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Secondary amino group as charge donor for the excited state intramolecular
charge transfer reaction in trans-3-(4-monomethylamino-phenyl)-acrylic

acid: Spectroscopic measurement and theoretical calculations
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Abstract

The emission properties of a synthesized donor–acceptor substituted aromatic system trans-3-(4-monomethylamino-phenyl)-acrylic acid (t-
MMPAA) have been investigated both experimentally and theoretically. The molecule t-MMPAA shows dual fluorescence in polar solvents. The
normal emission band is assigned to be arising from the locally excited state whereas the anomalous, solvent dependent, red shifted emission band
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rises from a twisted transient emissive state. Solvent dependency of the large Stokes shifted emission band and high dipole moment of the excited
tate support charge transfer character of the twisted excited state. Potential energy curves along the two possible twisting coordinates have been
alculated for the ground and excited states both in vacuo and in polar aprotic acetonitrile solvent using time dependent density functional theory
TDDFT) and time dependent density functional theory including polarized continuum model (TDDFT-PCM), respectively. Both the twisted paths,
.e., along the donor (–NHMe) and acceptor (–CH CHCOOH) groups, favor the formation of stable twisted excited state, but the twisting through
cceptor path is energetically favorable (low barrier height) than the donor path. However, localized nitrogen lone pair supports TICT process
y twisting along the donor path. A more stabilized calculated twisted state in acetonitrile solvent correlates well with the solvent dependent red
hifted emission.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the first report on dual fluorescence of p-(N,N-
imethylamino)-benzonitrile (DMABN) by Lippert and Luder
1], intramolecular charge transfer processes are the attractive
eld of research due to various applications in the basic and
pplied fields. Numerous compounds having donor–acceptor
oiety with subunits connected by a single bond [2,3] emit-

ing dual fluorescence are known by now, but the origin of this
nusual property is still not completely understood, and vari-
us mechanisms have been suggested since then. To explain the
ual fluorescence of these types of compounds in polar solvents,
rabowski and co-workers [4] proposed a scheme involving
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intramolecular charge transfer with a 90◦ twisting motion of
the donor group, leading to the formation of an emissive tran-
sient species called twisted intramolecular charge transfer state
(TICT). Grabowski et al. [5] also had shown that twisting of
the acceptor moiety causes no La emission from the perpendic-
ular conformer. Alternative models like planar intramolecular
charge transfer (PICT) [6], wagging intramolecular charge trans-
fer (WICT) and rehybridization intramolecular charge transfer
(RICT) [7,8] have been proposed to explain the dual fluores-
cence phenomenon in different donor–acceptor systems. Recent
experimental and computational studies are, however, in large
number in favor of TICT model [9–15].

In this work, we have investigated dual fluorescence of t-
MMPAA in different solvents and applied density functional
theory (DFT) to understand qualitatively the mechanism of
photoinduced ICT reaction. Most of the molecules so far inves-
tigated for these studies mainly have tertiary amino such as
N,N-dimethylamino group as charge donor. So far our knowl-
edge goes to there are only two examples where secondary amino

010-6030/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Scheme 1. trans-3-(4-Monomethylamino-phenyl)-acrylic acid (t-MMPAA), θ1

and θ2 are torsional angles at the donor and acceptor sides.

groups with ortho substituted methyl group are used as a charge
donor for the excited state ICT reaction [7,16]. It is proposed
that the ortho substitution forced the secondary amino group to
be in the out of plane of the benzene ring and hence, TICT emis-
sion is observed. We have synthesized a system with secondary
amino group without ortho substitute as charge donor, namely
trans-3-(4-monomethylamino-phenyl)-acrylic acid (Scheme 1)
and investigated excited state ICT reaction spectroscopically.
The presence of unsaturated double bond at the acceptor side
provides extra flexibility to the molecule. We have studied the
photophysical properties of t-MMPAA by absorption and emis-
sion spectroscopy. Dual fluorescence phenomenon has been
studied by exploring potential energy surfaces of the excited
states along the two possible twist coordinates, i.e., (i) twisting
of donor (–NHMe) [9] and (ii) acceptor group (–CH CHCOOH)
[17,18], using TDDFT method with inclusion of solvent effect
using polarized continuum model (PCM) [19].

