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Abstract Dual fluorescence in N,N-Diethyl-4-nitrosoaniline
(DENA) has been studied employing absorption, excitation
and emission spectroscopic techniques and computational
methods. The absorption and fluorescence spectra of DENA
were measured in solvents of various polarities at room
temperature. The emission spectra of DENA were found to
exhibit a single emission band in non polar solvent
(cyclohexane) and in a highly polar solvent (acetonitrile).
In the contrary, two emission bands were observed in
medium polar solvents (tetrahydrofuran, 1,2-dichloroethane
and dichloromethane) whereby the short (local excited; LE)
and long (charge transfer; CT) emission maxima correspond
to the emission maxima of the compound observed in
cyclohexane and acetonitrile solutions, respectively. More-
over, the two emission bands have shown strong excitation
wavelength dependence, and area normalization resulted
in an iso-emissive point. The two emission maxima
were in addition found to correspond to two excitation
maxima in 3D fluorescence spectra. Further, two
minima were obtained in potential energy surface
calculation of DENA. From the experimental and
computational results it was concluded that the dual
fluorescence may be attributed to the presence of two
different ground state structural conformers of DENA in
equilibrium that are stabilized through solute-solvent
interaction.
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Introduction

Fluorescent compounds in general possess a single fluores-
cence band for a particular absorption. However, a number
of organic donor-acceptor substituted compounds show
dual fluorescence in polar solvents. Beside the normal
fluorescence from the solvent relaxed primary excited state, a
second, strong red-shifted emission from charge transfer state is
observed for these compounds [1]. Parallel to this, the intensity
of the first band becomes weaker and is not even observed in
high polar solvents [2]. This phenomenon was first discovered
by Lippert et al. [3] while studying the photophysical
behavior of 4-(N,N-Dimethylamino)-benzonitrile (DMABN)
and its derivatives in different solvents. This unusual
dual fluorescence property of DMABN has successively
been observed in several other electron donor-acceptor
compounds [4].

Dual fluorescence could be due to a single species that
undergoes an excited state reaction; excited-state intramo-
lecular charge transfer [5-17] or the existence of two
isomers of that compound in the ground state [21, 22].
However, most of the attempts so far, were concerned with
the excited state structural rearrangements [1, 2]. Conse-
quently, several models have been proposed to interpret the
nature of the local excited (LE) and charge transfer (CT)
states and to explain the mechanism of dual fluorescence.
Twisted Intramolecular Charge Transfer (TICT) [6-10],
Planar Intramolecular Charge Transfer (PICT), [11-14]
Wagging Intramolecular Charge Transfer (WICT) [15] and
Rehybridization Intramolecular Charge Transfer (RICT)
[16, 17] are some of them. From these, TICT is supported
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by several theoretical studies. There are also significant
numbers of studies, which show that TICT model does not
hold for all dual fluorescing systems [18, 19]. On the other
hand, the RICT and WICT models are seen to be frequently
rejected, while the PICT model is favored by some studies
[2, 20]. However, no direct experimental proof of each
model has been obtained up to now [19] and the
mechanism of formation of the excited state charge transfer
is still under debate.

Recently, the dual fluorescence property of DMABN
was discussed from the perspective of ground state
structural isomers [21, 22]. In this work, the effect of the
alkyl chain extension on the solvent dependency of the dual
fluorescence was investigated, and similar explanation
pattern was followed, i.e. existence of two stable ground
state species of DENA was examined. The absorption,
excitation and emission spectra of DENA in various
solvents were studied. Computational methods were ap-
plied to verify the experimental results.

Experimental Details

For spectroscopic measurements DENA solutions were
prepared in cyclohexane (GC grade, Riedel-de Haen,
Germany), Tetrahydrofuran (HPLC grade, Lancaster,
England), Dichloromethane (LR, TLS, England), 1,2-
Dichloroethane (GC grade, Sigma-Aldrich, Germany),
Acetonitrile (HPLC grade, Sigma-Aldrich, Switzerland),
Carbontetrachloride (GC grade, Riedel-de Haen, Germany),
Butanol (GC grade, BDH, England), and 1-pentanol
(Sigma-Aldrich, Germany). The concentrations of the
solutions were kept low in order to obtain optical densities of
less than 1 and 0.1 for absorption and fluorescence measure-
ments, respectively.

The absorption spectra were recorded on UV-Visible
spectrophotometer (Spectronic Genesis, 2PC, USA) with a
resolution of 1 nm. Fluorescence measurements were
performed with a spectrofluorometer (Fluoromax4, Jobin
Yvon, USA). Solvent blanks were subtracted from the
spectra before analysis. The excitation spectra are all
corrected to compensate for the intensity of the light source.

