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bstract

The excited state intramolecular charge transfer process of a synthesized donor–acceptor naphthalene chromophoric system methyl ester of N,N′-
imethylaminonaphthyl-(acrylic)-acid (MDMANA) has been investigated spectroscopically in combination with quantum chemical calculation.
part from the local emission the molecule shows a solvent polarity dependent low energy emission from the charge transfer excited state. In polar
rotic solvents ground state hydrogen bonded clusters of MDMANA are formed which also shows low energy emission. Structural calculation and
otential energy surfaces along both the donor and acceptor twist coordinates by considering twisted intramolecular charge transfer (TICT) model

t density functional theory (DFT) level predict that a stabilized twisting geometry is responsible for charge transfer emission. The solvent polarity
ffect on the emission spectra has been explored using time-dependent density functional theory-polarizable continum model (TDDFT-PCM)
hich correlates well with the experimental spectral data.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In the realm of photochemistry, the formation of the charge
ransfer (CT) state is one of the fundamental processes [1–6].
esearch interest was directed towards the CT phenomenon
fter the first observation of dual fluorescence from 4-(N,N′-
imethylamino) benzonitrle (DMABN) in polar solvents in 1959
y Lippert et al. [1]. Since then, a variety of systems have
een studied to explore the mechanistic insight of dual emis-
ion in donor–acceptor CT molecules [1–13]. Apart from the
ormal fluorescence band (Lb), the origin of the longer wave-
ength ‘anomalous’ (La) fluorescence band of DMABN was

ssigned to the formation of the charge transfer state [14]. This
rocess involves relaxation of the solvent dipoles around the
uorophore and the formation of the CT state depends on the
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ielectric relaxation rate. Grabowski and co-workers proposed
wisted intramolecular charge transfer (TICT) model and explain
ual emission in a number of systems, e.g. 4-dialkylamino
erivates of benzonitrile, benzaldehyde, pyrimidines, pyridine,
tc. [15,16]. According to this model, the formation of CT
tate from the complete decoupling of the donor and acceptor
roups is best achieved when the two groups are perpendic-
lar to each other. In this twisted conformation, the dipole
oment is greatly enhanced and this leads to greater stability

f the CT state with increasing solvent polarity. An alterna-
ive planarised intramolecular charge transfer model for the
onger wavelength band was put forward by Zachariasse and co-
orkers in 1993 [17]. According to them, the dual emission of
MABN is originated from the coupling of the NMe2 group with

he quinoid like benzene � system. Apart from the experimental
nvestigation on the charge transfer phenomenon of a num-
er of donor–acceptor systems, theoretical approaches to this

roblem have also been suggested by many groups [6,18–20].
b initio and DFT methods have been applied to explore the
otential energy surfaces along the twisting co-ordinates in
bsence as well as in presence of solvents to throw light on

mailto:nguchhait@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2007.08.030
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he mechanistic path of ICT process [9–12,18–20]. Though dif-
erent schools put forward different theoretical models, the most
ccepted one is the TICT model advocated by Grabowski et al.
2,3].

Apart from the basic scientific interest on photoinduced
CT process of donor–acceptor charge transfer systems, the
pplications of ICT molecules as fluorescence probe are inter-
sting and demanding [21–23]. The sensitivity of the longer
avelength band on local polarity and local viscosity of

he surroundings makes the charge transfer chromophore a
ood fluorescent reporter of the surrounding microenvironment
21–23]. The need and interest for new molecules multiplied
ue to their vast application in the field of pure and applied
ciences such as pH and ion detectors, etc. [24]. The photoin-
uced ICT process may also play a crucial role in biological
ight harvesting processes such as photosynthesis [25]. In
he present work, we have studied the photophysical prop-
rties of the newly designed and synthesized donor–acceptor
ystem methyl ester of N,N′-Dimethylaminonaphthyl-(acrylic)-
cid (MDMANA) containing naphthalene chromophore. The
round and excited state properties of MDMANA have been
xplored by absorption and emission spectroscopy. Theoret-
cal calculations at DFT level with B3LYP functional and
-31G basis set were performed to study ground and excited
tate properties of MDMANA. The potential energy sur-
aces with respect to twist coordinates for the ground and
rst two excited singlet states indicates the formation of
T state in the first excited singlet state. The potential
nergy curves (PEC) with inclusion of solvent effect has
een explored in acetonitrile solvent using DFT-PCM and
DDFT-PCM model for the ground and excited states, respec-

ively, to correlate the experimental finding with theoretical
esults.

