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bstract

Intramolecular charge transfer (ICT) behavior of trans-ethyl p-(dimethylamino)cinamate (EDAC) in various solvents has been studied by steady-
tate absorption and emission, picosecond time-resolved fluorescence spectroscopy and femtosecond transient absorption experiments as well as
ime-dependent density functional theory (TDDFT). Large fluorescence spectral shift in more polar solvents indicates an efficient charge transfer
rom the donor site to the acceptor moiety in the excited state compared to the ground state. The energy for 0,0 transition (ν0,0) for EDAC shows very
ood linear correlation with static solvent dielectric property. The relaxation dynamics of EDAC in the excited state can be effectively described by

“three state” model where, the locally excited (LE) state converts into the ICT state within 350± 100 fs. A combination of solvent reorganization
nd intramolecular vibrational relaxation within 0.5–6 ps populates the relaxed ICT state which undergoes fluorescence decay within few tens to
undreds of picoseconds.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Photoinduced intramolecular charge transfer (ICT) is the
ost widely studied phenomena in the photophysics of donor

D)–acceptor (A) conjugated systems [1–7]. Molecules of the
ype D–�–A, where the donor and acceptor groups are con-
ected by single bonds in the opposite sides (para position) of
�-conjugated system, often exhibit a large change in dipole
oment (�μ) on excitation due to ICT. Since the first observa-

ion of ICT phenomenon in 4-(N,N-dimethylamino)benzonitrile
DMABN) by Lippert et al. [8], many ICT-based aryl amines
ave been investigated as fluorescence probes [9,10], nonlinear
ptical materials [11,12], chemical sensors [13,14], two pho-
on absorbing chromophores [15] and electro-optical switches

16]. However, the nature and geometry of the ICT state, even
or a simple molecule like DMABN and its derivatives, is still
ontroversial and a subject of great interest [17–20]. Several
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istinct models have been proposed for the ICT state, including
twisting of the dimethylamino (NMe2)–benzonitrile (φ CN)

ingle bond that results in a nearly perpendicular D–A geom-
try (twisted intramolecular charge transfer, TICT) [21–23],
n in plane bending of the cyano group (rehybridization by
ntramolecular charge transfer, RICT) [24], and a pyramidal-
zation (wagged intramolecular charge transfer, WICT) [25] or

planarization (planar intramolecular charge transfer, PICT)
f the amino group [26]. Out of all these models, the TICT
echanism is the most widely accepted since it can explain the

pectroscopic properties of most of the ICT based arylamines
27,28].

It is also well demonstrated that, in polar protic solvents,
pecific hydrogen bonding between solvent and electron donor
r acceptor groups of the ICT probe often play an important
ole in the excited state relaxation process [29–32]. Pesquer
nd co-workers [29] suggested that hydrogen bonding of para-

ubstituted N,N-dialkylanilines with water in the ground state
aintains a large twist angle between the donor and accep-

or groups, thereby facilitating the ICT process. For another
CT probe, p-(N,N-diethylamino)benzoic acid (DEABA), Kim
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mailto:sivaprasadm@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2008.01.007


296 T.S. Singh et al. / Journal of Photochemistry and Photobiology A: Chemistry 197 (2008) 295–305

ce em

e
e
o
s
d
s
t
b
c
p

t
h
s
c
b
m
s
s
t
b
d
(
p
d
b
a
f
i
T
s
r
a
T
t
t

i
s

2

t
r
g
from Aldrich Chemical Company. Dielectric constants (ε) and
refractive indices (n) of pure solvents were taken from literature
[42] and those of the mixed solvents (εMS and nMS, respectively)
were calculated from the volume fractions (fi = vi/

∑
vi) of the
Fig. 1. Electronic absorption (a) and fluorescen

t al. [30] have shown that specific hydrogen bonding between
lectron acceptor group and the solvent increases the flu-
rescence intensity of the ICT state. On the other hand,
ignificant quenching of the charge separated state of N,N-
imethylaminophenyl(phenyl)acetylene is observed in protic
olvents [33]. In a classic paper, Chou et al. [34] have shown
hat double proton transfer (DPT) as well as charge transfer (CT)
ehavior in 4-(N-substituted amino)-1H-pyrolo[2,3-b]pyridines
an be modulated by solvent dielectric and hydrogen bonding
erturbation.