To identify the two stable structural conformers compu-
tational techniques were used. All calculations, structural
and potential energy surface and frequency were performed
using the GAUSSIAN 03 W program package [25]. The
ground state geometry optimizations were performed at the
DFT/B3LYP and MP2 levels as implemented in the
program package using 631 G(d) basis sets. The self-
consistent reaction field theory (SCI-PCM model) [26] as
implemented in the Gaussian 03 W has been used to
determine the frequency in actonitrile and cyclohexane at
B3LYP level of theory using 6-31 G* basis sets.
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The potential energy surface (PES) scan was done along
the twist coordinate at the donor site. We have used
rotational angle € (shown in Scheme 1) to get the twisting
of the donor (—NEt,). The angle was 6 varied from 0 to
180° with a step of 1°. It is defined by (6,+6,)/2, where 6,
represents the dihedral angle 3-4-9-10 and 0, the dihedral
angle 5-4-9-12.

Result and Discussion
Fluorescence Spectra in Medium of Non-Polar Solvent

In cyclohexane solution of the compound only a single
emission from the LE state is observed. The occurrence of
dual fluorescence could not be discovered (Fig. 1). The
emission band maximum was found to be independent of
the excitation wavelengths.

The excitation spectra of the compound also showed
only one band, and the band shape did not change
irrespective of the emission (observation) wavelength
(Fig. 2). Moreover, the excitation and emission bands look
mirror image to each other, suggesting the existence of a
single electronic transition corresponding to a single
exciting species in the ground state.

In order to further verify the excitation and emission
bands are correlated, 3D spectra were recorded. The 3D
spectra (Fig. 3) contour exhibited a single maximum at
281 nm and 306 nm corresponding to the excitation and
emission wavelength maxima, respectively, which further
confirmed the existence of only one stable species in the
ground state.

Fluorescence Spectra in Medium of Polar Solvents

In the medium polar solvents different result was obtained.
For example, the emission spectra of DENA in THF
(tertrahydrofuran) contains two emission bands (‘dual
fluorescence’) centered at A.,=310 nm and 355 nm
(Fig. 4). The emission bands were found to be highly
dependent on the excitation wavelengths. As the excitation
wavelength varied the ratio of the intensity of LE to CT

11
3 2 8
10 o]
<9 4 1/
N N
7
12
5 6
13

Scheme 1 Chemical structure of N,N-Diethyl-4-nitrosoaniline
(DENA)
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Fig. 1 Emission spectra of DENA in cyclohexane at different
excitation wavelengths

bands (/_g/Ict) changed significantly. This phenomenon
is in violation of the Kasha rule, which states that for a
single electronic transition the band shape of the emission
spectrum shape should stay the same regardless of the
excitation wavelength; i.e. the emission band intensity-
ratio should not be dependent on the excitation wave-
length. Thus, the observed wavelength dependence may
indicate the presence of two species in the ground state,
as the existence of two electronic transitions may be
excluded.

To further demonstrate the wavelength dependence, the
emission spectra of the compound in the short (260 to
270 nm) and long (>298 nm) excitation wavelength regions
were considered separately. In A., between 260 to 270 nm
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Fig. 2 Normalized corrected excitation and emission spectra of

DENA in cyclohexane
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Fig. 3 3D emission spectra contour map of DENA in cyclohexane

only one emission band (LE) with maximum intensity at
310 nm is observed (Fig. 5), whereas, in A.,>298 nm only
the CT state emission centered at 355 nm is monitored
(Fig. 6). The observation of two different emission spectra
as a function of excitation wavelength suggests two
excitation spectral regions, i.e. the existence of two
electronic transitions, further supplement the suggestion
that there exist two species in the ground state.

Excitation spectra were also recorded at emission
(observation) wavelengths A.,=310 nm and A.,,=355 nm,
and two excitation spectra were observed with intensity
maxima at 287 nm and 300 nm corresponding to the shorter
and longer emission wavelengths, respectively. The 3D
emission spectra of DENA in THF also exhibited two
maxima centered in the contours map (Fig. 7). The first
maximum appeared at excitation wavelength of 287 nm and
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Fig. 4 Emission spectra of DENA in THF
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Fig. 5 Emission spectra of DENA in THF at blue edge of excitation
wavelength range

the corresponding emission wavelength of 310 nm, where-
as, the second maximum was centered at 300 and 355 nm
excitation and emission wavelengths, respectively.

The emission and excitation spectra of DENA in THF
together with the 3D emission spectra substantiate the
suggestion that two absorptive species exciting at different
wavelengths are responsible for the observed apparent dual
fluorescence.

Similar studies on the compound in solution of another
medium polar solvent, DCM (dichloromethane), were
conducted, and similar spectral features and excitation as
well as emission wavelength dependency were observed.
The emission spectra of DENA in DCM at different
excitation wavelengths showed two emission bands at
383 nm and 424 nm and, as could be expected from a
relatively more polar nature of DCM, the solvatochromic
shift in DCM was larger than in THF.
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Fig. 6 Emission spectra of DENA in THF at the red edge of
excitation wavelength range
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Fig. 7 3D emission spectra of DENA in THF

Solvatochromic Shift and Excited State Dipole Moment

Investigation of the solvatochromic shift in the electronic
spectra of molecules provides important information on the
interactions occurring in the solutions. To understand the
effect of solvent polarity on the absorption spectrum, the
solvatochromic shift of the compound in cyclohexane,
tetrahydrofuran, dichloromethane, 1,2-dichloroethane and
acetonitrile of different polarities were studied.