. Materials and methods

.1. Materials
Methyl ester of N,N′-Dimethylaminonaphthyl-(acrylic)-
cid (Scheme 1) was prepared by stirring a mixture of
-dimethylaminonaphaldehyde and methyl (triphenylphospho-

cheme 1. Structure of MDMANA with atom numbering, θ1 and θ2 are donor
nd acceptor twist angles, respectively. Calculated charge densities are given in
arenthesis.
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axylidene) acetate in dry dichloromethane at room temperature
or about 24 h. After the solvent was removed over vacuum,
he crude compound was purified on silica gel column chro-
atography and repeated crystallization in minimum amount

f methanol to get pure product of MDMANA, 1H NMR
400 MHz, CHCl3): δ 2.96 (S, 6H, –NMe2), 3.84 (S, 3H, OMe),
.46 (d, J = 21 Hz, 1H), 7.07 (d, J = 10.6 Hz, 1H), 7.25–7.58 (m,
H), 7.72 (d, J = 10.6 Hz, 1H), 8.18–8.21 (m, 1H), 8.26–8.29
m, 1H), 8.49 (d, J = 21 Hz, 1H).

Spectroscopic grade solvents such as hexane (HEX), n-
eptane (HEP), cylohexane (CYC), methylcyclohexane (MCH),
etrahydrofuran (THF), chloroform (CHCl3), carbon tetra-
hloride (CCl4), dioxane (DOX), methanol (MeOH), ethanol
EtOH), iso-propanol (iso-pr) and acetonitrile (ACN) solvents
ere purchased from Spectrochem and were used after proper
istillation. Sulphuric acid from E-Merck was used after proper
acuum distillation. Triple distilled water was used for the prepa-
ation of aqueous solutions.

.2. Steady state and time-resolved measurements

The absorption and emission spectra were measured by
itachi UV-VIS U-3501 spectrophotometer and Perkin-Elmer
S-50B spectrophotometer, respectively. In all measurements,

he sample concentration was maintained within the range 10−4

o 10−5 mol/dm3 in order to avoid aggregation and reabsorption
ffects.

.3. Computational procedures

The theoretical global minimum structure of MDMANA
nd its molecular properties have been calculated using Gaus-
ion 03W software [26]. Structural optimization has been done
t DFT level with B3LYP functional and 6-31G basis set.
he theoretical potential energy curves (PEC) for the ground
nd first two excited singlet states have been explored fol-
owing the twisted intramolecular charge transfer model as
roposed by Grabowski et al. [2,3]. So far there are differ-
nt ways to calculate the ground and excited state surfaces
or the donor–acceptor CT systems [27–37]. In our case dur-
ng the evaluation of the potential energy surface, both in
acuo and in acetonitrile solvent, the structural parameters
ave been kept frozen to that of optimized geometry of the
round state for all the points and all the states investigated;
he only parameter varied is the twisting angle θ1 for donor
roup and θ2 for acceptor group (Scheme 1). The PECs
or the first two excited singlet states have been obtained
sing time-dependent density functional theory (TDDFT). The
ECs with inclusion of solvent effect is also constructed
sing TDDFT-PCM method for the above mentioned basis
et. The TDDFT method of calculation using Gaussian 03W
oes not implement analytical gradients within TDDFT and
ence it fails to optimize the geometries for the excited

tates. Though TDDFT method of calculation fails to opti-
ize the geometries for the excited states, results obtained

sing this method correlates well with the experimental data
9–12,27–31].
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. Results and discussions