Recently, photoinduced intramolecular charge transfer reac-
ion of p-(dimethylamino)cinnamaldehyde and its derivatives
ave been reported by steady-state absorption, fluorescence
pectroscopy and quantum chemical calculations [35–37]. When
ompared with DMABN, the possible participation of dou-
le bond torsion (cis–trans isomerization) in the excited state
anifold often complicates the photochemistry of these D–A

ystems. On the basis of theoretical predictions and steady-
tate experiments, an emissive TICT state resulting from the
wisting of dimethyl amino-phenyl (N C) single bond has
een proposed. The low energy, unstructured, solvent depen-
ent charge transfer emission of p-(dimethylamino)cinnamate
EDAC, Scheme 1) was used as an efficient reporter to study
rotein–surfactant interaction in bovine serum albumin–sodium
odecyl sulfate (BSA–SDS) system as well as micellization
ehavior of surfactants [38–40]. However, no time-resolved data
nd corresponding rate parameter was available to address the
ormation and relaxation of the charge transferred state in vary-
ng solvent medium. In the present investigation, we report on
ICT phenomenon of EDAC in a variety of pure and mixed
olvent systems studied by steady-state absorption and fluo-
escence measurements, picosecond time resolved fluorescence

nd femtosecond transient absorption spectroscopic techniques.
heoretical calculations based on time-dependent density func-

ional theory (TDDFT) have also been carried out to support
he experimental findings as well as to gain further insight

S
i

ission (b) spectra of EDAC in various solvents.

nto the potential energy surface of the ground and excited
tates.

. Experimental

(trans)-Ethyl p-(dimethylamino)cinnamate (EDAC) was syn-
hesized using standard procedure based on Reformatsky
eaction [41]. The organic solvents used were of spectroscopic
rade (>99.5%) as received from Alfa Aesar and, in some cases,
cheme 1. Structure of trans-ethyl p-(dimethylamino)cinamate. Atom number-
ng scheme used for the quantum chemical calculations are also shown.
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Fig. 2. (a) Plot of absorption energy (νa), fluorescence energy (νf) and Stokes’
shift (�νST) against the solvent polarity function �f(ε,n) for EDAC. (b) Varia-
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2809U), a constant fraction discriminator (Tennelec TC454) and
time-to-amplitude converter (Tennelec TC864). The instrument
response function for the fluorescence decay measurement was
about 30 ps FWHM.
ion of 0,0 transition energy (ν0,0) and Stokes’ shift (�νST) with solvent static
ielectric constants (ε). The light shaded points for protic solvents are excluded
rom linear regression.

osolvents (A and B) using following relations [43]
MS = fAεA + fBεB (1)

2
MS = fAn2

A + fBn2
B (2)

S
p
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teady-state absorption spectra were recorded on a PerkinElmer
odel Lambda25 absorption spectrophotometer. Fluorescence

pectra were taken in a Hitachi model FL4500 spectrofluo-
imeter and all the spectra were corrected by measuring the
nstrument response function both in the excitation and emission
ide using Rhodamine B and a diffuser (Hitachi part number 650-
576) as the respective standard. Fluorescence quantum yields
φf) in pure solvents were calculated by comparing the total flu-
rescence intensity (F) under the whole fluorescence spectral
ange with that of a standard (quinine sulphate in 1 M sulphuric
cid, φs

f = 0.546 [44]) using the following equation

i
f = φs

f
F i

F s

1− 10−As

1− 10−Ai

(
ni

ns

)2

(3)

here Ai and As are the optical density of the sample and stan-
ard, respectively, and ni is the refractive index of solvent at
93 K. The corresponding value of 1 M sulphuric acid (ns) is
.338. For the mixed solvent systems, φf was calculated using
he refractive index calculated by using Eq. (2).

The fluorescence decay curves in different solvents were
btained using time correlated single photon counting (TCSPC)
echnique. The concentration of the sample was maintained
o keep the optical density around 0.1 at the excitation wave-
ength. The excitation was done at 400 nm obtained by focusing
he output (800 nm, 2 MHz repetition rate) of a cavity dumped
i:Sa laser (Cascade, KMLabs Inc., USA) on 1 mm BBO
rystal. The detection system for TCSPC measurements was
omposed of a monochromator (Japan Spectroscopic, CT-
0), a microchannel–plate photomultiplier (Hamamatsu, MCP
cheme 2. Schematic energy diagram of solvent dependent excited state photo-
hysics and intramolecular charge transfer phenomena in EDAC along with the
orresponding time parameters measured from transient absorption experiments.
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ig. 3. Typical fluorescence decay profile (scattered points) of EDAC in ethyl
xponential decay function (solid line). The instrument response function (IRF
iven in the upper panel.

