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Abstract Steady-state absorption, fluorescence excitation
and emission spectra of 4-(N,N-dimethylamino)benzonitrile
(DMABN) have been measured at room temperature in
cyclohexane, 1,4-dioxane, dichloromethane, and acetoni-
trile solutions. The fluorescence spectra of DMABN are
found to exhibit dual emission in 1,4-dioxane, dichloro-
methane, and acetonitrile solutions and single emission in
cyclohexane solution. The effect of solvent polarity and
excitation wavelength on the emission spectra has also been
studied. The fluorescence excitation spectra of DMABN
monitored at the emission bands are different. The presence
of two different conformations of the same molecule in the
ground state has lead to two close lying excited states; local
excited (LE) and charge transfer (CT), and thereby results
in the dual fluorescence of the compound. The experimen-
tal studies were supported by ab initio density functional
theory (DFT) calculations performed at the B3LYP/6-31Gd
level of theory. On the basis of the experimental results and
our theoretical calculations, we suggest that there are two
conformers of DMABN, which are stable in the ground
state, equilibrated in solution at room temperature that give
rise dual fluorescence upon excitation.
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Introduction

The interest in the spectroscopic properties of 4-(N,N-
dimethylamino)benzonitrile (DMABN) has attracted in-
creasing attention since the first experimental observations
by Lippert et al. [1] The main findings of these experiments
were an abnormal emission (1La-type according to Platt’s
notation [2]) in polar solvents, red-shifted from the normal
1Lb-type fluorescence. The origin of the dual fluorescence
observed first in DMABN and later in a large number of
other electron donor-acceptor compounds continues to
puzzle workers in the field [3], but DMABN still remains
one of the most studied cases. The mechanism behind such
a phenomenon is highly controversial and has been the
subject of many experimental [1, 4–36] and theoretical
studies [37–60]. Several models have been proposed to
explain the unusual behavior of DMABN and of related
compounds initially based on chemical intuition and more
recently supported by quantum chemical calculations [37–
60]. Two leading models appear to prevail at this time; the
twisted intramolecular charge transfer (TICT) and the
planar intramolecular charge transfer (PICT).

The TICT model proposed by Grabowski and co-
workers [6–12] explains the dual fluorescence as occurring
by means of an adiabatic transition leading to two
conformations differing in the dihedral angle between the
amino group and the phenyl ring. According to the TICT
model the initially promoted excited state yields another
minimum on the energy surface by twisting the dialkyla-
mino group from a planar (or nearly planar) to a
perpendicular position with respect to the benzonitrile ring.
The twisting is accompanied by an intramolecular charge
transfer (CT) from the donor (the amino group) to the
acceptor moiety (the benzonitrile group) in the excited
state. The resulting state (also called CT state), character-
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ized by a large intramolecular charge separation and an
increased dipole, can be stabilized by polar solvents, thus
leading to the observed “anomalous” 1La-type fluorescence
band. The “standard” 1Lb-type, on the contrary, is assigned
to the less polar locally excited (LE) state, where no
twisting has occurred.

An alternative explanation to TICT has been proposed
by Zachariasse et al. [16–27, 33, 34] According to the
authors, the phenomenon is based on a solvent-induced
vibronic coupling between LE and CT states achieved by a
sufficiently small energy gap between the two states. In
combination with the presence of a promoting mode such
as N-inversion of the amino group (usually indicated as
wagging motion), this coupling causes a splitting of the
quasi-degenerate levels and thereby a considerable energet-
ic stabilization of one state. This represents the charge
transfer state leading to the second fluorescence band. In
this connection, the term pseudo Jahn -Teller coupling has
been introduced even if the authors use the PICT acronym
where P stands for planar. Experimental evidence advanced
for both models has been largely circumstantial, as direct
measurement of the structure of the emitting species turns
out to be experimentally difficult.