.1. Absorption spectra

The absorption spectra of MDMANA (Fig. 1a) measured
n different solvents show a single broad band at ∼358 nm
n non-polar solvents which shows slight sensitivity to sol-
ent polarity, shifting to ∼363 nm in ACN. This absorption
and is nothing but the ��* transition of naphthalene chro-
ophore. However, this dependence of wavelength maxima

n solvent polarity is not linear, since in case of water, the
osition of absorption maxima is blue-shifted to ∼354 nm.
ery recently, we have found that the absorption peak is
lue shifted in case of some donor–acceptor charge trans-
er systems in protic solvents [9–12]. The spectral data are
resented in Table 1. This exception to the trend observed
n case of water may be due to the strong hydrogen bond-
ng capability of water. Structurally the molecule MDMANA
as several sites suitable for hydrogen bond formation with
rotic solvents. Therefore, the absorption band at ∼354 nm
ay arise from the hydrogen bonded solvated complex of
DMANA (Scheme 2). Other polar protic solvents such as

thanol, methanol the absorption band appears at the red side
ith respect to the absorption band in hexane. This is because

he hydrogen bonding strength of ethanol and methanol sol-
ent is comparatively less and hence these solvents do not
hift the absorption band position to the blue as is observed
n water.

It is found that the donor–acceptor charge transfer systems
how characteristics spectral change in presence of acid. As
hown in Fig. 1b, addition of dilute H2SO4 in MeOH solution
esults in the generation of a new band at ∼313 nm at the expense
f ∼363 nm band. Although there are several possible protona-

ion sites in the molecule, protonation at the lone pair of nitrogen
f tertiary amino group favours over other sites. The calculated
egative charge density at the nitrogen atom (−0.554) is higher
han that of the oxygen atoms (−0.453 and −0.526) for the

g
s
t
l

able 1
bsorption and emission maxima (nm) and quantum yields of different bands of methy

olvents at room temperature

olvent Absorption maxima (nm) Fluorescence band (nm)

λLE λCT

EX 358 – 450
EP 358 – 450
CH 358 – 450
Cl4 362 425 461
HCl3 362 425 466
OX 364 425 472
HF 363 425 475

so-pr 364 423 488
tOH 364 423 498
eOH 363 425 504
eOH + H+ 313 411 504
CN 363 428 493
ater 354 425 521

a Quantum yield are of the order of 10−3.
olarity at room temperature and (b) the absorption spectra of MDMANA with
ddition of dil. H2SO4 in MeOH: (1) without acid and (2–3) with decreasing
H.
lobal minimum structure (Scheme 1). Hence the protonated
pecies can be formed on addition of acid as per Scheme 3 and
he absorption band is blue shifted due to less resonance stabi-
ization of the protonated species than its neutral counter part.

l ester of N, N′-dimethylaminonaphthyl-(acrylic)-acid (MDMANA) in different

ϕLE
a ϕCT

a νa (cm−1) νf (cm−1) (νa − νf) (cm−1)

– 0.95 27,933 22,222 5,711
– 1.19 27,933 22,222 5,711
– 1.26 27,933 22,222 5,711
0.31 1.47 27,624 21,692 5,932
0.39 2.49 27,624 21,459 6,165
0.60 2.76 27,473 21,186 6,287
0.49 2.62 27,548 21,053 6,495
0.28 2.81 27,473 20,492 6,981
0.31 2.89 27,473 20,080 7,393
0.29 3.05 27,548 19,841 7,707
– – 31,949 19,841 12,108
0.36 3.02 27,548 20,284 7,264
0.03 0.14 28,249 19,194 9,055
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cheme 2. Possible hydrogen bonded clusters of MDMANA (R = –H, –CH3,
C2H5, –C3H7, –C4H9).

ompared to other reported CT systems the absorbance bands
n neutral and acidic medium at ∼363 nm and ∼313 nm, respec-
ively, may be assigned to the neutral and protonated species of

DMANA.

.2. Emission spectra

The fluorescence emission spectra of MDMANA in different
olvents are shown in Fig. 2a and the observed band maxima
t room temperature are given in Table 1. In case of non-polar
olvents, a single broad emission band at ∼450 nm is observed
pon excitation at ∼358 nm absorption band. Whereas in case of
olar solvents such as acetonitrile and water dual fluorescence
s observed for the same excitation. One higher energy band at