The laser system for the femtosecond pump–probe exper-
ments was consisted of a Ti:sapphire laser (60 fs, Tsunami,
pectra-Physics) and its amplifier ((Spitfire, Spectra-Physics)

hat was pumped by a Nd:YLF laser (Merlin, Spectra-Physics).
he output of the laser was ∼600 mJ at a center wavelength of
80 nm and 1 kHz repetition rate. Eighty percent of a fundamen-
al was used to generate the second harmonic (∼390 nm) with a
.1 mm BBO crystal as an excitation pulse. The remaining 20%
f the fundamental was focused into a 1-cm D2O cell to generate
upercontinuum as a probe pulse. The spectrum response func-
ion of pump–probe method was estimated to be 200 fs FWHM.

he signal was analyzed by a computer-controlled CCD detec-

or (Roper Scientific, SPEC10-100LN and ST-133S controller)
t each optical delay using a translation stage (Sigma Koki,
GSP33-200 and Mark 204). The temporal dispersion of super-

t
s
t
t

te (a), toluene (b), tetrahydrofuran (c) and acetonitrile (d) fitted with a single
so shown by dotted line. The distribution of weighted residual in each case is

ontinuum was corrected for transient absorption spectra with
he same method described elsewhere [45].

The fluorescence decay and one-wavelength transient rise and
ecay curves were analyzed by nonlinear least-square iterative
onvolution method based on Lavenberg–Marquardt algorithm.

. Results and discussion

.1. Steady-state absorption and emission spectra

The electronic spectra of EDAC display an intense absorp-

ion band at around∼360 nm with a shoulder at 320 nm. Fig. 1a
hows some of the representative spectra of dilute solutions of
his compound and Table 1 contains the corresponding absorp-
ion maxima (λabs) in several solvent systems with varying
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Table 1
Steady-state spectral properties of EDAC in various pure and mixed solvent systems

Solventa �f(ε,n)b λabs (nm) λfl (nm) �νST (cm−1)

Cyclohexane 0.0 353 393 2883
Benzene 0.0 363 407 2978
Toluene 0.02 362 406 2994
1,4-Dioxane 0.03 359 413 3642
1-Octanol 0.10 363 424 3963
Ethylacetate 0.19 360 422 4081
Ben80Acn20 0.20 364 434 4431
Tetrahydrofuran 0.21 362 422 3928
1-Hexanol 0.24 365 433 4303
Ben60Acn40 0.25 366 439 4543
Ben50Acn50 0.26 365 439 4618
Dio80Wat20 0.26 366 450 5100
1-Butanol 0.26 363 443 4975
Ben40Acn60 0.27 365 441 4722
1-Propanol 0.27 364 452 5349
Dio70Wat30 0.28 368 455 5196
Ben20Acn80 0.29 365 444 4875
Ethanol 0.29 363 455 5570
Dio50Wat50 0.29 372 464 5330
Dio40Wat60 0.30 373 467 5396
Acetonitrile 0.30 363 446 5127
Methanol 0.308 362 463 6026
Acn80Wat20 0.309 366 460 5583
Dio20Wat80 0.310 371 474 5857
Acn70Wat30 0.311 367 461 5556
Met80Wat20 0.313 370 463 5429
Acn50Wat50 0.314 369 464 5549
Met70Wat30 0.314 371 465 5449
Acn40Wat60 0.315 370 467 5614
Met50Wat50 0.317 372 469 5560
Met40Wat60 0.317 372 472 5695
Acn20Wat80 0.318 370 476 6019
Met20Wat80 0.319 372 480 6048
water 0.32 373 485 6191
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a Abbreviations for the mixed solvent system are Ben (benzene), Acn (acetonit
ercentage is mentioned at the suffix.
b Calculated using Eq. (6).

olarity. In accordance with the previous reports [38,39], these
wo bands are assigned to the transition from ground state to the
a (S1) and Lb (S2) state, respectively. The vibrational structure
bserved for the long wavelength absorption band in cyclohex-
ne is lost in more polar solvents and spectral maxima shifts to
ed with solvent polarity. However, the solvatochromic shift is
ather small (∼780 cm−1 in acetonitrile relative to cyclohexane)
hich indicates a small difference between the dipole moments
f the Franck-Condon (FC) excited state and the ground state.