Nonetheless, equally convincing indirect evidence has
been presented for the TICT and PICT models. For
instance, by a suitable construction, Dobkowski et al. [61]
showed that the CT process is accompanied by syn-anti
isomerization around the Cphenyl-N bond in the photo-
isomerization of 2-(N-methyl-N-isopropylamino)-5-cyano-
pyridine, a process that implies the intermediacy of a
perpendicular moiety. On the other hand, Yoshihara et al.
[35] showed that a planarized molecule that cannot attain a
perpendicular geometry exhibits dual emission. The planar
rigidized molecule fluorazene (FPP) was shown to undergo
fast reversible intramolecular charge transfer (ICT) in the
excited state, similar to that of its flexible counterpart N-
phenylpyrrole (PP). This result shows that intramolecular
charge transfer to a planar ICT state can occur efficiently
and thus convincingly demonstrates that large amplitude
motions such as those necessary for the formation of a
TICT state are not required.

Experimentally, from picosecond infrared [30] and
resonance Raman [31] measurements, and calculations of
IR frequencies [46], it was concluded that the N-phenyl
bond has a single-bond character in the ICT state, which
would support the TICT model. Theoretical computations
[47] suggest that the ICT state has a strong quinoidal
character in the phenyl moiety (which would favor the
PICT structure), and a decrease of quinoidality would be
expected when the amino group was decoupled from the
rest of the molecule in TICT. In their calculations, Zilberg
and Haas [47] could only find a planar quinoid ICT state on
the S2 surface of ABN and no quinoidal TICT structure.

However, several calculations [46, 48, 49] have found a
quinoidal TICT state on S1, including the most recent
correlated CC2 (coupled-cluster singles and doubles)
calculations by Köhn. [49] Thus, the twisted conformation
of the amino group and the quinoidality of the phenyl ring
may not be as contradictory as first thought.

Theoretical contributions have also given some insight
as to the nature of the ICT reaction coordinate. As a general
rule, most theoretical studies point toward the amino group
twist as the reaction coordinate along which a state switch
occurs (either at conical intersection or at an avoided
crossing giving rise to a transition state) between the LE
and ICT states and leads to a low-lying TICT state [38, 41,
43, 44, 46, 49, 59, 60]. However, recent high level ab initio
calculations have suggested that those two states can cross
along the pyramidalization of the ring carbon atom to
which the dimethylamino group is attached, without the
twisting motion [49]. Thus, this pyramidalization coordi-
nate constitutes another possible decay path after initial
vertical excitation to the La-type state.

More recently, Cogan et al. [62] pointed out that the
benzene ring was not acting merely as a spacer between the
donor and the acceptor but is essential for understanding
the electronic structure of the excited states. This idea that
the benzene ring is the principal electron acceptor leads
naturally to the four distinct lowest lying electronic excited
states in these systems: two are principally of LE nature,
whereas the other two are CT-types. It is shown that both
planar and twisted forms of the molecule in the CT state
may be fluorescent, depending on the structure of the
system and on environmental parameters such as the
solvent. Further, their model predicts also the existence of
a perpendicular quinoid (Q)-form having a large dipole
moment. The emitting charge transfer state is due to the
transfer of an electron from the donor group to the benzene
ring, creating a derivative of the benzene anion radical. Two
electronic states are necessarily formed as a consequence of
the Jahn-Teller distortion of the benzene anion radical: one
has a quinoid structure, the other, an antiquinoid one. The
model provides a simple explanation for the direct
excitation of the CT states (i.e. not via the LE state)
observed in supersonic jets and in argon matrixes.

Despite this effort and numerous papers devoted to this
subject published over several decades, the mechanism of
the process responsible for the dual fluorescence in polar
solvents still is not well understood. All the models gave
conflicting interpretations of the dual fluorescence phe-
nomenon in DMABN.

