8. Dipole moment of S state increases
with increasing the torsion angle, whereas the dipole moments
of the other states (Sg, S; and S;) decrease. The remarkable
lowering of energy of the S3 state has been observed at twist
angle, ¢ =90°, which is consistent with the increase in dipole
moment of the S3 state at the same twist angle. The effect of
solvation by each polar solvent results in the lowering of energy
of the ST'T state even lower than SIE as well as STIT states,
which makes SgICT state responsible for anomalous fluorescence
at a critical polarity. These calculations suggest the presence
of TICT state and highly Stokes shifted fluorescence in polar
solvents and also support the experimental observations [6,12].

On changing the environmental polarity of DMASBT by
increasing the percentage of water in dioxane—water mixture,
the gradual development of the TICT emission band can be
observed. Calculation shows that with increasing relative per-
mittivity (dielectric constant) of the medium, the energy of SglCT
state of DMASBT gets stabilized remarkably (inset of Fig. 9).
The change takes place double-exponentially with increasing
polarity of the molecular environment. This indicates a trigger-
ing of the TICT process; after the achievement of which the
energy of the charge transferred species gets somewhat con-
stant (Fig. 9). It has been observed experimentally that the
Stokes shift increases linearly with increasing percentage of
water in dioxane—water mixture and ultimately deviates from
linearity after a certain concentration of water. The data indicate
that any medium with a relative permittivity value > 20 should
show TICT emission. The raw data fit well double-exponentially
(x2=0.0007, R2=0.99997) confirming the existence of two
species, the LE and the TICT with the same contribution [42,43].

Further confirmation of the TICT phenomenon comes from
the frontier molecular orbital (FMO) pictures. The nature of the
molecular orbitals involved is illustrated by Fig. 10. In the planar
geometry, the HOMO and LUMO have considerable delocal-
ization over the whole 1 system. Both the orbitals are primarily
located on the donor and acceptor parts of the molecule. The
So — S]§E transition thus occurs only with a fraction of a full
electron transfer from the nitrogen atom of —-N(CH3), frag-

ment to the remainder of the DMASBT molecule, which results
in a calculated dipole moment of ~4.3D at SI3‘E state. At the
molecular twist of 90°, m orbitals of -N(CH3), group are com-
pletely decoupled from the remaining  orbitals, so that the
HOMO — LUMO excitation entails a full electron transfer from
the donor to the acceptor. This leads to the formation of the SgICT
state with a very high dipole moment value of 12.5D (experi-
mentally found value is 11.26 D), which on stabilization due to
solvation with a solvent of high polarity becomes responsible
for the highly Stokes shifted fluorescence. In the gas phase, the
energies of TICT states are greater than the respective planar Sy
and S, states, whereas the energy of S;ICT state is lower than
the S3 planar state. The dipole moment of only the S;HCT state
among the first four singlet states is greater than the respective
planar state. This dipole moment is large enough relative to the
dipole moments of the remaining states to locate the TICT state
by the dielectric continuum estimation in polar solvents [44].

4. Conclusions

DMASBT has been found to be a very sensitive TICT
molecule in polar solvents. The results obtained from AMI-
SCI quantum chemical calculations are in good agreement with
the experimental observations. The quantum chemical calcula-
tions show that the S3 state of the molecule gets stabilized in
polar solvents due to the development of high dipole moment
as a consequence of the twist (¢ =90°) in the -N(CH3), moiety
with respect to the rest of the molecule. Behavior of TICT fluo-
rescence in a mixed solvent with hydrogen-bonding propensity
could nicely be explained by the potential energy calculations
of the TICT states considering the effect of dielectric constants
of mixed solvents (dioxane and water) of varying compositions.
Based on multiparametric regression analysis, it appears that
the ground state stabilization is mainly determined by the dipo-
lar interactions and hydrogen-bond acceptor ability of solvents.
But, all the three parameters, 7, a, and B, contribute to the
stabilization of the excited state. However, dipolar interactions
provide the major contributions to the stability of ground as well
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as excited states. This contribution is greater in the excited state
than that in the ground state. High fluorescence quantum yields
in polar viscous medium may be due to the restriction of rota-
tional motions of the molecule. Fluorescence quantum yields are
low in most of the solvents due to the high possibility of non-
radiative processes. In addition to the change in fluorescence
quantum Yyields, Stokes shifts are also substantially changed
with increasing the polarity and viscosity of the medium. In
this regard DMASBT can be a potential candidate not only due
its high sensitivity towards polarity and pH, but also due its high
sensitivity towards viscosity, because in addition to change in
polarity and pH, viscosity change of biological systems may
also occur simultaneously. Therefore, the present study pro-
vides a molecular probe as a microsensor to study biological
functions as well as biomimicking systems. The decrease of
TICT fluorescence of DMASBT with increasing pH above 3.7
suggests that water molecules become efficient for hydrogen-
bonding interactions only above this pH. This prompts us to
suggest that DMASBT may be used as a sensor to sense the
hydrogen-bonding efficiency of the medium. Further attempts
are being taken to know better about the molecule in confined
in vitro biomimicking environments.
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