The fluorescence emission spectrum is structured in cyclo-
exane with a maximum at ∼390 nm which can be assumed to
e originated from the locally excited (LE) state as reported ear-
ier [38]. However, with increasing solvent polarity, the emission
ecomes structureless and the peak position shows significant
ed shift (Fig. 1b and Table 1). The large solvatochromic shift
f fluorescence emission (∼3000 cm−1 in acetonitrile relative
o cyclohexane) indicates the strong charge transfer character

f the fluorescent state in polar solvents. The origin of large
olvatochromic fluorescence shift in EDAC can further be sub-
tantiated by comparing the solvent dependent fluorescence shift
n ethyl 4-nitro-cinnamate (ENC). Due to presence of electron

w

�

Dio (1,4-dioxane), Wat (water) and Met (methanol). The corresponding volume

ithdrawing nitro group in conjugation with the cinnamate moi-
ty, it is not possible for ENC to show charge transfer emission.
t is observed that ENC indeed does not show any notable sol-
ent polarity dependent emission spectra (λem = 340 and 350 nm
n cyclohexane and acetonitrile, respectively).

The excited state dipole moment of LE (μLE) and CT (μCT)
tates can be estimated from the slope of the plots of absorption
νa) and fluorescence (νf) energies against the solvent polarity
arameter, �f(ε,n), respectively using the following equations
46]

a = ν0
a −

[
2

(4πε0)(hca3)

]
× [μLE(μLE − μg)]×�f (ε, n) (4)

f = ν0
f −

[
2

(4πε0)(hca3)

]
× [μCT(μCT − μg)]×�f (ε, n) (5)
here �f(ε,n) can be defined as

f (ε, n) = ε− 1

2ε+ 1
− n2 − 1

2n2 + 1
(6)
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Fig. 4. Variation of transient absorption spectra of EDAC in tetrahydrofuran at
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ery short (a) and long (b) time delay of 400 nm pump and supercontinuum
robe pulse.

he value of Onsagar cavity radius “a” (4.9 Å) and the ground
tate dipole moment (5.1 D) was obtained from the ab initio
alculations at the HF/6-311++G** level after fully optimizing
he geometry at the same level by using Gaussian03 program
47]. Usually, the value of “a” is 0.5 Å larger than the radius
orresponding to the molecular volume computed using
Density” keyword in Gaussian03 to account for the van der
aals radii of the surrounding solvent molecules [48].
The magnitude of μLE and μCT for EDAC calculated from

he slope of the straight lines (Fig. 2a) are 6.7 and 12.0 D,
espectively. It is to be mentioned here that during linear fit-

ing, the data related to solvents with appreciable hydrogen
onding ability do not correlate well and consequently, these
oints were excluded from linear regression (Fig. 2a). So, it
s believed that the excited state photophysics of EDAC is

1

t
g

ig. 5. Simulation of transient absorption intensity of EDAC in acetonitrile at
65 nm (a) and 670 nm (b). Inset shows the fitting of 440 nm transient absorption
hange with two-exponential decay function.

trongly perturbed by specific solute–solvent interaction like
ydrogen bonding (see below for further discussion) and the
ehavior of the ICT state in these solvents should be treated
eparately.

The dipole moment for the charge transfer state (μCT) can
lso be calculated from Lippert–Mataga equation (Eq. (7))
49,50], i.e., from linear variation of Stokes shift (�νST) against
he solvent parameter, �f(ε,n) (Fig. 2a)

νST = �ν0
ST +

[
2

(4πε0)(hca3)

]
× (μCT − μg)2 ×�f (ε, n)

(7)

e obtain the value of 13.3 D for EDAC, which is very close to
he value (12.0 D) calculated from the solvent polarity effect on
uorescence energy.

