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Excited state electric dipole moments of two exalite dyes from

solvatocromic shift measurements
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The determination of excited state electric dipole moment through solvatochromic shifts of two
Exalite dyes, namely, E-392A, E-398 have been carried out using fluorescence shifts and have
been found to be less than those calculated through absorption shifts. It is felt that the one
calculated using shifts in emission are more reliable. The results are presented and discussed.
A qualitative estimate of the orientation of dipole moments in ground and excited state are also
presented and discussed.

Keywords: Electric dipole moment; Solvatochromic shifts; Onsager cavity radius; Solvent
dielectric medium; Exalite dyes

1. Introduction

The use of solvatochromic shifts for the determination of the dipole moment of
electronically excited state of a molecule has been important for an understanding
of their structure in that state [1–24,25]. These studies have gained importance due to
the fast progress in photo science, especially, the studies on dyes, which are fluorescent.
The insight into the understanding of the optical aspects of a material can be had
through the excited state dipole moment value. The value of the dipole moment in the
excited state can be estimated from several methods. The stark effect on the rotational
spectra, solvatochromic shifts in absorption or fluorescence or a combination of both,
are a few of them. The electro optical method [26,27], which uses the principle of
fluorescence anisotropy and stark splitting of rotational levels of 0,0 vibrational band
although gives accurate values, apart from being complicated, has difficulty in its
application to large molecules such as dyes. The solvatochromic shift method, in
general, although does not give accurate values of the dipole moments of a molecule,
they give fairly acceptable values. The dipole moment values obtained using the
solvatochromic shifts can improve by the proper choice of solvents and a method,
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for example, use of slightly polar solvents, which are having almost same refractive
indices, and use of fluorescence shifts rather than absorption data wherever available.
Especially, in case of dyes which are used in lasers, which are mostly fluorescent, the
fluorescence data in different solvents is expected to give better estimates of dipole
moments in the excited state than the absorption data in view of the fact that
fluorescence shifts are larger compared to those in absorption. The improved estimate
of the dipole moment means a better understanding of the electron charge distribution,
which plays an important role in giving insight into photochemical reaction, quantum
yield etc. [8].

The use of a particular method to determine the dipole moment in the excited state,
out of the several methods [10–22] available which use solvatochromic shifts is usually
decided by looking into the available data of solute molecule in its ground state, like
Onsager cavity radius, orientation of the dipole moment in its ground state etc. and
capability to give fluorescence/absorption. In the case of dyes, the orientation of dipole
moment with respect to its symmetry axis is difficult to comprehend and so also the
accurate value of the Onsager cavity radius. However, there are methods available to
estimate cavity radius. Thus, usually one employs those methods in which the Onsager
cavity radius is used along with solvent shifts, preferably with fluorescence shifts in the
absence of orientation of the dipole moment in the ground state. Nadaf et al. [19] have
used one such method due to Ayachit et al. [12] and have estimated the excited state
dipole moment of Exalite dyes, namely, E-392A, E-398 through absorption shifts.
In view of the reasons mentioned above and explained later in this text, the authors
have taken up the estimation of the dipole moment of these dyes again, using the
fluorescence data available in the literature [20]. The solvents used along with their
solvent shifts with respect to cyclohexane for two dyes are presented in table 1.
The results of these studies along with the results available are discussed and are
presented in this article. This study was felt more warranted as the dipole moment
of such short-lived species in the excited state are often found useful in the design of
non-linear optical materials, which bring photochemical transformations.

2. Theory and procedure

The displacement of electronic absorption and luminescence spectra are related to
solvent interaction. These interactions can be non-specific, when they depend only on

Table 1. Fluorescence solvatochromic shifts for two dyes (cyclohexane as reference solvent 1).

