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a b s t r a c t

Photophysical characterization of a molecule, trans-4-[4′-(N,N′-dimethylamino)styryl]pyridine (4-
DMASP) containing donor and acceptor moieties has been done experimentally as well as theoretically.
Upon single excitation a charge-transfer state with high dipole moment is formed through rapid relax-
ation of a locally excited (LE) state in polar medium. A complete charge transfer process occurs as a result
of twisting of donor group with respect to the acceptor part of the molecule resulting in the highly sta-
bilized twisted state in polar medium giving fluorescence from LE state as well as from twisted state.
However, in a nonpolar solvent emission occurs explicitly from a LE state. Hydrogen bond donor ability
of solvents rather than dipolar interactions contributes more to the stability of ground state. However,
dipolar interactions have greater contribution towards the stability of an excited state. All such inter-
actions have higher contribution towards the stability of excited state than that of ground state. Very
low fluorescence quantum yield in water is because of high rate of nonradiative processes as a result
of high degree of stabilization of charge transfer state thereby making closer proximity of this state to
triplet as well as ground charge transfer states. Monocation of 4-DMASP formed due to the protonation
of pyridine nitrogen atom is more stable than neutral and dication species at ground as well as excited

states because of greater extent of flow of charge from donor to acceptor part in monocation. Basicity of
pyridine nitrogen atom being greater at excited state than that in ground state results in higher extent
of pulling of charge from donor to acceptor part of monocation at excited state. Theoretical calculations
suggest donor twisting as a possible path for creation of a charge transfer state rather than acceptor twist-
ing. Excited state dipole moment value obtained from theoretical calculation corroborates well with the
value determined experimentally. Theoretical calculation suggests no cis–trans photoisomerization in
the ground state as well as excited state at room temperature.
. Introduction

From the time the dual fluorescence of dimethylaminoben-
onitrile (DMABN) in polar solvents reported by Rotkiewicz and
rabowski [1,2] for its twisted intramolecular charge transfer

TICT) phenomenon, the molecular systems with similar charge
ransfer fluorescence properties have found their potential applica-
ions in photoelectronic devices [2], chemical sensor [3], nonlinear

ptical properties [4], probing molecule induced nanotubular
uprastructures [5] and photobiological process [6]. Upon excita-
ion, molecular systems with donor and acceptor connected by a
ingle bond may exist as intramolecular charge transfer (ICT) or
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010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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© 2010 Elsevier B.V. All rights reserved.

TICT state [7–12]. Many such molecules show dual fluorescence
where a short wavelength emission arises from the locally excited
(LE) state whereas the ICT state is responsible for the emission
at longer wavelength in polar and/or viscous medium [1,7–12]. In
many cases complete charge transfer occurs as a result of twisting of
donor with respect to the acceptor part of the molecule resulting in
the highly stabilized TICT state in polar medium giving fluorescence
from LE as well as TICT state upon single excitation [8,9,13].

Among the different TICT molecules reported so far, pyridine
derivatives deserves important role in wide areas such as in the
determination of cell microviscosity [14], chemiluminescence [15],

fluorescent sensor [4], and silane sol–gel transition studies [16] to
name a few.

Bruni et al. [17] studied the solvatochromism of trans-4-[4′-
(N,N′-dimethylamino)styryl]pyridine (4-DMASP) [Scheme 1] and
dimethylamino-1,10-phenalthroline (DAPHEN) to determine the
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Scheme 1. Structure of 4-DMASP.

uadratic hyperpolarizability, ˇ of dipolar molecules. In their paper
hey reported the charge transfer behavior of 4-DMASP to rational-
ze the more polar excited state than the ground state. In addition,

ang et al. [18], reported excited state deprotonation (ESDP) pro-
ess of 4-DMASP by analyzing the behavior of it in chloroform
n different acidic concentrations. They proposed intramolecular
harge transfer (ICT) character for a red shift in emission spectra
ith an increase of solvent polarity. As this molecule is having
imethylamine group which is connected with a styrylpyridine
ith a single bond, it can very well act as donor–acceptor system.

ensitivity of fluorescence properties of a derivative of 4-DMASP
owards viscosity of medium has made it useful as a fluorescent
robe for cell microviscosity [14].

In this paper, we have reported effect of solvent and hydro-
en ion concentration on fluorescence emission properties of
-DMASP. Dependence of large Stokes shifted fluorescence band
n the polarity of medium supports emission from ICT state. To
nvestigate the origin of charge transfer state, quantum chemi-
al AM1-SCI (singly excited configuration interaction) calculations
ave been carried out. Recently, Chakraborty et al. [19] have
eported dual fluorescence of a donor–acceptor system, trans-3-(4-
onomethylamino-phenyl)-acrylic acid (t-MMPAA) giving normal

uorescence from LE state and large Stokes shifted fluorescence
rom twisted excited state of charge transfer character. The theoret-
cal calculations performed on the molecule raised the possibility
f having stable twisted excited state through two twisting coor-
inates: one along donor and other along the acceptor twisting
ath. However, their molecular orbital calculation showing HOMO
s localized nitrogen lone pair orbital suggested occurrence of TICT
tate through donor-twisting path. Present calculation on 4-DMASP
uggests that charge-transfer state is created through the relax-
tion of LE state in polar medium only after twisting of donor part
f the molecule with respect to acceptor part. High dipole moment
f twisted conformation results in stabilization of TICT state in polar
olvents giving highly Stokes shifted fluorescence bands.