It is worth to look for certain spectroscopic quantity that can
irectly report static dielectric constant (ε) of the medium. In
his quest, we checked the variation of Stokes shift (�νST) with
tatic dielectric constant (ε) for EDAC in variety of pure solvent
nd solvent mixtures (details of the solvent system are given in
able 1) with wide range of ε values. It is interesting to note that
νST shows very good linear correlation with ε only when the

olvents with appreciable hydrogen bonding ability (like water,
ethyl alcohol, ethyl alcohol and 1-propanol) or the solvent
ixtures containing water as a cosolvent are excluded from the

inear regression (Fig. 2b). The higher alcohols are known to
ave less pronounced hydrogen bonding ability [51] and the
tokes shift in these solvents can be considered to originate only
rom the polarity effect. This may be a possible explanation for
inear variation of �νST with ε even in polar protic solvents like

-butanol, 1-hexanol or 1-octanol.

However, the energy of the 0,0 transition (ν0,0, the intersec-
ion of normalized absorption and emission spectra) shows very
ood correlation (Eq. (8)) with ε in almost all solvents (Fig. 2b,
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Fig. 6. Time-dependent spectral shift of E

ower panel)

0,0 (cm−1) = (25628.24± 92.4)+ (−45.1± 2.3)

×ε; R = 0.99 (8)

he deviation in cyclohexane is due to the different nature of
mission (LE type) when compared with other solvent systems
ICT type). However, the reason for the large deviation in water
s not very clear at this point. A possible explanation may be due
o extra stabilization of the highly polar ICT state in extensive
ydrogen bonded network of water cluster.

.2. Fluorescence quantum yields and decay times

The fluorescence quantum yields (φf) of EDAC have been
etermined in a variety of solvents and the relevant data are
eported in Table 2. It is seen that quantum yield for the ICT
tate increases with solvent polarity upto acetonitrile, however,
n presence of hydrogen bonding solvents like water, it decreases
ubstantially. The increase in emission yield is due to the sta-
ilization of the charge transfer state in more polar solvents.
owever, the decrease of φf in hydrogen bonding solvents indi-

ates the formation of a new nonradiative decay channel which

ay be originated due to specific solute solvent interaction.
urthermore, in highly polar solvent, such as water, the forma-

ion of the ICT state is favored and stabilized to a great extent
ecause of the very high dipole moment of this state. However,

S
i
F
i

stimulated emission in different solvents.

wing to the proximity of the stabilized ICT state and low-lying
riplet/ground states, the nonradiative decay is facilitated very

uch, resulting in appreciable decrease in net φf.
The fluorescence decay times (τf) of EDAC are measured in

ifferent solvents at room temperature using time-correlated sin-
le photon counting method and the results are also provided in
able 2. All decays could be reproduced with single exponential
ecay function. Fig. 3 shows some representative fluorescence
ecays in different solvents. In general, the fluorescence decay
ime increases with increase in solvent dielectric constant (20 ps
n cyclohexane and 101 ps in acetonitrile) in aprotic solvents. A
ossible explanation for the increase in τf may be the rearrange-
ent of electronic excited states with increasing solvent polarity.
adiative (κr

f) and nonradiative (κnr
f ) decay rate constants were

alculated from the known value of fluorescence quantum yield
φf) and decay time (τf) using the following relation (Eq. (9))
nd also given in Table 2

r
f = φf/τf; κnr

f = (1− φf)/τf (9)

ccording to Einstein treatment for electronic transition [52,53],
he radiative rate constant for spontaneous fluorescence (κr

f) is
irectly proportional to the cube of fluorescence energy (νf).

ince νf shifts to lower energies with increasing solvent polarity,

t is expected that the magnitude of τf will increase with εr.
urthermore, it is seen from Table 2 that the magnitude of κnr

f s

s about two orders higher than κnr
f . Low fluorescence quantum
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Table 2
Fluorescence quantum yield (φf), decay time (τf), radiative (κr

f) and nonradiative (κnr
f ) decay rate constants of EDAC in different solvents

Solvent φf (10−3) τf (ps) κr
f(108 s−1) κnr

f (1010 s−1)

Cyclohexane 6.0 – – –
Benzene 11.3 39 2.9 2.5
Toluene 11.9 58 2.1 1.7
Ethyl acetate 15.1 23 6.6 4.3
1,4-Dioxane 14.0 30 4.7 3.3
Tetrahydrofuran 12.1 69 1.8 1.4
Acetonitrile 22.0 101 2.2 1.0
Water 3.2 90 0.4 1.1
Methanol 6.5 75 0.9 1.3
Ethanol 5.7 82 0.7 1.2
1-Propanol 4.3 89 0.5 1.1
1 110
1 118
1 129
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-Butanol 4.0
-Hexanol 3.9
-Octanol 3.1

ields and the short excited state fluorescence decay time of
DAC in solutions are direct indications of the nonradiative
rocesses being dominant in the excited state photophysics.