The bathochromic shift observed 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.
According to this theory, the larger the dipole moment
difference between the ground and the excited state, the
larger will be the solvent induced spectral shift [23]. A
shift to longer wavelength generally shows an increase in
the permanent dipole moment of the excited state than the
ground state. Quantitative treatment of the dipole differ-
ence may be done using Lippert-Mataga equation (Eq. 1)
and the slope of the plot of stocks shifts verses Lipperts
solvent polarity parameters for LE and CT states band
maximum [24].

2(/1@71ng)2 f?:r*1 o n271
dreohca® \2e,+1 2n2 +1

Va = Vf =

) -+ constant

where v, is absorption maximum, v, is emission maxi-
mum, /% is the Planck’s constant, ¢ is the speed of light in
vacuum, « is the Onsager radius of the cavity in which
the fluorophore reside, n is the refractive index of the
solvent, ¢, is the dielectric constant of the solvent, and ji,
and . are ground and excited state dipole moments,
respectively.
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Table 1 The energies of the

Isomer 2 (127°)  Energy difference (a.u.)  Energy difference (eV)

minima in gas phase and in Medium Isomer 1 (6°)
solution
Gas —574.14515468
—572.28788329*
Acetonitrile —574.15594401
THF —574.15414208
“Results obtained by using MP2/ Cyclohexane  —574.14944332

6-31 G*

—574.13269472 0.01245996 0.3390
—-572.27652172* 0.01136157* 0.3092°
—574.14120012 0.01474389 0.4012
—574.13978797 0.01435411 0.3906
—574.13608177 0.01336155 0.3636

The slope obtained from absorption maxima was
quantitatively comparable with that obtained from LE
emission maxima, indicating that the ground state is mainly
composed of the species that gives rise to the LE emission.
On the other hand, the slope obtained for the CT state
emission maxima was about seven times larger than that of
the slope from LE state emission maxima, suggesting there
is appreciable difference in dipole moment between the
excited states of the two conformers, which is consistent
with the large CT character of the second emission [22].

From the slope, the value of Onsager cavity radius and
the ground state dipole moment (1,=7.0 D) obtained from
computational calculation, the dipole difference between
the excited and ground states were found to be 5.25 D and
12.77 D for the LE and CT states, respectively. Considering
the ground state dipole moment of both conformers to be
comparable, the excited state dipole moment of both
structures are thus, u (LE)=12.25 D and u(CT)=19.77
D. The large difference in dipole moment for the CT state
Ap(CT)=12.25 D is due to charge redistribution in the
excited state by the process of charge transfer from the
electron rich diethyl amino donor moiety to the nitro-
sobenzene acceptor moiety.

These findings together with the results of emission and
excitation spectra discussed earlier, strongly support the
hypothesis that there exist two structural conformers in
equilibrium in the ground state that both fluoresce when
excited with proper radiation. Similar observation was
reported [21].

Computational Results

In order to explain the experimental findings in more detail,
computational techniques were applied. The PES was
determined by defining the reaction coordinate as the dihedral
angle between the plane of diethyl amino group and that of the
benzene ring. The energy of the ground electronic state
increases along the twisting coordinate and the results predict
two minima at 6° and 127° dihedral angles of the structures of
DENA resulting in two relatively stable conformers.

The rotational activation energy barrier (defined to be
the energy difference in energy between the two con-
formers) to the 127° conformation (conformer 1) of DENA
from its equilibrium (6°) structure (conformer 2) in the

solution state are listed in Table 1. All stable conformations
were calculated, but only the most stable conformers were
discussed.

The energy barrier in acetonitrile is greater than that of
cyclohexane indicating that conformer 1 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 temperature. Therefore, the theoretical results, further
supports the presence of two ground state species.

Further, thermodynamics properties were calculated and
displayed in Table 2. The results suggest that conformer 1 is
more stable in acetonitrile and conformer 2 in cyclohexane,
again supporting the results obtained above.

A comparison of the present experimental and theoret-
ical studies on DENA indicates that the dual emission
observed originates from the two different conformations of
the same molecule.

Conclusion

In this work, the dual fluorescence in N,N-Diethyl-4-
nitrosoaniline (DENA) has been studied on the basis of
absorption, excitation and emission spectroscopy and
computational techniques, with the aim of determining the
origin of dual fluorescence in DENA.

The fluorescence spectrum of DENA was found to
exhibit dual fluorescence in medium polar solvents, and
strong excitation wavelength dependence was observed.
The results from the potential energy surface scan indicated
two minima which confirms the presence of two different
conformations of the same molecule in the ground state that
lead to two closer lying excited state; locally excited (LE)
and charge transfer (CT), and thereby results in the dual
fluorescence of the compound.

Table 2 Thermodynamic quantities computed in gas phase and in
solution

Gas Acetonitrile Cyclohexane
AH/eV 0.2938 0.3517 0.3426
AG/eV 0.2769 0.3337 0.2217
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On the basis of these experimental and computational

results, we suggested that the existence of two different
conformers of DENA in the ground state, which are in
equilibrium as the cause of dual fluorescence in DENA.
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