Wang et al. [18] have reported basicity difference between the
xcited state and the ground state (�pKa) of neutral and monoca-
ion species of 4-DMASP using Förster cycle method. In the present
ork, we have determined ground state acidity constant (pKa)

f dication–monocation equilibrium and have shown that excited
tate equilibrium between the same species cannot exist because
f faster rate of emissions of species compared to the rate of proton
ransfer between them.

Although, charge-transfer nature of fluorescence emissions of 4-
MASP and its derivatives in various types of polar solvents (protic
nd aprotic) have been indicated by different groups [14,18], but

resent study find out the individual contribution of dipole–dipole

nteractions, hydrogen bond donor ability and acceptor ability of
olvents towards the stability of ground state as well as excited
tate of the molecule by the solvatochromic comparison method
SCM) proposed by Kamlet et al. [20].
hotobiology A: Chemistry 218 (2011) 76–86 77

2. Experimental

2.1. Materials and methods

4-DMASP was procured from Sigma–Aldrich chemical com-
pany, WI, USA and was recrystalized three times from a mixture of
ethanol and a small percentage of n-hexane. All the solvents used
were of spectroscopic grade and procured from Spectrochem Com-
pany, India. Triple distilled water was used for the preparation of
the aqueous solutions. Dilute sulfuric acid and sodium hydroxide
solutions were used to adjust the pH of the prepared aqueous solu-
tions. A stock solution of 4-DMASP (5 × 10−4 M) was prepared in
pure methanol to record the UV–visible absorption and fluores-
cence spectra of it 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 final volume of 10 mL.
The concentration of 4-DMASP in all the experimental solutions
used for spectroscopic measurements was 5 × 10−6 M. The fluo-
rescence quantum yields were determined with respect to that of
quinine sulfate in 0.1N H2SO4 (0.55). The absorption spectra were
recorded using a Hitachi U-2900 UV–visible spectrophotometer.
Fluorescence measurements were performed using Horiba Jobin
Yvon Fluoromax-4 scanning spectrofluorimeter. Eutech PC 510 pH
meter was used to adjust the pH of aqueous solutions. All spectro-
scopic measurements were done at room temperature, 25 ± 1 ◦C.

2.1.1. Solvatochromic comparison method (SCM)
This method was proposed by Kamlet et al. [20] provides

information about the individual contribution of different solvent
effects. This multiparamateric approach separates the dielectric
effects of solvents (�*), hydrogen-bond donor ability (˛), and
hydrogen-bond acceptor ability (ˇ) of the solvents on the spectral
properties. The equation describing these effects is:

E = E0 + c�∗ + a˛ + bˇ (1)

where a, b and c are the coefficients and E0 is the spectral maxima
independent of solvent effects. The values of �*, ˛ and ˇ of different
solvents have been taken from the report of Kamlet et al. [20]. The
values of E are absorption/fluorescence band maxima in terms of
cm−1.

2.1.2. Quantum chemical calculations
Hyperchem package Version 6.01 (Hypercube Inc., Canada) has

been used for the theoretical calculations. The ground state (S0)
geometry of the compound was optimized by AM1 method [21–24].
AM1-SCI was performed to get the energy (Eg) and dipole moment
in the ground state, the transition energies (�Ei→j), and dipole
moments of different excited states. We have taken care of all the
singly excited configurations within an energy window of 10.5 eV
from the ground state. �Ei→j corresponds to the excitation of an
electron from the orbital ϕi (occupied in the ground state) to the
orbital ϕj (unoccupied in the excited state). The total energy of
the excited state (Ej) was then calculated as Ej = Eg + �Ei→j. 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 compound. The stabilization of differ-
ent states due to solvation has been calculated from the solvation
energies based on Onsager’s theory [25]. Assuming that the solute
molecule having a dipole �i in the ith electronic state is fully sol-
vated, the solvation energy is given by
�Esolv = 2�2
i
(ε − 1)

a3(2ε + 1)
(2)

where ε is the relative permittivity of the solvent and a is the cavity
radius.
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Fig. 1. Absorption spectra of 4-DMASP in different pure solvents at [4-
DMASP] = 5 �M. Spectra correspond to cyclohexane ( ), n-hexane ( ), dioxane
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The fluorescence spectra of 4-DMASP are recorded in pure sol-
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), ethylacetate ( ), THF ( ), acetonitrile ( ) and methanol ( ). (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

. Results and discussion

.1. UV–visible absorption study of 4-DMASP

The UV–visible absorption spectra of 4-DMASP in pure solvents
f different polarities are recorded and some representative spectra
re shown in Fig. 1. As can be seen in the spectra, two absorp-
ion bands appear at ∼330 nm and ∼360 nm. These bands can
e assigned to the transition to two different excited states from
round state.