2. Experimental details

2.1. Materials

p-Nitro benzaldehyde and ethyl (triphenyl phosphanylidene)
acetate (Ph3P CH-COOEt) in dry dichloromethane were stirred
at room temperature for 24 h. Generated nitro product was
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Spectroscopic grade solvents methanol, isopropanol, chloro-
form, hexane, acetonitrile from Spectrochem-UV and ethanol
from E. Merck were used after vacuum distillation. All solvents
were checked for any fluorescence in the desired wavelength
before emission studies. Sulphuric acid from E. Merck was used
as supplied. Triple distilled water was used for making all aque-
ous solutions.

2.2. Steady state and time resolved spectral measurements

The absorption and emission spectra of t-MMPAA were
recorded on a Hitachi UV/VIS U-3501 spectrophotometer and
Perkin Elmer LS50B fluorimeter, respectively. All the spectral
measurements were done at ∼10−6 M concentration of solute in
order to avoid aggregation and self-quenching.

Time Master Fluorimeter from Photon Technology Interna-
tional (PTI) was used to measure fluorescence lifetime [21]. The
sample was excited at 315 nm using a thyratron gated nitrogen
flash lamp (width ∼1.5 ns). The system measures fluorescence
lifetime at a flash rate of 25 kHz using PTI’s patented strobe
technique and gated detection method. Lamp profiles were mea-
sured at the excitation wavelength using Ludox as the scatterer
using slits with a band pass of 3 nm. Intensity decay curves were
fitted as a sum of exponential terms: F (t) =

∑
i

αi exp(−t/τi)

where αi is a pre-exponential factor representing the fractional
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educed by using zinc and saturated aqueous ammonium chlo-
ide solution in methanol at 50 ◦C to produce ethyl-3-(4-amino-
henyl)-acrylate. Then one hydrogen atom of amino group
as blocked by di-tert butyl pyrocarbonate (BOC-anhydride)

n presence of triethylamine in THF to produce ethyl-3(4-[N-
tert-butoxycarbonyl)-amino]-phenyl)-acrylate. In the next step,
ydrogen atom of BOC protected amino group was replaced
y methyl group using methyl iodide in presence of sodium
ydride base in DMF solvent at 0 ◦C. Then BOC group was
emoved by using trifluroaccetic acid in dichloromethane to pro-
uce ethyl-3(4-methylamino-phenyl)-acrylate. The product was
ydrolyzed by using lithium hydroxide in THF and water mix-
ure to get the desire product trans-3-(4-methylamino-phenyl)-
crylic acid [20]. The product was purified through silica gel
olumn chromatography and finally recrystalized to get pure
ompound. 1H NMR (300 MHz, CDCl3) δ 2.88 (s, 3H), 6.18 (d,
= 15.81 Hz, 1H), 6.56 (d, J = 8.61 Hz, 2H), 7.39 (d, J = 8.58 Hz,
H), 7.67 (d, J = 15.81 Hz, 1H). FTIR (ν cm−1) 509, 553, 819,
176, 1259, 1313, 1431, 1529, 1596, 1656, 2819, 2900, 2929,
371, 3408.
ontribution to the time resolved decay of the component with
life time τi. The Software FeliX32 is used for data acquisi-

ion and analysis. The decay parameters were recovered using
non-linear least squares iterative fitting procedure based on
arguardt algorithms [22]. The quality of fit has been assessed

ver the entire decay, including the rising edge, and tested with
plot of weighted residuals and the other statistical parame-

ers, e.g., the reduced χ2 and the Durbin–Watson parameters
1.6 < DW > 2.0) [23].

.3. Computational details

All structural and potential energy surface calculations were
erformed using Gaussian 03 Package [24]. Ground state geom-
try have been optimized with B3LYP hybrid functional and
-31++g(d,p) basis set. Excitation energies were calculated
sing time dependent density functional theory (TDDFT) imple-
ented in the Gaussian using the same functional and basis set.
omputed excitation energies are the vertical transition energy
ithout zero point correction. We also extended our calculations

n solvated system using non-equilibrium TDDFT-PCM model.
alculations on potential energy surface (PES) were pursued
long the twist coordinate separately at the donor and accep-
or sites. We have used rotational angle θ1 and θ2 (shown in
cheme 1) to get the twisting of donor (–NHMe) and accep-

or (–CH CHCOOH) group, respectively. One limitation is
hat the above-calculated PES only corresponds to the cut off
E-hyper surface along the twisting angle as no geometry opti-
ization of the various excited states has been performed. This

pproach, i.e., the use of ground state optimized geometry as
basis for the representation of the excited state structure, has
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been successfully applied in many recent scientific publications
[10–12,25–27]. However, some groups have performed relaxed
calculations to get the excited state PESs [28–30]. Radiative life-
time (τ) have been computed for the spontaneous emission using
the following equation [31],