425 nm and another solvent polarity dependent lower energy
and which ranges between 461 nm in CCl4 solvent to 521 nm
n water. Interestingly, the emission spectra in �-CD shows dis-
inctly two bands—one for the purely LE emission (425 nm)
nd another for the CT emission (521 nm). This is because �-
D molecule has two type of microenvironment—a non-polar
nd a hydrophilic part. This observation clearly indicates that
n non-polar cyclohexane type of solvent the single broad emis-
ion band may compose of LE and CT emission or only the CT
mission. Comparing with other similar type of studied systems
9–13,38,39], the higher energy weak band is assigned to the
mission from the locally excited (LE) state and the lower energy
trong emission band arises from the charge transfer (CT) state.
pparently the red shifting of this anomalous low energy band is

ound to be dependent on solvent polarity. The absence of mirror

ymmetry in the absorption and emission spectra in polar sol-
ents predicts that the ground and excited state of the molecule
re of different geometries. The excitation spectra (Fig. 2b) of
DMANA for both the emission bands are found to be inde-

Scheme 3. Protonation at the nitrogen lone pair of MDMANA.
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ig. 2. (a) Fluorescence emission spectra of MDMANA in different solvents at
oom temperature (λext = 358 nm) and (b) excitation spectra of MDMANA in
ifferent solvents at room temperature.

endent of excitation wavelength and resemble to the absorption
pectra. This indicates that both LE and CT bands originate from
he same ground state species which absorbs at ∼358 nm.

Solvatochromic studies of the red-shifted band indicate that
he red-shifted emitting species must possess a larger dipole

oment compared to the ground state species. This enhance-
ent of the dipole moment in the excited state compared to the

round state is responsible for the stabilization of the CT state
ith increasing solvent polarity and the solvent dipoles reori-

nt themselves around the fluorophore to attain an energetically
avourable arrangement. As usual ways the Lippert–Mataga plot
f Stokes shift (�ν) versus solvent parameter �f (εr, n) is shown
n Fig. 3a. Following is the Lippert–Mataga relation [40]:

a − νf = (μ∗ − μ)2

2πε0hcρ3 �f (εr, n)

here �f (εr, n) = [(εr − 1)/(2εr + 1)] − [(n2 − 1)/(2n2 + 1)].
νa and νf correspond to the absorption and emission wave

umber (cm−1), respectively in a solvent with dielectric con-

tant εr and n is the refractive index of the medium. The terms h,
, c and ρ are Planck’s constant, permittivity of vacuum, veloc-
ty of light and radius of solvent cavity (ρ), respectively. The
alue of ρ and μ are 4.89 Å and 4.72 D, respectively, for the
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Fig. 3. (a) Plot of Stokes shift (�ν) vs. solvent polarity parameter (�f) (1)
hexane, (2) CHCl3, (3) DOX, (4) ACN, (5) iso-propanol, (6) EtOH, (7) MeOH
and (8) water, (b) plot of emission band maxima of red-shifted band vs. hydrogen
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to emission from the locally excited state of the protonated
species. However, at high acid concentration, the presence of
red-shifted emission band along with the LE emission of the
onding parameter, � and (c) plot of stokes shift vs. ET(30): (1) hexane, (2)
HCl3, (3) ACN, (4) iso-propanol, (5) EtOH, (6) MeOH and (7) water.

round state global minimum structure calculated at DFT level
ith 6-31G basis set and B3LYP functional. It is found that

he plot of Stokes shift (�ν) versus �f shows linearity for non-
olar and polar aprotic solvents. From the ratio of the slope
nd (μ* − μ)2/2πε0hcρ3 of the Lippert–Mataga plot, the excited
tate dipole moment is obtained to be 7.5 D. This large change in

ipole moment from the ground to the excited state occurs due to
tomic charge redistribution in the excited state and this occurs
y charge transfer from the electron rich donor moiety (–NMe2

F
(

otobiology A: Chemistry 194 (2008) 318–326

roup) to the acceptor moiety (ester group). High excited state
ipole moment by charge redistribution leads to a solvent polar-
ty dependent red-shifted emission due to different extent of
tabilization of the molecule in the excited state.