.3. Dynamics of ICT: transient absorption measurement

The early time dynamics of photophysical processes of
DAC in some of the solvents were studied using 400 nm laser
ulse of 60 fs duration for excitation. Fig. 4 shows the evolu-
ion of transient signal of EDAC in tetrahydrofuran at different
elay times between the pump and probe pulse. The initial broad
and in the whole spectral range may be assigned to be origi-
ated from Sn←S1 absorption from the LE state. The intensity
f this broad band decays extremely rapidly with a simultane-
us appearance of a negative absorption at around 460 nm. This
pectral position is similar to the fluorescence maxima of the ICT
tate and the negative absorption around this wavelength region
an be assigned as originated from the stimulated emission of
he ICT state. The time constant for different photophysical pro-
esses after initial excitation to the LE state can be obtained
rom the decay of the initial broad band or from the rise of
he corresponding stimulated emission. The variation of tran-
ient intensity at specific wavelengths was simulated with 200 fs
aussian function to isolate these time constants. Fig. 5 shows

he variation of transient absorption intensity of EDAC in ace-
onitrile at 465 nm and 670 nm. It is to be noted here that due to
elatively poor signal to noise ratio, the 440 nm transient signal
ould not be simulated properly. Therefore, the data was fitted
ith two-exponential decay function in order to extract the time
arameters and shown in the inset of Fig. 5. The time constant
or the fast decay at 440 nm (280 fs) and 670 nm (300 fs) corre-
ates well with the growth at 465 nm (250 fs, Table 3). This time
onstant (τ1) for the growth of the stimulated emission indicates
he formation of the ICT state from the LE state and is given in
able 3 for some representative solvent systems. The formation
f the ICT state was found to occur within 350± 100 fs for dif-

erent solvents, whereas, the decay of the simulated emission
onsists of a solvent dependent fast component of 0.5–6 ps (τ2)
long with the natural fluorescence decay time of the ICT state
τ3) (Table 3).

b
d
a

0.4 0.9
0.3 0.8
0.2 0.7

The time evolution of transient absorption intensity and the
ise/decay behavior at selected wavelengths indicate that the
xcited state photophysics of EDAC is essentially consisting
f a three state model, i.e., the ground state, LE state and ICT
tate (Scheme 2). The later is produced from the LE state after
nitial excitation of the ground state conformation. The ICT state
s characterized by having very high dipole moment compared
o the LE state and consequently, is more favored in highly polar
olvents. The extremely short-lived LE state acts as a precursor
or the formation of the fluorescing ICT state.

The middle component (τ2) in stimulated emission may be
riginated due to the combination of two reasons. First, the solva-
ion of the dipolar ICT state can be assumed to be responsible for
he origin of τ2. In most of the solvents, the solvation dynamics
ccur on a time scale ranging from few hundreds of femtosecond
o few tens of picoseconds [2,6,54,55]. The solvation is expected
o play a major role in the decay dynamics of stimulated emis-
ion because of the large difference in dipole moment between
he ground state and ICT state. The other factor that can also be
esponsible is vibrational relaxation of the ICT state; as for a big
olecule like EDAC, the time constant for vibrational relaxation
ay be within 1–10 ps [56,57]. The effect of vibrational relax-

tion is generally manifested in the shift of transient absorption
pectral peak. We have monitored the time-dependent spectral
hift of the stimulated emission (Fig. 6) and the correspond-
ng time constants (τshift) are also given in the last column of
able 3. It is observed that the effect of vibrational relaxation

s complete within few hundreds of femtoseconds for EDAC in
ll the solvents and a comparison of τshift with τ2 indicates that
olvent reorganization contributes as a major component in the
elaxation dynamics of ICT state, particularly in alcohols.