τ(s) = 3

2fν2

where ‘ν’ and ‘f’ are the calculated transition energy in cm−1

and oscillator strength, respectively.

3. Results and discussion

3.1. Absorption spectra

The absorption spectra of trans-3-(4-monomethylamino-
phenyl)-acrylic acid (∼10−6 M) in non-polar, polar and hydro-
gen bonding solvents are shown in Fig. 1. As seen in the spectra,
the molecule t-MMPAA shows absorption bands at ∼315 and
∼350 nm. These two bands are assigned to the transition from
ground (S0) to S2 (Lb) and S1 (La) states (Platt’s notation),
respectively [32]. It is found that the position of the higher energy
absorption peak is independent on solvent polarity whereas the
lower energy absorption band shows its dependency on both the
polarity and hydrogen bonding ability of the solvent. In pro-
tic solvent, the lower energy absorption band shifts towards the
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Scheme 2. Possible hydrated cluster.

in Table 1. In non-polar solvent such as hexane and heptane,
upon 335 nm excitation, t-MMPAA shows a single fluorescence
band at ∼390 nm which is ascribed to the emission from the
locally excited state (LE). But for the same excitation dual flu-
orescence is observed in polar solvents. Apart from the weak
higher energy LE emission band (∼390 nm), a solvent’s polarity
dependent emission band is observed at ∼440 nm. Comparing
with other studied systems we have assigned the lower energy
emission band to the emission from the charge transfer (CT) state

Fig. 2. (a) Emission spectra (λext = 335 nm) of t-MMPAA at room temperature
in (-�-) ACN, (-�-) water, (-�-) MeOH, (-*-) EtOH, (-+-) THF, (-�-) chlo-
roform and (-�-) hexane solvents. (b) Excitation spectra of t-MMAA at room
temperature in (-�-) ACN, (-�-) water, (-�-) MeOH, (-*-) EtOH, (-+-) THF, (-
�-) chloroform and (-�-) hexane solvents (emission was monitored at the strong
fluorescence band, see Table 1).
lue region and it seems that two bands almost merged in water
nd methanol solvent. The lower energy absorption band shows
light red shift depending on the polarity of the aprotic solvent.
he hypsochomic shift of lower energy absorption band in pro-

ic solvent indicates higher stability of the system in the ground
tate due to possible intermolecular hydrogen bonding between
olute and solvent (Scheme 2).

.2. Emission spectra

The emission spectra of t-MMPAA in different solvents are
hown in Fig. 2a and the observed band maxima are presented

ig. 1. Absorption spectra of t-MMPAA at room temperature in (-�-) ACN,
-�-) water, (-�-) MeOH, (-*-) EtOH, (-+-) THF, (-�-) chloroform, (-�-) and
exane solvents.
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Table 1
Spectroscopic parameters obtained from absorption and emission band maxima
of t-MMPAA in different solvents

Solvent λabs (nm) λflu (nm) νabs

(cm−1)
νflu

(cm−1)
�ν

(cm−1)

Hexane 339, 315 385 29411 25974 3524
Dioxane 348, 315 411 28735 24330 4405
Chloroform (CHCl3) 354, 318 423 28248 23640 4608
Tetrahydrof uran

(THF)
347, 315 382, 417 28818 23981 4837

Acetonitrile (ACN) 352, 315 380, 437 28409 22883 5526
Ethanol (EtOH) 354, 315 380, 439 28248 22779 5469
Methanol (MeOH) 331, 315 382, 442 30211 22624 7587
Water 315 (broad) 371, 448 31746 22321 9425