In case of polar protic solvents with hydrogen bonding capac-
ty a deviation from linearity is observed in the Lippert–Mataga
lot indicating that H-bonding has some role for the red-shifted
mission band. Cazeau-Dubroca et al. [41] proposed that the
etragonal arrangement of amine side due to formation of H-
ond with protic solvents in the ground state favours the ICT
rocess [9–13]. In protic solvents, it is found that the emission
and position (νf) of the red-shifted band varies linearly with
he hydrogen bonding parameter α (Fig. 3b) [42]. This indi-
ates that the red-shifted emission band in polar protic solvent
rises from the CT emission of the hydrogen bonded clusters
f the studied molecule. Overall, the red-shifted emission band
hows its dependence on both the polarity and on the hydrogen
onding capability of the solvent. Such type of interactions can
e distinctly discriminated when the Stokes shift of the band
s mapped against solvent polarity parameters ET(30). The plot
f Stokes shift (�ν) versus solvent polarity parameter ET(30) is
hown in Fig. 3c. It can be seen from the figure that there are two
ypes of slope for aprotic and protic solvents. This indicates that
n case of protic solvents, the variation of position of emission
axima is mainly influenced by hydrogen bonding capability

nd in aprotic solvent the CT emission is influenced by dipolar
nteraction.

Addition of dilute H2SO4 to the methanolic solution of
DMANA (Fig. 4) shows an increase in intensity at the posi-

ion of LE band with decrease in intensity of the CT band.
s per the calculated negative charge density, the preferred
rotonation site at the lone pair of the dimethylamino group
–NMe2) hinders the formation of the CT state and H-bonded
lusters, thereby decreasing intensity of red sided CT emission.
he high energy emission band at 411 nm is therefore assigned
ig. 4. Effect of dil. H2SO4 on the emission spectra of MDMANA in MeOH
λext. = 313 nm). Arrow indicates decrease of pH.
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Table 2
Ground state optimized geometrical parameters of MDMANA at DFT level with
B3LYP functional and 6-31G basis set

Bond lengths Value (Å) Angles Value (◦)

C10–N9 1.475 ∠C10–N9–C11 112.85
C11–N9 1.464 ∠C10–N9–C1 118.93
N9–C1 1.414 ∠C11–N9–C1 118.43
C1–C2 1.393 ∠C4–C12–C13 126.16
C2–C3 1.404 ∠C13–C14–N15 124.03
C3–C4 1.393 ∠C11–N9–C1–C2 24.39 (θ1)
C4–C12 1.461 ∠C3–C4–C12–C13 −22.09 (θ2)
C12–C13 1.354
C13–C14 1.461
C

N

a 1 0
energy is observed up to θ1 = 94◦ followed by an abrupt increase
in energy. This peculiar observation can be well accounted for,
if the ‘Peri Effect’ between the donor group and H-atom at the
ig. 5. Effect of addition of EtOH on the emission spectra of MDMANA in
CH at room temperature (λext = 358 nm).

rotonated species indicates that deprotonation may occur in
he excited state potential energy surface resulting in some CT
mission.

The emission spectra of MDMANA in binary solvent mix-
ure of methylcyclohexane and ethanol are presented in Fig. 5.
ddition of EtOH in MCH solution of MDMANA shows a

ed shift of the emission band from ∼440 nm to ∼480 nm with
ncreasing intensity. This observation also indicates that the CT
tate originates from the LE state on addition of EtOH to MCH
olution. The solvent reorientation leads to this characteristic
olvatochromic red shift. The fluorescence intensity of the CT
and in MeOH increases due to higher fluorescence quantum
ield of the CT band in methanol solvent than in hexane solvent
Table 1).

.3. Computational details

The first insight into the electronic reorganization during the
rocess of charge transfer can be achieved by the determination
f the ground state global minimum structure of MDMANA.
he trans form with respect to C12–C13 double bond (Scheme 1)
as found to be the most stable or the lowest energy structure
ue to absence of steric hindrance as compared to the cis form.
n the calculated structure of MDMANA, the –NMe2 group is
ound to be out of plane (∠C11–N9–C1–C2, θ1 = 24.39◦) of the
romatic ring and the N-atom of the NMe2 group is pyrami-
al in its global minimum state in vacuo. Very similarly the
cceptor group is also titled (θ2 = 22.09◦) with respect to the
romatic ring and hence the �-orbitals of acceptor is not in par-
llel to the aromatic �-orbitals. Optimized parameters are given
n Table 2. Such twisted geometry at the donor and acceptor
roups arises due to steric hindrance caused by ‘Peri’ hydro-
en of naphthalene ring. As per TICT model it is expected that
uch pre-twisted geometry favours excited state ICT reaction for

onor–acceptor system. The PESs along the donor and accep-
or twist coordinates have been evaluated at DFT level for the
round and first two excited states. As shown in Fig. 6, twisting
f the donor group leads to increase in energy, with a maximum