.4. Quantum chemical calculations

.4.1. Ground state structure of EDAC: planar or
yramidal dimethyl amino group?
It was reported earlier that a minimum of 6-31G* or D95**
asis set in either HF or DFT method is necessary to repro-
uce the experimental geometrical parameters for DMABN
nd a series of other dimethylamino substituted compounds



T.S. Singh et al. / Journal of Photochemistry and Photobiology A: Chemistry 197 (2008) 295–305 303

Table 3
Rise and decay parameters of the stimulated emission for EDAC in different solventsa

Solvent τ1 (fs) (α1) τ2 (ps) (α2) τ3
b (ps) (α3) τshift (fs)

Tetrahydrofuran 480 (−0.85) 0.5 (0.63) 70 (0.37) 450
Acetonitrile 250 (−0.9) 0.6 (0.7) 100 (0.3) <100
Ethanol 400 (−0.92) 4.8 (0.35) 80 (0.65) 250
1-Octanol 350 (−0.85) 5.7 (0.3) 130 (0.7) 150

a Values in the parenthesis are the pre-exponential factors (α) associated with each decay time (τ). The time constant for the shift of stimulated emission peak
(τshift) are given in the last column.

b These values are taken from the fluorescence decay time (Table 2) and kept fixed during analysis.
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ig. 7. Potential energy diagram of S0 and S1 states of EDAC along the twist co
b) basis sets in cyclohexane (solid circle) and acetonitrile (open circle).

58]. Furthermore, correct description of the geometry, partic-
larly orientation of the dimethylamino group with rest of the
olecule, is important to describe the donor–acceptor proper-

ies. Here we have chosen a larger Pople-type 6-311++G** and
orrelation consistent cc-pVdz basis sets both in Hartree-Fock
HF) and the B3LYP density functional methods. The optimized
round state geometrical parameters of EDAC are reported in
able 4. It is interesting to note that the bond length parameters

re remarkably insensitive both towards the method of calcu-
ation and nature of the basis set used. However, the notable
ifference is found in the HF and B3LYP results for the orien-

o
i
t

able 4
round state optimized geometric parameters of EDAC in HF and B3LYP method us

arametersb HF

6-311++G** cc-pVD

(1-7) 1.384 1.38
(4-10) 1.473 1.46
(10-11) 1.336 1.33
(11-12) 1.484 1.48
(12-13) 1.194 1.19
(8-7-9) 116.5 117.0
(1-7-9) 118.9 119.1
(1-7-8) 118.8 118.9
(6-1-7-8) 13.2 12.3
(6-1-7-9) 165.8 166.7

a See Scheme 1, for atom numbering.
b Bond lengths (r) in Å, bond angles (θ) and dihedrals (ϕ) are in degree.
ate as obtained by TD-B3LYP calculation using 6-311++G** (a) and cc-pVDZ

ation of dimethylamino group with respect to the phenyl ring.
he HF method predicts a pyramidal structure with an angle of
2–13◦ for the torsional angle ϕ(6-1-7-8), whereas, the B3LYP
ethod produces relatively more planar structure (ca. 6–8◦) with

oth the basis sets. Similar results were reported previously
or other dimethylamino group based donor–acceptor systems
37,58] and conclusion was made for a pyramidal structure at
he nitrogen center in the ground state. However, careful analysis

f our results shows that ground state rotation of C1 N7 bond
s essentially free within the range of 0–20◦ at room tempera-
ure. For example, B3LYP/6-311++G** calculation for EDAC

ing 6-311++G** and cc-pVDZ basis setsa

B3LYP

Z 6-311++G** cc-pVDZ

3 1.383 1.382
9 1.458 1.461
4 1.349 1.352
3 1.474 1.473
3 1.217 1.221

118.2 119.0
119.9 120.0
119.8 119.9

8.2 5.9
171.8 174.1
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redicts that the ground state structures with fixed ϕ(6-1-7-8)
t 0◦ and 20◦ are only about 0.25 and 0.57 kcal mol−1 higher
n energy than the fully optimized structure. Therefore, it can
e assumed that different conformations can exist with varying
(6-1-7-8) angle within this range (0–20◦) in the ground state
nd pyramidal structure at the nitrogen centre is not an essential
riterion for these types of molecules to show ICT behavior.