[33]. It is found that the peak positions of the emission bands
are independent on excitation wavelength over a large range of
the absorption band. The excitation spectra (Fig. 2b) of both the
bands are independent of emission wavelength and agree reason-
ably well with the absorption spectrum. So we can say that only
one species is present in the ground state and CT band is gen-
erated through the LE state. Emission in binary solvent mixture
(methylcyclohexane + ethanol) is shown in Fig. 3. As seen in
Fig. 3, with increasing the solvent polarity by adding ethanol
to methylcyclohexane solution the intensity of the CT band
(∼440 nm) increases with concomitant decrease in the intensity
of the LE state emission (∼390 nm band). This indicates also
that the CT state is generated from the LE state [33]. Cazeau-
Dubroca et al. proposed that tetragonal arrangement of amine
side due to formation of hydrogen bond with protic solvent in
the ground state favors TICT process [34].

A qualitative analysis of the red shift of lower energy emis-
sion band indicates that the emissive species must possess high
dipolar character. According to Lippert-Mataga relation the
emission maxima of the charge transfer band of this type of
donor–acceptor systems shows a linear dependency with the
solvent parameter �f and can be expressed by the following

F
c
t

equations [35],

νa − νf =
[

2

hca3

]
�f [µ∗ − µ]2

�f =
[

ε − 1

2ε + 1

]
−

[
n2 − 1

2n2 + 1

]

where h, c, a, ε, n, µ* and µ are Planck’s constant, speed of
light, radius of the cavity of the fluorophore, dielectric constant
of the medium, refractive index, dipole moment of the excited
and ground state, respectively, the absorption and emission fre-
quencies are νa and νf, respectively. The plot of Stokes shift and
solvent parameter (�f) is shown in Fig. 4(a). A linear relation-
ship between the Stokes shift and solvent parameter in aprotic
solvents predicts large dipole moment of the emissive species.
The calculated dipole moment by solvatochromic method for the
CT and LE state are 12.98 and 9.08 D, respectively. The large
change in dipole moment of the CT state (12.98 D) with respect

Fig. 4. Plot of (a) Stokes shift vs. solvent parameter (Lippert plot) of t-MMPAA
(1) hexane, (2) dioxane, (3) CHCl3, (4) THF, (5) ACN of t-MMPAA; (b) plot of
hydrogen bonding parameter (α) vs. florescence band position of t-MMPAA in
(1) water, (2) methanol, (3) ethanol and (4) isopropanol.
ig. 3. Fluorescence emission spectra (λext = 335 nm) of t-MMPAA in methyl-
yclohexane and ethanol mixture (arrow indicates increase in ethanol concen-
ration).
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Fig. 5. Temperature dependent emission spectra (λext = 335 nm) of t-MMPAA
in (a) water and in (b) ACN solvent (arrow indicates increase of temperature
from 273 to 313 K with 10 K increment).

to the ground state (6.75 D) supports the fact that full charge
transfer occurs through the relaxation of LE state to CT state
and hence, solvent dependent red shifted emission is observed
[36].

A deviation from linearity of Stokes shift versus �f in protic
solvents reveals that there must be some additional factor, which
is responsible for this non-linearity. Usually, protic solvents have
a tendency to form intermolecular hydrogen bonded complex
and the weak hydrogen bonding interaction significantly influ-
ences the properties in the ground and excited states. As seen
in Fig. 4(b), a linear dependency is found between the fluores-
cence maxima of the red shifted band and the hydrogen bonding
parameter (α) in protic solvents [37]. This observation points
out that intermolecular hydrogen bonding has some effect in the
excited state ICT process [38]. To confirm the presence of hydro-
gen bonding we have measured temperature dependent emission
spectra both in water and acetonitrile solvents. As seen in Fig. 5,
it is found that the intensity of CT emission band decreases
with increasing temperature in water and acetonitrile solvent. In
acetonitrile the intensity of LE emission band is almost intact
whereas the same LE emission in water decreases with increas-

Fig. 6. Emission spectra of t-MMPAA in (-�-) ethanol at room temperature and
(-�-) ethanol glass matrix at 77 K.

ing temperature. The decrease of intensity of CT emission could
be due to the increase of non-radiative decay with increase of
temperature. But the decrease in intensity of the LE emission
indicates the breaking of intermolecular hydrogen bonding of
the solvated complex.