Both the absorption peak maxima (�ab
max) and the log εmax values

orresponding to lower energy band are given in Table 1. Although
here is almost no shift of higher energy band, but the lower energy
and is red shifted with increasing the polarity of the solvents. Sim-

lar observation has been reported by Chakraborty et al. [19] for the

olecule, t-MMPAA. As for example, in comparison to lower energy

bsorption peak maximum appears at 356 nm in cyclohexane, the
ame appears at 372 nm in case of methanol as solvent. The red
hift with increasing polarity of solvent indicates that the excited

able 1
bsorption peak maxima (�ab

max), log εmax, fluorescence peak maxima (�fl
max), fluorescence

Solvent �ab
max (nm) log εmax

a,b

Cyclohexane 328, 356 4.95
n-Hexane 328, 355 5.02
Diethyl ether 326, 355 5.02
1,4-Dioxane 328, 358 4.87
THFe 328, 361 4.87
Ethylacetate 323, 357 4.75
DMFf 328, 365 4.84
DMSOg 385 4.84
Acetonitrile 327, 359 4.81
Isopropanol 327, 368 4.84
Ethanol 327, 370 4.85
Methanol 328, 372 4.96
Water (5% MeOH) 328, 373 4.95

a [4-DMASP] = 5 �M.
b Corresponding to longer wavelength band.
c �ex = 370 nm.
d �ex = 370 nm.
e Tetrahydrofuran.
f Dimethylformamide.
g Dimethylsulfoxide.
hotobiology A: Chemistry 218 (2011) 76–86

state is more polar than the ground state which is consistent with
the charge transfer characteristics as a result of donation of elec-
tron from –N(CH3)2 group to the �* system of the acceptor part of
the molecule, 4-DMASP [17].

As absorption represents the transition from ground state to the
Frank–Condon state, the observed red shift of lower energy band
indicates the stabilization of Frank–Condon state or LE state [26].
The absorption data of lower energy band is also analyzed using
the solvent comparison method proposed by Kamlet et al. [20]. The
equation obtained from this approach with regression coefficient
value 0.92 is as follows:

E (cm−1) = 27, 942.59 − 370.2�∗ − 876.04˛ − 103.21ˇ (3)

The negative values of ‘c’, ‘a’ and ‘b’ indicate stabilization. The neg-
ative value of ‘a’ implies that the donation of lone pair of electrons
of pyridine nitrogen atom to hydrogen-bonding solvents favors
the pulling of electrons resulting in greater delocalization of lone
pair of electrons of nitrogen atom of –N(CH3)2 with the � cloud
of the ring [18,27]. This accounts for the above mentioned red
shift in absorption band in protic solvents. Moreover, stabilization
in hydrogen-bonding solvents also gives the clue that the basic-
ity of pyridine nitrogen atom is higher than the basicity of the
nitrogen atom of –N(CH3)2 group at ground state, because influ-
ence of hydrogen bonds to the absorption or emission spectra is
although less than protonation but in the same direction [18]. The
charge densities on pyridine nitrogen atom and nitrogen atom of
–N(CH3)2 group at ground state are found to be −0.65 and −0.59,
respectively obtained after performing geometry optimization ab
initio calculation (RHF method and 6-31G** basis set) using Gaus-
sian 98 software [28]. These values are consistent with the basicity
of nitrogen atoms at ground state. The negative value of ‘c’ indicates
stabilization due to dipolar interactions which attributes to the red
shift of absorption band on increasing the polarity of the solvent as
also observed in our previous work [27]. However, higher magni-
tude of ‘a’ compared to that of ‘c’ indicates that dipolar interactions
offer minor contribution.

3.2. Fluorescence study of 4-DMASP
vents of different polarities at �ex = 370 nm and some of them are
shown in Fig. 2. Fluorescence peak maxima (�fl

max), quantum yields
and Stokes shift values are also tabulated in Table 1. The fluores-
cence band is structured in a nonpolar solvent as can be seen in

quantum yields (�f) and Stokes shift (	̄ss) of 4-DMASP in different solvents.

�fl
max

c (nm) 	̄ss (cm−1) �f
d

418 4166 0.0079
417 4188 0.0079
439 5390 0.0080
441 5257 0.0097
459 5914 0.0103
451 5838 0.0125
486 6821 0.0157
502 6054 0.0146
484 7194 0.0147
475 6121 0.0092
487 6493 0.0106
497 6761 0.0088
510 7202 0.0030
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Fig. 2. Emission spectra of 4-DMASP in different pure solvents at [4-DMASP] = 5 �M.
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shown in Fig. 4 (inset).
pectra correspond to cyclohexane ( ), n-hexane ( ),dioxane ( ), ethylac-
tate ( ), THF ( ), acetonitrile ( ) and methanol ( ) (�ex = 370 nm). (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

ig. 2 for cyclohexane. Therefore, emission can be assigned to be
riginated from the LE state in a nonpolar solvent. However, in
olar aprotic and polar protic solvents broad structureless bands
re noticed. There is a progressive significant bathochromic shift on
ncreasing the polarity of the solvent, characteristics of a charge-
ransfer (CT) emission [19,29]. The progressive bathochromic shift
f charge-transfer band on increasing the polarity of the solvent
epicts that the fluorescence originates from a highly polar state.
luorescence spectra are found to be independent of excitation
avelength as can be seen as supplementary material (Fig. S1) for

ex = 310 nm.
The excitation spectra in polar aprotic and polar protic sol-
ents are dependent on the emission wavelengths giving excitation
ands with peak maxima in the range of ∼353 nm to ∼375 nm in
ethanol as a representative solvent (Fig. 3). The excitation spec-

rum found at 353 nm progressively gets red shifted with increasing

ig. 3. Excitation spectra of 4-DMASP in methanol at different emission wave-
engths. [Inset represents clear change in excitation spectra with respect to emission

avelength 400 ( ), 415 ( ) and 430 ( ).] Spectra correspond to 440 ( ),
50 ( ), 460 ( ), 490 ( ) and 520 ( ) nm emission wavelength. (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)
hotobiology A: Chemistry 218 (2011) 76–86 79

