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Abstract. Intramolecular charge transfer of 4-N ,N -dimethylamino cinnamaldehyde (DMACA) in vacuum
and in five different aprotic solvents has been studied by using time-dependent density functional theory
(TDDFT). Polarizable continuum model (PCM) was employed to consider solvent–solute interactions. The
potential energy curves were constructed at different torsional angle of N ,N -dimethylamino moiety with
respect to the adjacent phenyl ring. A large bathochromic shift in our calculated emission and absorption energies for polar solvents is a clear reminiscent of charge transfer nature of the excited state. Finally, the reported
results are in agreement with experimental findings.
Keywords. Twisted intermediate charge transfer (TICT); density functional theory (DFT); dimethylamino
cinnamaldehyde (DMACA); Gaussian.

1. Introduction
The nature of charge transfer (CT) state within
a molecule remains obscure despite decades of
experimental and theoretical research. 1–18 4-N ,N dimethylamino benzonitrile (DMABN) molecule with
an inherent donor and an acceptor group exhibits dualemission feature in its emission spectrum. 1 Grabowski
explained this phenomenon by proposing a twisted
intermediate charge transfer (TICT) model. 2 Evidence
suggests that the intramolecular TICT process from a
donor to an acceptor could be achieved by a twisting motion of the donor moiety that promotes initially
generated locally excited (LE) state to an energetically relaxed charge transfer state (CT). 2–6,8,13 Besides
TICT model, a planner intramolecular charge transfer (PICT) and wagged intramolecular charge transfer
(WICT) model have also been adopted by some other
groups. 5,6
Dual-fluorescence of a molecule carrying an inherent donor and acceptor is strongly influenced by
the electronic energy gap of first two excited states
nπ*(HOMO–1 to LUMO, HOMO–highest occupied
molecular orbital, LUMO–lowest unoccupied molecular orbital) and ππ*(HOMO to LUMO). These
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electronic excited states are modified either by a mild
change in donor strength or by the solvent polarity. In
non-polar aprotic solvent the energy gap between nπ*
(LE) and ππ* (CT) state is relatively smaller compared
to that in polar solvent. In polar aprotic solvent, more
stable CT (highly polar) state dominates over nπ* (less
polar, LE state) in S1 state (first excited singlet state).
This paper investigates the nature of CT state of
DMACA in a series of solvents with fairly diverse range
of polarity. The impressive success of density functional
theory (DFT) inspired us to employ this method for
examination of the small energy gap within the lower
excited states (S1–S2) of DMACA. 15–20 From our study,
it is evident that a remarkable red shift in the fluorescence maxima of DMACA in polar solvent is subject to
a strong intramolecular charge transfer involving in the
S1 state.

2. Computational methods
Ground state optimizations of DMACA (scheme 1) was
performed by using B3LYP hybrid function with 6–31G
(d) basis set at DFT level. 15–17 Several other authors
also used similar basis set to optimize the ground
state geometry of a small molecule. 8,16 A rigorous
formalism (time-dependent density functional theory,
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Scheme 1. Optimized geometry of DMACA in the ground
electronic state.

TDDFT) was used for transition energy calculation
within the DFT framework using 6–31G+(d, p) basic
set. 15–18,21–23 Solvation energy was calculated using
time dependent density functional theory–polarizable
continuum model (TDDFT–PCM). 19,20 Polarizable
continuum model (PCM) is frequently used in computational chemistry to investigate the delicate solvent–
solute interactions within the solvation shell. In this
model solvents, instead as individual molecules, are
considered as polarizable and continuum. According to
this model, the molecular free energy (Gsol ) of solvation
can be obtained from the following equation 20b
Gsol = Ges + Gdr + Gcav ,