The most notable observations are the fluorescence spectra of
t-MMPAA in 77 K. As seen in Fig. 6, the fluorescence spectrum
of t-MMPAA at 77 K in ethanol glass matrix shows a blue shift
with respect to its room temperature spectra. This blue shift may
reflect the change in solvent properties such as polarity, polariz-
ibility and viscosity upon decreasing of temperature. The high
viscosity of the 77 K glass matrix also inhibits the relaxation
process from LE to CT state through the twisting path. As twist-
ing motion is hindered only emission from LE state is observed
in low temperature glass matrix. From this observation we can
say that the twisting motion may be responsible for the excited
state dual emission process.

The absorption and emission spectra of t-MMPAA molecule
in presence of acid provide an interesting observation. Fig. 7a
depicts the effect of acid on the absorption spectra of t-MMPAA
in water. Addition of 2N sulphuric acid causes a drastic change
in the absorption spectra. A new band appears at ∼297 nm
with the expense of ∼315 nm band. The H+ ion of acid can
bind to the lone pair of nitrogen and the molecule may behave
like a benzene type of chromophore connected to a conjugated
double bond. Thus, the �–�* transition of benzene moiety con-
n
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ected to conjugated double bond shows a new absorption band
t ∼297 nm. The effect of acid on the emission spectra of t-
MPAA molecule is shown in Fig. 7b. Here also a new emission

and arises at 380 nm at the expense of ∼450 nm band. This
mission basically arises from the protonated emissive species
Scheme 3). H+ ion prefers to bind to the lone pair of nitrogen
nd hence, charge transfer process is absent in the excited state.
hese observations also suggests that CT band is a n–�* type of

ransition. Effect of base on t-MMPAA shows only abstraction
f H+ from the acid group (–COOH) without shifting of band
osition.
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Fig. 7. (a) Absorption and (b) emission spectra (λext = 290 nm) of t-MMPAA in
(1) water, (2) water + 2N sulphuric acid.

Table 2
Fluorescence lifetime data of t-MMPAA in different solvents

Solvent λex (nm) λem (nm) τ (ns) χ2 τcal (ns)

Hexane 315 380 3.75 ± 0.1 1.78 2.3

ACN 315 380 3.29 ± 0.2 0.95 2.3
430 0.36 ± 0.03 1.089

Water 315 380 2.56 ± 0.2 (12%) 0.92 –
0.66 ± 0.04 (88%)

3.3. Lifetime measurements

The fluorescence lifetime values and the decay curves of t-
MMPAA in different solvents are presented in Table 2 and Fig. 8,
respectively. In hexane, the 380 nm emission is strictly mono-
exponential with decay time 3.75 ns and it is 3.29 ns in ACN
solvent. In ACN the fluorescence at 430 nm is also monoexpo-

Table 3
Optimized geometry for the ground state of t-MMPAA in vacuo using DFT
(B3LYP/6-31++g(d,p)) method

Bond Calculated
values (Å)

Angle/dihedral Calculated
values (◦)

RC1–C6 1.41 ∠C14–N7–H13 117.0
RC6–C5 1.38 ∠N7–C1–C6 122.0
RC5–C4 1.41 ∠C10–C4–C5 123.9
RC1–N7 1.37 ∠C19–C10–C4 127.7
RN7–C14 1.45 ∠C20–C19–C10 123.9
RN7–H13 1.0 ∠O23–C20–C19 121.1
RC4–C10 1.45 ∠C14–N7–C1–C2 −11.8
RC10–C19 1.35 ∠C5–C4–C10–C19 0.0
RC19–C20 1.46
RC20–O23 1.22
RC20–O22 1.36

nential with decay time 0.36 ns. Charge transfer emission band
has a shorter lifetime than the normal emission (LE) [39,40].
In water, on excitation at 315 nm and monitoring at 380 nm
band, the emission decay is biexponential with lifetime 2.56 and
0.66 ns. The fast lifetime may be arising from the LE state of the
hydrogen-bonded complex and the slow lifetime corresponds
to emission from the unsolvated molecule. Weakly hydrogen
bonding interaction highly effective in non-radiative transition
and hence, the emission lifetime of the LE state reduces in protic
solvent [41].