emission wavelength finally giving band with fixed wavelength at
375 nm. The excitation spectrum with peak maximum at 353 nm
lies in the higher energy region of an absorption spectrum, whereas
the same with peak maximum at 375 nm corresponds to the lower
energy band in the same absorption spectrum. Similar types of exci-
tation spectra were noticed in all other polar protic as well as polar
aprotic solvents. Thus, emission wavelength dependent excitation
spectra suggest that different excited state species are responsible
for emission although the intensity of LE state fluorescence is very
low in the present case. Contrary to the findings of Chakraborty et al.
[19] for the molecule, t-MMPAA, in our case CT excited state may
not be created only through singly LE species but also by the excita-
tion of ground state CT species probably exists as a result of strong
interactions between solute and solvent shell forming a possible
complex between 4-DMASP and solvent [13,30–33]. As reported
in the literature [13,27,34], the geometry of ground CT species is
twisted as discussed later in theoretical calculation section.

To support further the existence of CT emitting states in addi-
tion to LE state, the fluorescence spectra of 4-DMASP have been
recorded in different percentages of dioxane–water mixtures. One
can see in Fig. 4 that with increasing the percentage of water in
the mixture, fluorescence band gets red shifted with concomitant
increase in intensity of band up to 56% of water in the mixture.
The decrease in intensity starts after this with continuity in the
bathochromic shift of the bands with further increasing content of
water could be attributed to the stabilization of CT excited state
thereby becoming closer to the triplet as well as ground twisted
states [27,34]. The rates of intersystem crossing and internal con-
version are expected to be increased because of this energetically
closer proximity of CT excited state to the triplet state and ground
twisted state, respectively. However, initial increase in quantum
yield of fluorescence is as a result of progressive increase in the
population of CT states with increasing polarity of the medium
[27,29]. As expected, quantum yield increases reaches a maximum
and then decreases with increasing polarity of the medium as
Although excitation spectra in polar protic and aprotic solvents
are emission wavelength dependent, the same are independent
in nonpolar solvents. Fig. 5 shows that an excitation spectrum
in cyclohexane almost matching with the absorption spectrum

Fig. 4. Emission spectra of 4-DMASP in different percentages of dioxane–water mix-
tures (�ex = 375 nm). Spectra correspond to 100 ( ), 98 ( ), 90 ( ), 70 ( ),
60 ( ), 50 ( ), 46 ( ), 42 ( ), 35 ( ) and 25 ( ) and 20 ( ) percent
of dioxane in mixture. [Inset represents quantum yield of 4-DMASP as a function of
percentage of water in mixture.] (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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The �e value of 4-DMASP calculated by Bruni et al. [17] by their
proposed method was found to be 13.7 Debye. The difference in �e

values could be because of choice of the value of a. In this work,
this value has been calculated by running an energy calculation
method specially given for producing an estimate value of a in Gaus-
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ig. 5. Absorption (—) and excitation ( ) spectrum (�em = 470 nm) of
-DMASP in cyclohexane and excitation ( ) spectrum of 4-DMASP in
ethanol (�em = 415 nm). (For interpretation of the references to color in this figure

egend, the reader is referred to the web version of the article.)

ith peak maxima at 357 nm. The excitation spectrum correspond-
ng to the lower wavelength emission in methanol lies in the
igher energy region of absorption spectrum also matches with
he absorption spectrum in cyclohexane. This can be attributed to
he fact that LE state is responsible for fluorescence at lower wave-
ength region. However, occurrence of fluorescence band with peak

axima at 497 nm in case of methanol which corresponds to an
xcitation spectrum in the higher wavelength region of absorp-
ion spectrum is depicting that the band is due to CT fluorescence.
he presence of dimethylamino group connected by the flexible
ingle bond to the benzene ring of styrylpyridine group can very
ell act as the donor–acceptor system as observed by different

roups for similar probes [35,36]. This is also worthy to be men-
ioned here that upon a higher energy excitation to a LE state, a

olecule whose geometry is similar to planar ground state fol-
ows a complete charge transfer process occurring as a result of
wisting of donor, –N(CH3)2 group with respect to the acceptor part
f the molecule connected by the flexible single bond (Scheme 1)
esulting in the highly stabilized TICT state in polar medium giv-
ng fluorescence from LE state as well as from TICT state with
orresponding excitation bands with peak maxima at ∼353 nm
nd ∼375 nm, respectively in case of methanol as solvent [Fig. 3]
8,9,13]. Excitation spectra taken in polar protic and aprotic sol-
ents confirm fluorescence from two different emitting states, LE
nd CT although very low intensity of LE fluorescence is noticed.
ow quantum yield of LE fluorescence and the pronounced sol-
ent dependence of the charge transfer band of 4-DMASP have
een attributed to rapid relaxation of the initially formed LE state
o a charge-transfer (CT) state, similar to the photochemistry of
ifferent amino stilbenes [37].