(1)

where, Ges = electrostatic energy, Gdr = dispersionrepulsion energy and Gcav = cavitation energy.
In this work, by using PCM model we have calculated the solvent induced stabilization energy at
different energy levels of DMACA within the DFT
framework. All calculations were performed using
Gaussian 03w package. 24 In analogy to some recent

works, we have considered the optimized structure
obtained in vacuum to hold good for the solution phase
as well as for the excited state calculations assuming
not much change in the corresponding geometries. 16–18
Absorption energy obtained from TDDFT calculation
is the vertical excitation energy without zero point correction. Potential energy surface (PES) of DMACA
was obtained by pursuing an intramolecular rotation
along twist coordinate at the donor side within the
DFT framework. The details of twisting motions are
described in section 3.2.
3. Results and discussion
3.1 Ground state properties and vertical excited
states of DMACA
Ground state optimized structure of DMACA is planar, and almost without any twisting between N ,N dimethylamino group to the phenyl moiety (scheme 1).
The ground state dipole-moment of DMACA in vacuum was found to be 7.4 D. However, we have detected
a larger ground state dipole-moment in polar aprotic
solvent compared to that observed in vacuum. This is
because the polar solvent always stabilizes the dipolar
state of a molecule by dipole–dipole interactions.
In this section, we will try to address the absorption
energy (vertical energy) of DMACA in vacuum and in
different aprotic solvents with fairly diverse range of
polarity. We did not consider protic solvent in order
to avoid the complication that arises in the excited
state on account of hydrogen bond formation. 16–18 An
analysis of TDDFT wave function in vacuum shows

Table 1. Computed excited state parameters and absorption energy of DMACA in vacuum and other aprotic solvents using
TDDFT method with B3LYP hybrid function.
Medium/solventa
Vacuum
Heptane
Benzene
Toluene
THF
ACN
a

Basis set 6–31G+(d, p)
Values taken from Ref. 9
c
Values taken from Ref. 7

b

State

Oscillator
strengths (f)

Computed absorption
energies (E, eV)

S1 (LE)
S2 (CT)
S1 (CT)
S2 (LE)
S1 (CT)
S2 (LE)
S1 (CT)
S2 (LE)
S1 (CT)
S2 (LE)
S1 (CT)
S2 (LE)

0.0001
0.7672
0.932
0.0001
0.9581
0.0001
0.958
0.0001
0.9479
0.0002
0.9382
0.0002

3.34
3.42
3.19
3.36
3.14
3.38
3.14
3.39
3.09
3.50
3.08
3.55

Experimental absorption
energies (E, eV)

3.55b
3.40c
3.43c
3.47c
3.41c

Intramolecular charge transfer of DMACA in vacuum

LE state of DMACA
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TICT state of DMACA
Scheme 2. Twisting of DMACA in the excited state.

In brief, after photo excitation, N ,N -dimethylamino
moiety of DMACA in polar aprotic solvent exhibits
a 90◦ twisting with respect to the phenyl ring. Such
kind of twisting motion is a prerequisite condition for
the relaxation of TICT state. In this section we will
discuss the potential energy curve via twisting motion
of the donor moiety (scheme 2). The twisting angle
is denoted by the torsional angle ‘θ’, to describe the
twisting motion of the N ,N -dimethylamino group relative to the phenyl ring. In scheme 1, θ represents
the dihedral angle <13–11–2–3. Ground state optimized structure of DMACA is planer; dihedral angle
(θ) between N ,N -dimethylamino group and the phenyl
ring (to which it is attached) is ∼0◦ (scheme 1). During PES calculation, for every electronic states, all geometrical parameters are held fixed to that optimized for
the ground state; except the twisting angle (θ), which
is varied 10◦ in each steps. A torsional motion of the
N ,N -dimethylamino group to an angle of 90◦ is essential to yield a minimum on the excited state energy
surface. PES of DMACA in vacuum is depicted in