The different methods proposed focus exclusively on the
excited state structural rearrangements and give little or no
consideration on the ground state possible structural
isomers. In this work, the excitation wavelength depen-
dence of dual fluorescence of DMABN in different solvents
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is reported. We have investigated dual fluorescence of
DMABN in those solvents from the perspective of ground
state structural isomeric structures, and DFT calculations
are applied to understand qualitatively its photophysical
properties.

Experimental details

DMABN was purchased from Aldrich. Samples were
prepared in 1 cm quartz cuvettes at concentrations
providing optical densities of less than 1 and 0.2 for
absorption and fluorescence measurements, respectively.

Absorption measurements were made using a Spec-
tronic Genesys 2PC UV-Vis spectrophotometer with a
resolution of 1 nm. Emission and excitation spectra were
recorded with a FluoroMax-4 spectrofluorometer. Solvent
blanks were subtracted from the emission spectra prior to
analysis. Emission spectrum was recorded by keeping the
excitation wavelength fixed and varying the emission
wavelength. Excitation spectrum was recorded by keeping
the emission wavelength fixed and scanning the excitation
wavelength.

In the present work it is shown that the DMABN
molecules in a polar solvent possess two distinct
fluorescence properties. Solutions of DMABN in a non
polar solvent, cyclohexane, and polar solvents, acetoni-
trile, dichloromethane, and dioxane at room temperature
and concentrations between of 10−5 and 10−3 M were
investigated.

Computational details

All structural and potential energy surface calculations were
performed using the GAUSSIAN 03 W program package
[63]. The ground state geometry optimizations were
performed at the DFT level with the exchange correlation
functional of Becke, and Lee, Yang, and Parr, in its hybrid
form, i.e., with inclusion of non-local corrections and some
portion of exact Hartree-Fock exchange (B3LYP) [64, 65]
as implemented in the program package, coupled with 6–
31G(d) basis set. For the ground state calculations, bulk
solvation effects were accounted for using the integral
equation formalism polarizable continuum model (IEF-
PCM) [66].

Calculations on potential energy surfaces (PES) were
pursued along the twist coordinate at the donor site. We
have used rotational angle θ (shown in Scheme 1) to get the
twisting of the donor (−NMe2). The angle was θ varied
from 0 to 180° with a step of 30°. It is defined by
q1 þ q2ð Þ=2, where θ1 represents the dihedral angle 3–4–9–
10 and θ2 corresponds to 5–4–9–11.

Results and discussion

Emission spectra

A series of fluorescence emission spectra of DMABN were
obtained at different excitation wavelengths in solvents of
varying polarities, and the effects of polarity and variation
of wavelength on the emission behavior were examined.
The fluorescence spectra of DMABN in cyclohexane and
acetonitrile solvents are shown in Figs. 1 and 2, and peak
positions are listed in Table 1. As can be seen from the
figures, the emission spectra of the compound are very
much influenced by solvent as well as the wavelengths of
excitation.

Figure 1 presents the spectra of the emission bands of
DMABN in a solution of a nonpolar solvent cyclohexane
upon excitation at different wavelengths. Only the band of
locally excited state emission at 342 nm is observed, and its
spectrum is found to be independent of the excitation
quanta upon change in the wavelength from 270 to 310 nm.
The contour of the luminescence excitation bands also
remains unchanged by the overlapping of the emission
spectra.

There is a different situation for DMABN in polar
solutions. The fluorescence spectrum from the solution of
acetonitrile (Fig. 2), for instance consists of two bands
centered at 1em=353 and 469 nm and their intensities seem
to depend significantly on the excitation wavelengths.
Increasing the excitation wavelength leads to a change in
the intensity ratio of the two bands, indicating that the
bands represent the emitting levels that originate from two
different electronic states. The most interesting property of
spontaneous emission by DMABN is the unusually strong
dependence of emission bands on the exciting light
wavelength in the range 260–310 nm in acetonitrile.