3.4. Quantum chemical calculation

We have tried to interpret the observed dual fluorescence
phenomenon in the light theoretical calculation using TDDFT
method. Ground state optimization have been done for all pos-
sible low energy structures using B3LYP hybrid functional and
6-31++g(d,p) basis set. It is noted that the optimized geometry of
t-MMPAA yields a non-planar geometry with slightly pyrami-
dal monomethylamino nitrogen (∠C14–N7–C1–C2 = −11.8).
Some important optimized geometrical parameters for the
ground state of t-MMPAA in vacuo are presented in Table 3. The
calculated dipole moment for the ground state of global mini-
mum structure is 6.75 D with the same basis set and functional,
indicating unsymmetrical charge distribution in the ground state.

t
T
h
t
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a

Scheme 3. Protona
Experimental absorption band position, calculated absorp-
ion energies and oscillator strength values are presented in
able 4. Experimentally, the low energy absorption band in
exane solvent is observed at 339 nm (3.65 eV). The calculated
ransition energy in vacuo is 3.7 eV (335 nm) (We may consider
hat calculation in vacuo is almost equivalent to a non-polar sol-
ent.) In acetonitrile solvent the experimental absorption band
ppears at 352 nm (3.52 eV). Calculation using TDDFT-non-

tion reaction.
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Fig. 8. Fluorescence decay curves of t-MMPAA in (a) (-�-) water (λext = 315 nm, λem = 380 nm), (-�-) in hexane (λext = 315 nm, λem = 380 nm), (-�-) lamp profile,
(b) (-©-) in ACN (λext = 315 nm, λem = 380 nm), (-�-) lamp profile, (c) (-©-) in ACN (λext = 3\5 nm, λem = 430 nm), (-�-) lamp profile. Residuals are given at the
bottom of each graph.

equilibrium PCM model in acetonitrile solvent shows transition
energy value of 3.38 eV (365 nm). The deviation between the cal-
culated and experimental transition energy is only 0.14 eV. The
calculated vertical transition energy yields a good agreement
with the experimental results. The computed transition energy
in acetonitrile solvent shows a redshift (∼0.32 eV) relative to

gas phase, and it is reasonable as acetonitrile is highly polar in
nature. Red shifts of vertical transition energies in polar solvent
both experimentally and theoretically indicate that the molecule
is polar in nature. Presence of two absorption bands in polar and
nonpolar solvents correlate well with the calculated energy of
the first and second excited singlet states. As seen in Table 3,
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Table 4
Computed parameters of t-MMPAA in vacuum and acetonitrile solvents using DFT method with B3LYP hybride functional and 6-31++g(d,p) basis set

Absorption Emission (twisting of the donor
(–NHMe) group)

Emission (twist of the acceptor
(–CH CH COOH) group)

State �Ea fb State �Ea fb State �Ea fb

Vacuo S1 3.7 0.724 S1 3.16 0.0014 S1 3.16 0.0002
S2 4.31 0.046 S2 4.22 0.765 S2 4.32 0.004

Acetonitrile S1 3.38 0.869 S1 2.91 0.0015 S1 2.89 0.0002
S2 4.28 0.046 S2 4.01 0.7649 S2 4.32 0.059

a �E = energy of Sn − energy of S0 in eV.
b Oscillator strength (f).

the energy difference between the first and second excited state
is not large. Theoretically the first excited state becomes more
stabilized than the second excited state in polar solvent, so the
energy difference between two states increases only in polar
solvent.

The computed radiative lifetime [31] for the normal emission
band is 2.3 ns both in hexane and acetonitrile solvent and the cor-
responding experimental values are 3.75 and 3.29 ns in hexane
and acetonitrile, respectively (Table 2). The calculated radiative
lifetime shows a good correlation with the experimental values.

Potential energy surfaces along the twist coordinate (θ1) at the
donor side both in vacuo and in acetonitrile are shown in Fig. 9.
From the picture it is clear that the energy of the S0 and S2
states increases with twisting coordinate θ1. On the other hand,
the energy of S1 state reaches a minimum at θ1 = 78.0◦. Herbich
and Kapturkiewicz, in their through study of a long series of p-
(9-anthryl)-N,N-dimethylaniline, found that the molecules relax
to a state deviating from 90◦ conformation [42]. The nature of
the first excited state along the twisting path reaches a full charge
transfer character nearly at perpendicular (θ1 = 78.0◦) structure,
as it is reflected by the value of oscillator strength and MO
structure (Fig. 9a, inset and Fig. 10). As seen in the TDDFT
wave functions in Fig. 10(a), first single excitation for the non-
twisting geometry is �–�* (HOMO → LUMO) type where the
contribution of lone pair orbital is made through the delocal-
ized feature of HOMO. High oscillator strength (f = 0.724) value
a
t
H
t
a
t
o
T
f
m

c
F
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θ

HOMO at θ2 = 90.0◦ configuration is same as the HOMO of
the global optimized structure, but the LUMO is different. In
this case the first single excitation is �benzene → �acceptor type of
transition. The ground and first excited state molecular orbitals