4.0
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S1

3.0

E (eV)

that the S1 and S2 states are mainly composed of
nπ* (HOMO–1 to LUMO; HOMO – highest occupied
molecular orbital, LUMO – lowest unoccupied molecular orbital) and ππ* (HOMO to LUMO) nature of transition. In vacuum, the energy gap between these two
states is significantly small (table 1) and the polar S2
(CT) state has larger oscillator strength with predominantly ππ* (HOMO to LUMO) transition character
(table 1). However, lack of any experimental data on
absorption energy of DMACA in vacuum has left our
computational data unverified. In the presence of polar
solvent, the highly polar charge transfer state is significantly stabilized by dipole–dipole interactions and
switch over to the first excited state (S1). With increase
in solvent polarity, the energy gap between LE and CT
state increases quite drastically compared to the vacuum. In polar solvent, using similar kind of TICT probe
(Michler’s ketone) Mondal et al. 13 observed an additional low intensity band at the blue end (∼320 nm)
in the absorption spectrum of Michler’s ketone that
becomes more prominent and well separated from the
high intensity one with increase in solvent polarity.
Note, the low intensity band originates from a forbidden
(HOMO–1 to LUMO) transition. The position of the
band hardly shows any solvent polarity dependence due
to its weakly polar nature in the excited state. 13 Besides
vacuum, we have also performed our DFT/TDDFT calculations on a series of aprotic solvents with different polarity. Our calculated results in aprotic solvents
nicely follow the experimental values reported by Singh
et al. 7 and Panja et al., 9 which is a strong support
towards the reliability of our computed values and also
appropriate choice of basis sets (table 1).
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3.2 Twisting dynamics and emission property in
vacuum and in aprotic solvents
In this section, we will try to correlate the relaxation
process of DMACA by considering a twisting motion of
the donor moiety relative to the adjacent phenyl moiety.
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Figure 1. Potential energy surface (PES) of DMACA in
vacuum for the ground state (GS) and first two excited states
(S1 and S2 ) along the twist coordinate of the donor moiety;
θ describe the rotation of N ,N -dimethylamino group.
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Figure 2. (a) Plot of oscillator strength of S1 state for
DMACA along the twisting coordinate of the donor moiety
in acetonitrile solvent. (b) Potential energy surface (PES) of
DMACA for the ground state (GS) and first two excited states
(S1 and S2 ) along the twist coordinate of donor moiety in
acetonitrile. θ describe the rotation of N ,N -dimethylamino
group.

figure 1, whereas figure 2a, b, respectively show the
oscillator strength and PES of DMACA in a polar
aprotic solvent (acetonitrile, ACN). Besides vacuum
and acetonitrile, we have also calculated the PES in
some other solvents with different polarity, such as
heptane, benzene, toluene, and tetrahydrofuran (THF).
In both vacuum and solvent medium the ground state

energy gradually increases along the twist coordinate
and reaches a maximum at θ ∼ 90◦ . On the contrary,
the energy of CT state decreases in the same direction
and ultimately reaches to a local energy minimum at
θ ∼ 90◦ ; resulting a smallest energy gap between the
ground and the first excited state (S1 ). A red-shifted
emission and lowering of oscillator strength along the
donor twist coordinate is a clear reminiscent of decreasing the vertical transition energy (E1s ) and increasing
of nπ* character of the emitting species (figures 1 and
2). In the ground state optimized geometry, predominantly ππ* nature of transition (HOMO to LUMO)
is observed and the donor lone pair is delocalized all
over to the adjacent phenyl group (figure 3a, b). However, the twisted conformer (θ ∼ 90◦ ) carries predominately nπ* transition character (HOMO–1 to LUMO)
with localized donor lone pair which becomes available for charge transfer to the π* orbital of the acceptor (C=O) moiety (scheme 2, figure 3c, d). This is a
clear feature of charge transfer that takes place when
donor group becomes orthogonal to the accepter group,
i.e., decoupling is maximum.
In table 2 we have compared our computed emission
energies with the corresponding reported experimental
values. 7 In all the solvents mentioned, our calculated
values are quite higher compared to the experimental
values. Recently some other groups have also reported
a higher computed emission energy obtained from
their PES calculation. 16–18 The discrepancy between the
calculated values and the experimental results may be