The character of the changes relates to both emission
bands and appears as follows. First, the ratio of the intensity
maxima of the components ILE/ICT decreases in favor of the
charge-transfer (CT) band. At 1ex=260 nm the spectrum is
mainly composed of the LE emission. A subsequent
increase in 1ex to 280 nm and then to 300 nm causes a
further increase in the intensity of the CT band at the
expense of the LE band, and at 1ex=310 nm the spectrum is
essentially CT emission band with a small shoulder that
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Scheme 1 Chemical structure of p-dimethylaminobenzonitrile
(DMABN)
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corresponds to LE band. This excitation wavelength
dependence of the intensity ratio does not represent an
emission from the vibronic levels, in which case the ILE/ICT
ration should not vary significantly, rather suggests the
existence of more than one structures at the ground state
that are responsible for the observed dual emission.

Similar excitation wavelength dependence was observed
in spectra recorded in solvents of differing polarities with
Stokes shift corresponding to the polarity of the solvents,
accompanied by a dramatic decrease in intensity of the LE
band and an increase in the CT band. The values are
summarized in Table 1. The observed large solvatochromic
shift for CT fluorescence is an indication of a high degree
of charge-transfer for the emitting state.

In order to estimate the number of possible structures
area-normalization of the spectra was carried out and the

result is depicted in Fig. 3. In Fig. 3, a single isosbestic
point is observed at about 1em=388 nm, indicating only
two emissive species exist in the excited state.

Excitation spectra

Excitation spectra for solution of DMABN in acetonitrile
were monitored at different emission wavelengths. At
emission wavelengths of 1em=350 nm and 470 nm
corresponding to the LE and CT emission bands respec-
tively, the excitation spectra resemble the typical absorption
spectrum, except that they are shifted relative to that of
absorption, conforming that the emission bands originate
from completely different species (Fig. 4).

To further verify this result, 3D emission spectral studies
were performed. The 3D spectra recorded for DMABN in
cyclohexane and acetonitrile solutions are shown in Fig. 5a.
In cyclohexane, only one contour is observed for DMABN.
The corresponding excitation spectrum shows only one
band at 281 nm, and the emission spectrum shows an
emission at 342 nm. In acetonitrile, two contours were
observed as shown in Fig. 5b, and the corresponding
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Fig. 3 Area normalized emission spectra of DMABN in acetonitrile
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Fig. 2 Emission spectra of DMABN in acetonitrile at different
excitation wavelengths

Table 1 Emission maxima for the LE and CT emissions respectively
of DMABN in various solvents

Solvent 1max (LE) 1max (CT)

Cyclohexane 342

1,4-Dioxane 355 426

Chloroform 354 433

Dichloromethane 350 432

Acetonitrile 353 469

Ethanol 354 460
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Fig. 1 Emission spectra of DMABN in cyclohexane at different
excitation wavelengths
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excitation spectrum shows two bands at 285 and 293 nm.
The excitation band observed at 285 nm corresponds to LE
emission at 353 nm. The excitation band observed at
293 nm corresponds to CT emission at 496 nm (charge
transfer between dimethylamino and benzonitrile group).

The excitation and 3D spectra confirm the presence of
two species of the same molecule in the ground state. The
overlapping of electronic absorption of two species leads to
the dual fluorescence at all wavelengths of excitation in the
region ∼270–330 nm. At the blue edge of excitation, LE-
state fluorescence dominates, but at the red edge of
excitation, CT-state emission dominates.

Solvatochromic shift and excited-state dipole moments

In order to study the role of polarity in modifying the
electronic states of the compound, a series of absorption
spectra were recorded in cyclohexane, 1,4-dioxane,
dichloromethane, and acetonitrile solutions of different
polarity (Fig. 6). The 1max is found to increase with
increasing the polarity of the solvents from cyclohexane
(280 nm) to dichloromethane (293 nm). Fluorescence
spectra were obtained for DMABN in five solvents of
varying polarities. The spectra show large solvatochromic
shift for the CT fluorescence, indicating a high degree of
charge-transfer for the emitting state. The excitation spectra
show features corresponding to those in the absorbance
spectra, demonstrating that the emissions are not due to
impurities.