.4.2. Characterization of excited state
To characterize the excited state, we have used both the

F-CIS method and TDDFT along with the 6-311++G** and
c-pVDZ basis sets. The SCRF/SCIPCM model as implemented
n Gaussian03 is used to include the solvent effect in transition
nergies [47]. Our calculations in gas phase, as well as in solvent,
ndicate that the maximum absorption observed at ∼360 nm in
he experiment corresponds to the S1(��*) state. The transition
nergy to this state in cyclohexane is found to be 3.58 eV at TD-
3LYP/6-311++G** level and 3.67 eV at TD-B3LYP/cc-pVDZ

evel. The analysis of TDDFT wavefunction indicates that the
ransition to the S1 state has pure �→�* (HOMO→LUMO)
haracteristics with appreciably high oscillator strength (f > 0.8).
n contrast, the HF-CIS/6-311++G** calculation predicts that
he S1 state has an energy of 4.69 eV relative to the ground state,
hich is very far from the experimentally obtained value of
53 nm (3.51 eV) as mentioned in Table 1. Consequently, TD-
3LYP method was chosen to construct the potential energy

urface for the ICT state as discussed below. Further to verify
he applicability of the quantum chemical calculation and assign-

ent of the absorption peaks described before, the oscillator
trength was calculated from the integrated absorption intensity
sing the following relation [59]:

= (4.39× 10−9)

n

∫
ε(ν) d(ν) (10)

here n is the refractive index of the medium. The experimental
alue (∼0.6) is in very good agreement with the theoretically cal-
ulated value (∼0.8) for S0→S1 transition of EDAC obtained
y TD-B3LYP/6-311++G** level of calculation.

It is to be noted here that the theoretically calculated value
or the S2 transition energy is 4.23 eV (∼295 nm). The agree-
ent with the experimental value (∼320 nm) is not as good as

bserved for the S1 state. However, this discrepancy is expected
ue to the fact that it becomes increasingly more difficult to
epresent the higher excited states with the level of quantum
echanical approximation used in this study.

.4.3. Potential energy surface for ICT state
The potential energy surface with varying twist angles, ϕ(6-

-7-8), for both the ground and excited state, as obtained from
he TD-B3LYP calculations using both 6-311++G** and cc-
VDZ basis sets in cyclohexane and acetonitrile, are shown in
ig. 7. It is observed that the ground state energy rises to about

2.3 kcal mol−1 with increasing the twist angle to 100◦ rela-
ive to the global minimum. Therefore, rotation around C1 N7
ond towards the formation of the ICT structure in the ground
tate is unlikely. However, in the S1 state, the PES is found
otobiology A: Chemistry 197 (2008) 295–305

o be rather flat with a shallow minimum at about 100◦ twist
ngle. Consequently, the formation of the fluorescing twisted
tructure becomes energetically viable and spontaneous in the
xcited state, as observed experimentally. From Fig. 7, it is also
een that the stabilization of the excited state in polar acetoni-
rile is relatively larger in excited state compared to the ground
tate. This indicates that the dipole moment in the excited state
s higher than the ground state and it further substantiates the
xperimental results discussed in the previous sections.

. Conclusion

The excited state photophysics of EDAC has been reported in
ifferent pure and mixed solvent systems. Large bathochromic
hift in the fluorescence spectra with increasing solvent polar-
ty indicates strong charge transfer nature of the excited state.
he dipole moments for the LE and ICT states were calculated

rom the linear variation of absorption and fluorescence energy
ith solvent polarity parameter as well as from Lippert–Mataga
lot. The energy for (0,0) transition shows very good correla-
ion with static dielectric parameter of the solvent. The life time
f the ICT state increases with polarity of the solvents due to
he greater stabilization of the charge transferred state. Ultrafast
ransient absorption measurements reveal that the formation of
he ICT state from the LE state occurs within 350± 100 fs and
olvent reorganization plays a major role in the excited state
ecay dynamics along with intramolecular vibrational relax-
tion. Quantum chemical calculations predict a nearly pyramidal
round state geometry of the dimethylamino group to the rest of
olecule, although possibility of different orientations within

–20◦ could not be ruled out within accessible thermal energy.
he potential energy curves constructed from the B3LYP cal-
ulations for the ground and excited states along the twist
oordinate corroborate the experimental observation that for-
ation of ICT state is only feasible in the excited state, not in

he ground state.
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