SCM has also been applied to analyze the fluorescence data,
hich results into the following equation with regression coeffi-

ient value = 0.99:

(cm−1) = 23, 947.98 − 4036.9�∗ − 1990.9˛ + 423.9ˇ (4)

egative values of ‘c’ and ‘a’ indicate stabilization whereas posi-
ive value of ‘b’ indicates destabilization. The greater magnitudes
f both ‘c’ and ‘a’ for excited state compared to that of ground
tate are in accordance with the fact that dipole–dipole interac-

ions and hydrogen bond acceptor ability of molecule contribute

ore to the stabilization of excited state than that of ground state.
he higher contribution of dipole–dipole interactions towards the
tability of excited state is supported by high dipole moment of 4-
MASP (16.98 Debye) in the excited state (discussed later) than that
hotobiology A: Chemistry 218 (2011) 76–86

in the ground state (6.86 Debye). The greater extent of charge trans-
fer process from donor to acceptor part of such push–pull system
at the excited state [18] in a solvent of hydrogen bond donor abil-
ity is responsible for another contributing factor for higher extent
of stabilization of excited state. This is further supported by the
values of charge densities on pyridine nitrogen atom and nitrogen
atom of –N(CH3)2 group found to be −0.68 and −0.56 by excited
state geometry optimization ab initio calculation (CI method and
6-31G** basis set). The charge density on pyridine nitrogen atom
is higher whereas the same on nitrogen atom of –N(CH3)2 group
is lesser at the excited state compared to that in the ground state.
In this SCM calculation, data for water and DMSO as solvents are
not included because of uncertainty of fluorescence peak maxima
of broad band in water and existence of unusually high quantum
yield of fluorescence in DMSO.

The difference between the dipole moments of 4-DMASP at
excited and the ground states have been calculated by plotting the
Stokes shift (	̄ab − 	̄fl) against �f using following Lippert–Mataga
equation (Eq. (5)) [38]:


̄ab − 
̄fl =
[

2(�e − �g)2

hca3

]
�f + constant (5)

where

�f = ε − 1
2ε + 1

− n2 − 1
2n2 + 1

(6)

ε and n are dielectric constant and refractive index of a partic-
ular solvent, respectively, �g and �e are the ground state and
excited state dipole moments, respectively, h Planck’s constant, c
the velocity of light, a the Onsager cavity radius. The cavity radius
of 4-DMASP is taken as 4.81 Å calculated using RHF method with
6-31G** basis set by Gaussian 98 software. From the slope of the
plot of Stokes shift against �f (Fig. 6), the excited state dipole
moment (�e) of 4-DMASP is calculated to be 16.98 Debye, where
the ground state dipole moment (�g) of global minimum structure
is 6.86 Debye obtained from ab initio calculation (RHF method and
6-31G** basis set). This high value of excited state dipole moment
supports the charge transfer behavior of 4-DMASP in polar medium.
0.30.20.10.0
Δf

Fig. 6. Plot of Stokes shift of 4-DMASP vs. �f in (1) cyclohexane, (2) n-hexane, (3)
diethylether, (4) ethylacetate, (5) tetrahydrofuran and (6) acetonitrile.
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Table 2
Excited singlet state lifetimes (�), average singlet state lifetimes (�avg), preexponential factors (a), emission (�em) wavelengths, quantum yields (�), radiative (kf) and
non-radiative (knr) rate constants of 4-DMASP in different solvents.

Solvent �em
a (nm) � (ps) �2b A �avg (ps) �c kf (s−1) knr (s−1)

Cyclohexane 418 53.9 1.10 – – 0.0079 1.47 × 108 1.84 × 1010

1,4-dioxane 441 58.6 1.10 – – 0.0097 1.66 × 108 1.69 × 1010

Ethylacetate 451 53.2 1.06 0.360 555.0 0.0125 2.25 × 107 1.78 × 109

838.0 0.640
Methanol 497 53.9 1.07 0.995 53.91 0.0088 1.63 × 108 1.84 × 1010

54.8 0.005
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Water (5% methanol) 510 51.5 1.10

a �ex = 370 nm.
b �2 values have been given instead of the fit residuals for clarity and to save spa
c Standard deviation ±0.0001.

ian. This large change in dipole moment from ground to excited
tate is caused by the redistribution of atomic charges in excited
tate, which is only possible due to charge transfer from electron
ich donor moiety to acceptor moiety as suggested for the probe
-N,N-dimethylamino cinnamaldehyde [39].

.3. Effect of nature of solvents on excited singlet state lifetime

Table 2 gives excited singlet state lifetimes, quantum yields,
adiative and non-radiative rate constant values of 4-DMASP with
orresponding excitation and emission wavelengths in two nonpo-
ar solvents (cyclohexane and dioxane), one polar aprotic solvent
ethylacetate) and two hydrogen bonding solvents (methanol and
ater). In case of cyclohexane, dioxane and water decays are
onoexponential. However, biexponential decays are noticed in

thylacetate and methanol. Mean (average) singlet state lifetime
or biexponential iterative fitting have been calculated from the
ecay times and the pre-exponential factors (ai) using the following
quation [40]:

avg = a1�1 + a2�2 (7)

onoexponential decay in case of a nonpolar solvent is due to LE
pecies, whereas LE and charge transfer species are responsible
or biexponential decays in a polar solvent except in water where
harge transfer species only decays. As LE species only decays in
ioxane and cyclohexane and polarity of former is little higher
han that of later, data in Table 2 might be indicating that LE fluo-
escence rate increases whereas nonradiative rate decreases with
ncreasing polarity of solvent. In ethylacetate and methanol, life-
ime, radiative and nonradiative rate constants are considered to
e of average values. Ethylacetate being a solvent of higher polarity
ompared to dioxane and cyclohexane, decays of both the species
re prominent (a1 = 0.36 and a2 = 0.64) with longer (838 ps) and
he higher abundant component is expected to be because of CT
pecies. In methanol, mostly CT species decays (a1 = 0.995 and
2 = 0.005). Methanol being a highly polar hydrogen bonding sol-
ent the more abundant decaying component with lifetime 53.9 ps
s for CT species and less abundant component with lifetime 54.8 ps
s responsible for LE fluorescence. The longer lifetime of CT species
n ethylacetate (838 ps) as compared to that in methanol (53.9 ps)
s as a result of lower rates of nonradiative processes because of
igher energy difference between CT and triplet states as well as
T and ground states [34] in ethylacetate. This is supported by