The red shift observed in the fluorescence spectra with
an increase in solvent polarity depends on the difference in
permanent dipole moments of the ground and excited state,
and this is in accordance with the theory of dielectric
polarization [67, 68]. According to this theory the larger the

dipole difference between the ground and the excited state
the larger will also be the solvent induced red shift.
Quantitative determination of the dipole difference may be
done using the Eqs. 1 and 2. [69–71]

~nflu ¼~n0flu �
2me me � mg

� �

4p"0a30 � hc

"� 1

2"þ 1
� 1

2

n2 � 1

2n2 þ 1

� �� �
ð1Þ

where h is Plank’s constant, c is the speed of light,~nflu and
~n0flu are the solvent equilibrated fluorescence maxima and
the value extrapolated to gas phase conditions, respectively;
the superscript “0” indicates the absence of a solvent (free
molecule), μg and μe are the ground-and excited-state
dipole moments, ao is the radius of the Onsager cavity, ε is
the static dielectric constant, and n is the index of refraction
of the solvent. The approximation used (rigid point dipole
in the center of a spherical Onsager cavity) neglects the
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Fig. 5 3D spectra contour plot of DMABN in cyclohexane (a) and
Acetonitrile (b)
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Fig. 4 Excitation spectra of DMABN in acetonitrile and different
emission wavelengths
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polarizability of the solute. Figure 6 shows a satisfying
linear correlation between the energy hc~nCTflu and the solvent
polarity function ff "ð Þ � 0:5f ðnÞg, where

f "ð Þ ¼ "� 1

2"þ 1
; f ðnÞ ¼ n2 � 1

2n2 þ 1
ð2Þ

The expressions 1 and 2 relate the measured quantities to
the excited-state dipole moments μe.

The plot of absorption and fluorescence shift versus
Lippert-Mataga solvent polarity parameter for the La and Lb
states is shown in Fig. 6. The slope obtained for absorption
and LE emission was found to be comparable which shows
that the dipole moments of the LE and ground states are
similar. The slope obtained for the LE and CT states are
found to be −3,361 cm−1 and −20,090 cm−1, respectively.
The slope is about six times larger for the CT state than the
LE state emission. The higher value of the slope is
indicative of the fact that the long wavelength band is
characterized by a larger charge transfer degree; i.e. the Lb
state is more polar than the La state. From the slopes of the
plot the values of the excited state dipole moments μe,
estimated with the effective radius of the spherical Onsager
cavity a0≈0.45 nm (as calculated by density functional
theory employing B3LYP with a 6–31G(6) basis set) are
calculated to be μe=9.7 D and μe=17.2 D for the La and Lb
states, respectively, by adopting the value 6.6 D for the
ground state dipole moment (μ) measured for DMABN
[19] (Fig. 7).

These results strongly support the hypothesis of the
existence of the equilibrium between two species formed in
the ground state and which both fluoresce when they are
excited. It was found out that the property of the emission
spectrum is strongly dependent on the wavelength of the
exciting light. This dependency of emission spectrum on

the wavelength of the exciting light and the presence of the
isoemissive as well as isoabsorptive points can only be
explained by the presence of two relatively stable systems
in equilibrium. Therefore, this fact together with the
existence of two excitation bands indicates that DMABN
has two stable conformers in the ground state, which are in
equilibrium. The calculation confirms also this hypothesis.
In the previous models, the observed red shift of the
fluorescence spectrum should occur independent of where
in the absorption band the molecule is excited. If several
ground state conformers of DMABN are populated, the
overall spectrum must be a sum of the individual conformer
spectra. This might explain the strong excitation-
wavelength dependence of the corresponding spectra of
DMABN even in a non-polar medium.