F
M
s
s

14–O15 1.243

umbering of atoms as per Scheme 1.

t θ = 74◦ for the S state in vacuo. Then a slight decrease in
ig. 6. Potential energy curves for ground and first excited singlet state of
DMANA with varying of donor twist angle (θ1) in (a) vacuo and (b) in ACN

olvent. Insets show the combined view of the ground and first two singlet excited
tates in vacuo and in ACN.
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8 position of the naphthalene ring is taken into consideration
Scheme 1). During the course of twisting, the donor group feels
ome steric interaction with this Peri H-atom and the conformer
ecomes unstable. This also accounts for the initial twist of
he –NMe2 group out of plane in the global minimum state.
uch type of interaction is absent in benzene type of systems
nd hence the donor group is nearly planar in its global min-
mum state [9–12]. For the evaluation of the first two excited
ingle state PECs, TDDFT method with B3LYP functional and
-31G basis set is used. As can be seen in Fig. 6a, the energy
f the first excited state (S1) decreases and attains a minimum
t θ1 = 74◦. The second excited state (S2) also shows a simi-
ar minimum at θ1 = 74◦ but excitation to the second excited
tate requires far more energy than that for the first excited
tate, therefore, the phenomenon of TICT occurs in the S1 state.
ver all PESs for the ground and excited state are of asym-
etric double well type. However, in the S1 surface, the fully

wisted geometry is the minimum energy structure and is respon-
ible for red-shifted emission. The inclusion of solvent effect

◦
sing DFT/PCM model shows that the –NMe2 group is 21
ut of plane of the aromatic ring in the ground state global mini-
um. The evaluation of PECs in acetonitrile solvent using PCM
odel (Fig. 6b) shows a similar variation of energy along the

ig. 7. Potential energy curves for ground and first two excited singlet states
f MDMANA with varying of twist angle, θ2 for acceptor group rotation (a) in
acuo and (b) ACN solvent.
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wist co-ordinate with a maximum at θ1 = 71◦. The nature of
he PECs for both the ground and the excited states are basi-
ally the same as obtained in vacuo. The twisted conformer in
he S1 state however becomes more stable in presence of sol-
ent by ∼15.17 kcal/mol. Twisting of the acceptor group (θ2)
n vacuo as well as in ACN solvent (Fig. 7a and b) also shows
light different potential energy variation and the energy max-
ma are found at acceptor twist angle of 87◦ and 93◦ in vacuo
nd in ACN solvent, respectively. Although acceptor rotation
an provide red-shifted emission, but the transformation from
E to CT state passes through an energy barrier (barrier energy
.25 kcal/mol in vacuo and 1.66 kcal/mol in ACN) in the S1
urface. In addition, the CT state in the S1 surface is higher
n energy than the LE state. Therefore, donor twisting favours
ver acceptor twisting path for the charge transfer process in
he excited state. The variation of oscillator strength and verti-
al excitation energy for the S1 state in vacuo and ACN solvent
s shown in Fig. 8a and b, respectively. As shown in Table 3
nd Fig. 8, the experimental absorption and emission energies
n vacuo and ACN solvent matches reasonably well with theo-

etical values obtained from donor twisting instead of acceptor
wisting. The experimentally observed emission energy in ACN
olvent (2.52 eV, 493 nm) matches well with that obtained the-
retically in ACN solvent for donor group rotation (2.45 eV,

ig. 8. The variation of oscillator strength (�) and vertical excitation energies
�) with varying donor twist angle (θ1) and vertical excitation energies (©)
ith variation of acceptor twist angle (θ2) of MDMANA in (a) vacuo and (b) in
CN solvent.
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Table 3
Comparison of experimental spectral data with theoretical values of vertical transition energies (eV) of MDMANA in vacuo and ACN solvent computed at DFT
level (ways of calculation are given in the experimental section)