esser rates of nonradiative processes and higher quantum yield in
thylacetate as compared to those in methanol (Table 2). The decay-
ng species is absolutely charge transfer in water. Compared to
ethanol, in water rate of fluorescence decreases and nonradiative
ate increases as a result of greater stabilization of charge transfer
tate in later solvent thereby bringing the state to closer proximity
f triplet as well as ground charge transfer states [34]. Theoretical
alculations (discussed later) show that the S5 state is responsible
– 0.0030 5.83 × 10 1.94 × 10

for the polarity induced TICT emission. Since the calculated dipole
moment of this STICT

5 state (� = 17.6 Debye) is much greater than
that of the ground singlet TICT state (STICT

0 , � = 2.76 Debye), the for-
mer is much more polar. Therefore, STICT

5 state becomes relatively
more stabilized as compared to the STICT

0 state by the influence of
the polar medium. This results into a decrease in the energy gap,
�E(STICT

5 − STICT
0 ), with a consequent red shift in the TICT emission.

As a result of that the rate of internal conversion from STICT
5 to STICT

0
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 [29]. Moreover, TICT emissions in
less polar solvents are also increased due to the decrease in the rate
of intersystem crossing from the STICT

5 state to triplet TICT state [41].
Hydrogen-bonding interaction between 4-DMASP and water is also
responsible for fluorescence quenching [34,42] due to radiationless
transitions, e.g., in cases of some dyes, stronger hydrogen-bonding
solvents have been found to enhance the rate of singlet–triplet
intersystem crossing [43]. As a result of that, a weak TICT emission
of 4-DMASP is observed in pure water. Slightly lower lifetime of CT
species in water (51.5 ps) as compared to that in methanol (53.9 ps)
is because of greater stabilization of CT state in water as supported
by nonradiative rate constants and quantum yields data (Table 2).
The similar explanation is valid for lifetime data in ethylacetate and
methanol as discussed above.

3.4. Effect of hydrogen ion concentration on absorption and
fluorescence spectra of 4-DMASP

There are two basic centers in 4-DMASP, pyridine nitrogen and
nitrogen of –N(CH3)2 group. As mentioned above both absorption
and fluorescence spectra show bathochromic shift in hydrogen
bonding solvents. Protonation of a molecule is an extreme case of
hydrogen bond donating nature of a solvent [18]. Scheme 2 shows
equilibrium between different protonated species of 4-DMASP in
water as solvent. The absorption and fluorescence peak maxima
of neutral species appear at 373 nm and 510 nm, respectively. At a
low concentration of hydrogen ions both the bands are red shifted
to 447 nm and 610 nm, respectively compared to the bands of
neutral species due to the formation of monocation I (Scheme 2).
Red shifts of both absorption and fluorescence bands depict that
pyridine nitrogen is more basic than nitrogen of –N(CH3)2 group in
ground as well excited states. Monocation I is more stable than the
neutral species because of greater extent of transfer of charge from
donor to acceptor in this form. The large red shift of the spectrum
of monocation I can also be due to the resonance interaction of
lone pair of electrons of –N(CH3)2 group with the �-cloud of accep-

tor part leading to the resonating structure I′. However, at a high
concentration of hydrogen ions dication II is formed due to the pro-
tonation of both the nitrogen atoms which results in the blue shift
of both absorption and fluorescence bands to 325 nm and 400 nm,
respectively compared to the bands corresponding to neutral as
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ell as monocation I. This blue shift is because of destabilization of
ication II as a result of protection of transfer of charge from donor
ite due to engagement of lone pair of electrons for protonation.
ig. 7 shows absorption spectra of monocation I and dication II
n equilibrium at various pHs. The isosbestic point at 357 nm in
he absorption spectra of species I and II reveals the equilibrium
resent between them. Hence, ground state acidity constant, pKa

alculated for this equilibrium is found to be 3.11. Fig. 8 shows
uorescence spectra of both the species (monocation I and dication

I) at different pHs of solution. The water Raman peak appears at
08 nm and gets merged with fluorescence band for dication. This
aman peak is as expected obtained for excitation at 357 nm [44]
hich is an isosbestic point corresponding to dication–monocation

quilibrium (Fig. 7). To have a clear view of peak maximum of
and corresponding to dication, a fluorescence spectrum has been
ecorded at excitation wavelength, 325 nm showing peak position
t 400 nm and giving Raman peak at 368 nm [Fig. 8 (inset)]. The

xcited state acidity constant, pK∗

a is calculated to be 3.21. Almost
ame values of ground and excited state acidity constants depict
hat equilibrium between these two species is not achieved in
he excited state as the rate of excited state prototropism is much

ig. 7. Absorption spectra of monocation-I and dication-II (Scheme 2) in equilibrium
n aqueous solutions of different pHs; 4.0 ( ), 3.59 ( ), 3.28 ( ), 2.9 ( ),
.56 ( ) and 1.86 ( ). (For interpretation of the references to color in this figure

egend, the reader is referred to the web version of the article.)
I'

nocation of 4-DMASP in aqueous solution.

slower than the rate of deactivation of the lowest excited singlet
states by fluorescence [45]. The ground state acidity constant, pKa

of monocation I-neutral species equilibrium could not be deter-
mined because of not having any clear isosbestic point. The reason
for not getting isosbestic point could be because of existence of
two resonating structures I and I′ for monocation-I. In case of
dication–monocation equilibrium, this problem is less because of
protonation of both the nitrogen atoms forming a dication.