Computational results

In this study, the reaction coordinate is defined as the
tortional angle between the plane of dimethyl amino group
and that of the benzene ring. The energy of the ground
electronic state increases along the twisting coordinate and
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Fig. 7 Dependence of solvatochromic shift of the energy related to
absorption (□) and fluorescence maxima of LE (○) and CT (Δ) bands
of DMABN

Table 2 The energies of the minima in the solution using cyclohex-
ane and acetonitrile solvents

Medium Planar
(Hartree)

Perpendicular
(Hartree)

Energy
difference
(Hartree)

Energy
difference (eV)

Cyclohexane −458.469 −458.446 0.023 0.626

Acetonitrile −458.458 −458.441 0.017 0.463

240 260 280 300 320 340 360 380

0.0

0.2

0.4

0.6

0.8

1.0

A
 / 

a.
u.

Wavelength / nm

Solvents
 Acetonitrile
 Cyclohexane
 Dioxane
 Dichloromethane

Fig. 6 Absorption spectra of DMABN in cyclohexane, p-dioxane;
dichloromethane and acetonitrile solutions
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the results predict two minima at the planar and perpendic-
ular structures of DMABN.

The rotational activation energy barrier (defined to be
the energy difference in energy between the planar and the
orthogonal conformers) to the perpendicular conformation
of DMABN from its equilibrium planar structure in the
solution state was calculated and listed in Table 2. All
stable conformations were calculated, but in what follows
only the most stable conformers were discussed. From the
table it is clear that the scanned potential energy of the
ground state displays similar behavior with two minima at
the planar and the perpendicular geometries in all solvents.
The energy barrier in cyclohexane and dichloromethane are
greater than that of acetonitrile indicating that the perpen-
dicular conformer is more stabilized in polar solvents.

Also, the rotational energy barrier is greater than the
thermal energy (kT ∼0.026 eV at room temperature)
indicating that the two structures coexist at room temper-
ature. If the rotational barrier is small, they exist as a
mixture. However, if the barrier is large with respect to the
thermal energy at room temperature, the conformers could
be resolved. The rotational potential energy surfaces in all
cases are quite similar. However, the barrier for rotation is
reduced in the more polar solvent (acetonitrile) as shown in
Table 2.

The energy barrier and associated one-dimensional
potential of molecule conveys information regarding intra-
molecular interaction and molecular electronic structure.
Knowledge of the energy barriers, which separate con-
formers, is important for the interpretation of several
physical and chemical molecular properties.

A comparison of the present experimental and theoret-
ical studies on DMABN indicates that the dual emission
observed may originate from the two different conforma-
tions of the same molecule.

Conclusion

In this paper we have examined the excitation wavelength
dependency of the emission spectra of DMABN in
acetonitrile solution using steady-state fluorescence spec-
troscopy. Our ultimate goal is to show that the ground state
of DMABN consists of two isomers of the molecule.

A closer examination of the excitation spectra of
DMABN in polar solvents showed two characteristic
independent absorption (excitation) bands. Also examina-
tion of its emission spectra showed that the spectrum
consists two emission bands with the LE to CT intensity
ratio dependent on the wavelength of the exciting light.
These observations suggest that the compound, in its
ground state, exists in the form of two relatively stable
conformers, which are in equilibrium.

As the wavelength of excitation increases, there is a
change in band form in the emission spectrum. This shows
that one can selectively excite one of the spectral features of
the dual fluorescence. After selective excitation, the
intensity of the bands is proportional to the excitation
wavelength, while the band form remained the same,
indicating the presence of two separate absorption bands
in the ground state of DMABN. In addition, the ground
state structural calculations at DFT levels with respect to
the twisting angle in the presence of solvent effects support
the experimental results.

On the basis of the experimental results and our
theoretical calculations, we suggest that there are two
conformers of DMABN, which are stable in the ground
state, equilibrated in solution at room temperature that give
rise dual fluorescence upon excitation.
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