Medium States Absorption (eV) Emission (eV)

Eexp. Etheo. Etheo.
a Etheo.

b Eexp

Vacuo S1 3.46 3.24 (0.5356)c 2.82 (0.0006) 3.03 (0.0015) 2.76d

S2 – 4.04 (0.0178) 3.48 (0.3895) 3.73 (0.1786) –

ACN S1 3.42 3.00 (0.7275) 2.45 (0.0099) 2.69 (0.0064) 2.52
S2 – 3.92 (0.0205) 3.27 (0.4832) 3.60 (0.2267) –

a

5
(
e
t
e

r

F
t

Donor group twisting.
b Acceptor group twisting.
c Oscillator strength given in parenthesis.
d In n-hexane.

07 nm). The theoretical value for emission energy in vacuo

2.82 eV, 441 nm) is very well in agreement to that obtained
xperimentally in n-hexane solvent (2.76 eV, 450 nm). Thus,
he stabilized CT state in polar solvent predicts a red-shifted
mission which is observed experimentally too. Thus, the theo-

e

t
o

ig. 9. Molecular orbital pictures (HOMO and LUMO) of MDMANA for the (a) no
wisted geometry in ACN solvent.
etical calculations correlate the experimental findings to a large

xtent.

The HOMO–LUMO molecular orbital picture shows that for
he global minimum state (Fig. 9a), the � cloud density is more
r less uniformly distributed over the entire � system of the

rmal, (b) donor twisted, (c) acceptor twisted geometry in vacuo and (d) donor



3 nd Ph

n
(
W
i
t
t
t
t
g
A
n
e
e
H
d
m
d
f
p
M

4

p
i
o
p
t
s
t
d
s
w
t
t
l
p
d
e
r
t
w
b

A

f
S
s

R

[
[

[
[

[
[
[

[

[
[
[
[
[

[
[
[

[

[

[
[
[
[

[

[
[
[
[
[
[

26 S. Mahanta et al. / Journal of Photochemistry a

aphthalene ring for both in HOMO (�) as well as in LUMO
�*). Hence the transition is of �–�* type which is allowed.

hereas in the twisted state (Fig. 9b and d), the electron density
s over N-atom for the HOMO (n) and the electron density over
he donor N-atom in the LUMO (�*) becomes practically nil and
he acceptor group has reasonable cloud density over it. Thus the
ransition is the forbidden n–�* type. This is also revealed from
he oscillator strength values which decrease from 0.7347 in the
lobal minimum state to 0.0103 (Fig. 8b) in the twisted state in
CN, i.e. moving from allowed to forbidden transition. Though
–�* transition is symmetry forbidden, it is considered that the
xcited state vibronic coupling is responsible for the gaining of
mission intensity of the CT emission [3]. On the other hand, the
OMO for the acceptor twisting path show delocalized electron
ensity and the orbital pictures are similar to that of the global
inimum structure. This type of delocalized orbital pictures

oes not support CT process for acceptor twisting path. There-
ore, a localized lone pair at the nitrogen centre for donor twisting
ath is responsible for the phenomenon of TICT in the S1 state of
DMANA.

. Conclusion

The molecule MDMANA has been synthesized and its
hotophysical behaviors have been studied spectroscopically
n solvents of varying polarity. The spectral characteristics
f MDMANA with variation of the nature of solvents and
H of the medium helps to establish the existence of three
ypes of species in the excited state—a normal excited state
pecies whose emission is insensitive to solvent polarity, a
wisted conformer which gives rise to solvent polarity depen-
ent large Stokes shifted emission and a hydrogen bonded
olvated complex whose red-shifted emission correlates well
ith solvent hydrogen bonding parameter. Calculation shows

hat both the donor and acceptor groups are pre-twisted in
he global minimum structure. Theoretical calculations at DFT
evel using twisted intramolecular charge transfer (TICT) model
redict that the LE state relaxes to the CT state along the
onor twisted coordinate in the first excited state potential
nergy surface which leads a red-shifted emission. Explo-
ation of the PECs using time-dependent density functional
heory-polarizable continum model (TDDFT-PCM) correlates
ell the solvent polarity dependent red-shifted CT emission
and.
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