3.5. Theoretical calculations

To support the experimental findings of dual characteristics of
emission (LE and CT fluorescence), AM1-SCI semi-empirical quan-
tum chemical calculations [24,25,27,46–48] were performed to
locate the ground and excited state optimized geometries of 4-
DMASP at its various conformations. Experimental results show the
in polar solvents. Hence, to rationalize this behavior theoretically,
geometries of 4-DMASP molecule are optimized in the ground
and excited states with the torsion angle (�) varying from 0 to
90 ◦

. Rotational motions of the donor group, –N(CH3)2 around the

Fig. 8. Emission spectra of 4-DMASP in aqueous solution of different pHs; 3.59
( ), 3.39 ( ), 3.28 ( ), 3.04 ( ), 2.90 ( ), 2.56 ( ) and 1.86
( ) (�ex = 357 nm). [Inset: fluorescence spectrum of solution of pH = 1.86 at
�ex = 325 nm.] (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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calculations a path through twisting of donor is more acceptable
orsion angle (11–14–15–16, vide Scheme 1) in (a) vacuo and (b) water. [Inset of (b)
epresents variation of oscillator strengths in S1 and S5 states with changing same
orsion angle.]

14–N15 bond (Scheme 1) and acceptor group around C8–C9 bond
re described by the torsion angle, �1 and �2, respectively. Poten-
ial energy surfaces along the twist coordinate �1 for ground and
everal excited states have been determined in vacuo and water
s solvent and are plotted in Fig. 9a and b, respectively. Calcula-
ion for solvation energy stabilization has been performed using
q. (2). In vacuo energies of all states increase with increasing tor-
ion angle. However, one can see the significant stabilization of
5 state at a torsional angle of 90 ◦ after carrying out the effect
f polar solvent (Fig. 9b represents plot for water as a polar sol-
ent) on the potential energy data obtained from this theoretical
alculation. The stabilization of S5 state below S1 state is also sup-
orted by very high dipole moment value (17.6 Debye) at the same
orsional angle (Fig. 10). Hence, the excited state responsible for
harge transfer fluorescence in polar solvents can be ascertained to
5 state whereas LE fluorescence originates from S1 state. The calcu-
ated dipole moment of global minimum structure at ground state

s found to be 4.60 Debye with AM1-SCI method. A twisted confor-

ation contributing to increased dipole moment (17.60 Debye) and
tabilization of excited state supports the TICT phenomena in polar
edium. The charge-transfer transition at a torsional angle of 90◦ is
Torsion Angle (φ
1
)/Degree

Fig. 10. Variation of dipole moments of 4-DMASP in five singlet states with changing
torsion angle (11–14–15–16, vide Scheme 1).

also reflected by the structure of molecular orbitals and the values
of oscillator strength. It can be seen in Fig. 11 that the S0 → S1 tran-
sition of planar structure (�1 = 0◦) is of � → �* (HOMO → LUMO)
character where the lone pair orbital contribution is made through
the delocalized feature of HOMO. The � → �* nature of transition is
also supported by high oscillator strength, f = 0.77 [Fig. 9b (inset)].
However, S0 → S5 transition of twisted structure (�1 = 90◦) is of
charge-transfer type reflected by its very low value of f = 0.043. The
low value of f depicts that this charge-transfer transition is forbid-
den and of n → �* type. Nevertheless, HOMO is almost localized
lone pair orbital of nitrogen atom of –N(CH3)2, whereas LUMO is
mostly localized at acceptor part of the molecule. A high extent of
localization of lone pair on donor nitrogen atom at twisted confor-
mation of the molecule indicates the existence of TICT state [49].
Fig. 12 shows potential energy surfaces along another possible twist
coordinate, �2 at the acceptor side after considering stabilization
due to solvation by water molecules. The corresponding potential
energy surfaces in vacuo are represented by Figure S2 as sup-
plementary material. In this case also S5 state gets stabilized at
twisted conformation and stabilization is much greater than that
in case of donor twisted conformation. Stabilization of S5 state is
also supported by very high value of dipole moment (23.70 Debye)
(Figure S3 as supplementary material). However, corresponding
HOMO is not at all localized at donor nitrogen atom (Fig. 11c),
instead it is quite delocalized over the molecule like planar con-
formation with global optimized structure. LUMO is different from
that at same planar structure with the localization at acceptor side.
It indicates that HOMO → LUMO transition (S0 → S5) is a kind of
transition from a � orbital to a � orbital of acceptor and it is forbid-
den supported by very low value of f = 0.0025.