Fig. 9. Potential energy surfaces for the ground and first two excited states
along the twisting coordinate at the donor (–NHMe) part in (a) vacuo and (b)
acetonitrile solvent using DFT (B3LYP/6-31++g(d,p)) method. Inset: plot of the
variation of oscillator strength vs. twist coordinate in vacuo.
lso supports this fact. At the twisted geometry (θ1 = 78.0◦),
he CT state is also characterized by a singly excitation from
OMO (n) to LUMO (�*) (Fig. 10b). In this twist configura-

ion the HOMO is now completely a lone pair orbital localized
t the nitrogen atom of monomethylamino group. Low oscilla-
or strength value (f = 0.0014) indicates the forbidden character
f HOMO → LUMO transition, i.e., n → �* type of transition.
hus, localization of nitrogen lone pair in the twisted conformer

avors charge transfer in the excited state as described by TICT
odel [33].
The potential energy surface along another possible twisting

oordinate (θ2), i.e., twisting at the acceptor group is shown in
ig. 11 [43]. Grabowski et al. [5] did not support twisting of
cceptor group for ‘anomalous’ charge transfer emission band.
ut in case of t-MMPAA the energy of the S0 and S2 states

ncreases and reaches a maximum at θ2 = 90.0◦ in vacuum and
n acetonitrile solvent. However, the S1 state is stabilized at
2 = 90.0◦. Molecular orbital picture (Fig. 10c) shows that the
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Fig. 10. Molecular orbital for the (a) optimized ground state structure, (b) twisted conformer due to the rotation of monomethylamino group and (c) twisted conformer
due to rotation of acceptor (–CH CHCOOH) group.

(Fig. 11a, inset) are perpendicular to each other and hence, this
transition is forbidden with low oscillator strength (f = 0.0002).
In this twisted configuration the nitrogen lone pair is no more
available due to delocalization over the benzene ring.

The calculated emission energies of the twisted conformer for
the two possible twisting motions in vacuum and in acetonitrile
are shown in Table 4. Experimentally t-MMPAA shows emis-
sion at ∼385 nm (3.22 eV) in non-polar medium and at ∼437 nm

Fig. 11. Potential energy surfaces for the ground and first two excited states along twisting coordinate at the acceptor (–CH CHCOOH) part in (a) vacuo and (b)
acetonitrile solvent using DFT (B3LYP/6-31++g(d,p)) method. Inset: plot of the variation of oscillator strength vs. twist coordinate in vacuo.
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(2.83 eV) in polar aprotic acetonitrile solvent. For the twisting
of the donor part, the calculated emission energies are 3.16 eV
(392 nm) and 2.91 eV (425 nm) in vacuo and acetonitrile solvent,
respectively. For the twisting of the acceptor part the emission
energy in vacuum and in acetonitrile is 3.16 eV (392 nm) and
2.89 eV (427 nm), respectively. So, the transition energies both
in vacuum and in acetonitrile along the two twisting paths corre-
late well with the experimental observation. Large Stokes shift
of solvent dependent emission band obtained from theoretical
calculation and experimental observation strongly supports the
fact that intramolecular charge transfer occurs in the excited state
through a twisting process. The little discrepancy between the
calculated and measured emission and absorption data may be
due to the consideration of non-optimized-excited state geome-
try in the calculation.

After analyzing the potential energy curves along the two
possible twisting coordinates we can conclude that twisting
along the acceptor side is energetically favorable over twisting
along the donor path. However, molecular orbital pictures pre-
dict the feasibility of charge transfer process by twisting of donor
group having localized charge at the nitrogen center. Therefore,
theoretically we can say that any of the two twisting paths is
responsible for excited state relaxation process. But for a def-
inite prediction it needs more effective evidences and rigorous
theoretical calculations.
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