(a)

(b)

(c)

(d)

Figure 3. (a) HOMO and (b) LUMO of planar ground state of DMACA; (c) HOMO and (d) LUMO of
twisted ground state of DMACA.
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Table 2. Computed excited state parameters and emission energies of DMACA in vacuum and other aprotic solvents using
DFT and TDDFT method with B3LYP hybrid function.
Medium/solventa
Vacuum
Heptane
Benzene
Toluene
THF
ACN
ACNd

εb

State

Oscillator
strengths (f)

Computed emission
energies (E, eV)

Experimental emission
energies (E, eV)c

1.92
2.3
2.38
7.5
37.5
37.5

S1 (CT)
S1 (CT)
S1 (CT)
S1 (CT)
S1 (CT)
S1 (CT)
S1 (CT)

0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.4739
2.3289
2.31
2.3035
2.2150
2.1743
2.34

No reported value was found
No TICT emission reported
2.98
3.00
2.97
2.79

a

Basis set 6–31G+ (d, p)
Static dielectric constant; values taken from Ref. 25,26
c
Values taken from Ref. 7
d
Ground state optimization was performed in acetone solvent (instead of taking ground state optimized structure in vacuum
and applied it to the solvent phase assuming not much change in geometry). More details have been provided in section 3.2
(last paragraph)
b

attributed to the non-optimized excited state geometry
of DMACA or may be due to some missing parameters
within the analytical gradient of TDDFT method. Also,
we used the ground state optimized structure in vacuum and applied it to the solvent phase assuming
not much change in geometry. 16–18 We have tested
the reliability of this assumption by comparing energy
levels of these vacuum optimized structures in organic
solvent (assuming not change much in molecular geometry) with those, when optimizations were carried out
by the solvent itself. We performed this calculation at
least for one solvent (acetonitrile), to make it certain
that the significant discrepancy in emission energy (discrepancies between our data with the experimentally
reported value) is not due to the slight non-ideality
in ground state optimized structure. Ground state optimization of twisted structure (keeping twist angle fixed
at 90◦ angle, rest part was allowed to relax) and excited
state calculations of DMACA in acetonitrile solvent
were performed within DFT and TDDFT framework
[with 6–31+G (d,p) basis set]. The vertical excitation
energy (from S0 to S1 ) of this acetonitrile optimized
structure was found to be 2.34 eV, which provides little
improvement towards achieving the experimental value
(2.79 eV, table 2) compared to that (2.17 eV, table 2)
obtained from the vacuum optimized structure (with
assumption not change much in geometry within the
solvent). Till now, the excited state geometry change
during TICT process has been remained under investigations. Excited state optimization with Gaussian 03
is computationally very expensive and we were unable
to do it. However, some other molecular level calculation with accessible analytical gradients (like, TURBOMOLE) might provide us an easy characterization of
the excited state geometry. Therefore, we cannot rule

out the discrepancy between our computed emission
energies with experimental values are not due to the
small geometrical change in the excited state geometry.

4. Conclusion
In this work, using TDDFT method we have calculated the absorption and emission energies of DMACA
in vacuum and in five aprotic solvents with different static polarity. From our study it may be concluded that after photo excitation of DMACA, it undergoes an intramolecular twisting motion of the N ,N dimethylamino group to yield a minimum on the energy
surface curve. This type of twisting leads to an excited
state relaxation from LE to a TICT state. In vacuum,
highly polar CT state becomes less stable compared to
less polar LE state and resides to an energetically high
S2 state. However, the polar solvent stabilizes the CT
state to a greater magnitude compared to the LE state
that inverts the CT state to an energetically more stable S1 state, which is responsible for the observed red
shift in the calculated emission and absorption energy
in polar solvent compared to the non-polar solvent.
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