Therefore, theoretical calculation data suggest that the occur-
rence of large Stokes shifted fluorescence band of 4-DMASP in polar
solvent is due to the existence of TICT state through the relaxation
of LE state as a result of stabilization of TICT state of large dipole
moment. Although, there are possibilities of having charge-transfer
states through two different twisted coordinates but unless other
supportive data are available and rigorous calculations are carried
out, it is difficult to predict the actual path. According to present
because of showing lone pair orbital of nitrogen atom of donor as
HOMO as required for occurrence of a TICT state [49]. Moreover,
closer values of calculated dipole moment (17.60 Debye) of twisted
structure with donor twisting angle, �1 = 90◦ and dipole moment
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alue obtained from experiment (16.98 Debye) is in favor of donor

wisting coordinate as possible path for giving excited TICT state.

Because of similarity of structure of 4-DMASP to that of stilbene
erivatives those are well known for their cis–trans photoiso-
erization [50], configuration interaction calculation using AM1
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, (b) with twisted donor structure and (c) with twisted acceptor structure.

method has been performed to investigate whether similar kind of
isomerization occurring in case of 4-DMASP. This calculation gives

the potential energy surface (PES) diagrams (Fig. 13) at different
twist angles (22–7–8–23, vide Scheme 1) [47,48]. PES for 4-DMASP
in vacuum (solid lines) and those for the solvated (broken line)
molecule in dioxane (relative permittivity = 2.22) are shown in the
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Fig. 13. Configuration interaction calculations using AM1 method showing the
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Scheme 1).
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gure. The figure clearly shows the change in the magnitude of the
nergy barrier in the ground electronic state (S0) and first excited
inglet state (S1). In both the states, trans isomer of 4-DMASP is
he most stable one. The PES constructed by rotating the aromatic

oieties on both sides of the double bond connecting C7 and C8
vide Scheme 1) clearly shows that the trans geometry is more sta-
le than the cis form in the ground as well as excited states with
n energy barrier of 30 kcal mol−1 and 76 kcal mol−1, respectively.
ince the heat energy supplied at experimental temperature, 25 ◦C
s only 2.8 kcal mol−1, therefore it is expected that neither in the
round state nor in the excited state cis–trans isomerization can
ccur. Further, study is needed to investigate the photoisomeriza-
ion at higher temperature. Therefore, it is suggested that unlike
tilbene, 4-DMASP retains its trans geometry and shows solvent
olarity dependent TICT in the excited state at room temperature.
he reason that nonpolar medium (dioxane as solvent) has been
hosen to show photoisomerization by PES calculation is to rule
ut the interference of any TICT in polar medium.

. Conclusions

Excited states of 4-DMASP are more polar than the ground state.
nteractions with hydrogen bond donating solvents offer greater
ontribution towards the stability of ground state than dipolar
nteractions. However, dipolar interactions contribute more to
he stabilization of an excited state. Such types of interactions
ontribute more to the stabilization of an excited state than that
f ground state. Higher contribution of dipole–dipole interactions
owards the stability of excited state in comparison to that of
round state is in accordance with the greater dipole moment of
-DMASP in the excited state than that in the ground state. The
harge density on pyridine nitrogen atom is higher whereas the
ame on nitrogen atom of –N(CH3)2 group is lower at the excited
tate compared to that in the ground state as a result of greater
xtent of flow of charge from donor to acceptor part in the excited
tate. Emission in a non-polar solvent is originated from the LE
tate. However, in a polar solvent fluorescence originates from
highly polar CT state. The CT excited state is not only created

hrough rapid relaxation of singly excited LE species giving TICT
tate but also by the excitation of ground state CT species giving
n ICT state. Monoexponential decay in case of a nonpolar solvent
s due to a LE species, whereas LE and CT species are responsible
or biexponential decay in a polar solvent except in water where
harge transfer species only decays. Compared to methanol, rate of
uorescence in water decreases and nonradiative rate increases as
result of greater stabilization of charge transfer state in later sol-
ent thereby becoming closer to triplet as well as ground CT states.
heoretical calculations suggest that S5 state is responsible for
he polarity induced TICT emission. The calculated dipole moment
f this STICT

5 state (� = 17.60 Debye) obtained through the twisted
oordinate at donor site is in good agreement with the dipole
oment value determined experimentally (� = 16.98 Debye).

heoretical calculations show that the S0 → S1 transition of planar
tructure is of � → �* character (f = 0.77), whereas S0 → S5 tran-
ition of twisted ground state structure is of charge-transfer type
haracterized by n → �* transition and supported by its very low
alue of f = 0.043. A high extent of localization of lone pair on donor
itrogen atom at a twisted conformation obtained through the
wisting of donor indicates that donor twisting is a possible path
or existence of a TICT state rather than acceptor twisting. More-
ver, very good agreement between the dipole moment of twisted

tructure with donor twisting angle, �1 = 90◦ and the experimental
ipole moment is also in favor of donor twisting coordinate as
ossible path for giving excited TICT state. The calculated dipole
oment in case of twisted structure with acceptor twisting angle,

2 = 90◦ is found to be very high (23.70 Debye) in comparison to

[

[

[
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experimental value. Pyridine nitrogen is more basic than nitrogen
of –N(CH3)2 group in ground state as well as in excited state. The
ground state acidity constant, pKa for dication–monocation equi-
librium is calculated to be 3.11. Excited state acidity constant for
the same equilibrium could not be calculated as the rate of excited
state prototropism is much slower than the rate of deactivation
of the lowest excited singlet state by fluorescence. Configuration
interaction calculation performed using AM1 method suggests
that neither in the ground state nor in the excited state cis–trans
isomerization can occur at room temperature.
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