E-392A E-398

Solvents �s in cm�1 ��1�2 in cm�1 �s in cm�1 ��1�2 in cm�1

Cyclohexane 26208 – 25316 –
Benzene 25707 321 25157 189
Ethylether 25906 122 25380 �64
DMF 25707 321 25062 254
Acetonitrile 25853 175 25252 64
Butanol 25839 189 25284 32
Methyl-cyclohexane 25974 54 25413 �97
Acetone 25839 189 25252 64
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multiple and polarizability properties of solute and solvent molecules. When a liquid

solvent surrounds a molecule, each state of it is stabilized by an energy known as

salvation energy. The medium i.e. solvent can affect the solute molecule by its viscosity

and also by its polarity. The number of electronic states which are defined for a

molecule are determined through Schrodinger wave equation E ¼H , where  being

the wave function. The wave function gives the information regarding the nature of a

state. By employing the quantum mechanical second order perturbation theory and

using Onsager model, McRae [1] has given an equation for the frequency of maximum

solute absorption/fluorescence in a solvent, �s and is as below:

�s ¼ �0 þ ðAþ Bþ C ÞfðnsÞ þ E ½ fðDsÞ � fðnsÞ� þ F ½ fðDsÞ � fðnsÞ�
2

ð1Þ

where �0 is the corresponding vapor phase frequency of �s, f(ns)¼ (n2s � 1)/(2n2s þ 1) is a

function of solvent refractive index (ns), f(Ds)¼ (Ds� 1)/(2Dsþ 1) is a function

of solvent dielectric medium (Ds), (AþB) is a measure of dispersive effect, and h and

c are Planck’s constant and velocity of light respectively. C is either (�2
e ��

2
g)/hca

3
0or

(�2
g��

2
g)/hca

3
0 depending on whether �s is measured through absorption spectra or

emission spectra respectively. Similarly, E is either (�g �� �g�e)/hca
3
0 or (�e �� �e�g)/

hca30 depending upon the spectra under study, with �e, �g being dipole moment in the

excited state and ground state respectively with ��e�g¼�e��g and a0 is the Onsager

cavity radius. The last term in equation (1) and (AþB) can be neglected due to their

small contribution towards shift.
With this, Suppan formulated the equation cited below for the difference in frequency

in absorption for two different solvents 1 and 2, which is

���1�2 ¼
ð�g���g�eÞ

hca30

� �
�½ fðDsÞ � fðnsÞ�1�2 þ

ð�2
e � �

2
gÞ

hca30

" #
�fðnsÞ1�2:

The above equation for fluorescence will be, (with ae being the cavity radius in

the excited state),

���1�2 ¼
ð�g���g�eÞ

hca3e

� �
�½ fðDsÞ � fðnsÞ�1�2 þ

ð�2
g � �

2
eÞ

hca3e

" #
�fðnsÞ1�2:

The above equation was written by Ayachit et al. [12] in the form,

½ðX=C1Þ þ ðY=C2Þ� ¼ 1: ð2Þ

Here, X¼ [�[ f(Ds)� f(ns)]1�2]/���1�2 and Y¼ [�f(ns)1�2]/���1�2, with C1¼ hca30/

(�g �� �g�e) and C2¼ hca30/(�
2
e ��

2
g) in case of absorption studies and C1¼ hca30/(�e ��

�g�e) and C2¼ hca30/(�
2
g��

2
e) in fluorescence studies (Nadaf et al. [19] have mentioned

the equation corresponding to fluorescence, while using the absorption data, however,

it seems they have used the correct equation in their calculations.)
The values of C1 and C2 can be obtained using either a graphical method or a least

square fit. The values of X and Y are of the order of 10�4 and hence it forces to plot the

graph of quantities which are greater by a factor 104, which may lead to points being

scattered leading to erroneous values of C1 and C2. Hence in the present study, C1 and

C2 have been calculated using a least squares fit.
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3. Results and discussion

The solvatochromic shifts are the experimental evidence for the change in energies of
levels of a solute due to change in the matrix. Emission spectra are usually more
informative than the absorption spectra as emission state arise out of energy of more
relaxed excited states. In view of this, the quantities determined using solvatochromic
shifts become more important for the description of the intramolecular charge transfer
in molecular excited states [2–7] and inter molecular charge transfer in exciplexes
[23,24]. The shifts observed are dependent on the nature of solvent (polar or non-polar),
dielectric constant etc. This is evident from the fact that, in certain cases the shift in
fluorescence spectrum is not necessarily accompanied by a shift in the absorption
spectra, if exists it need not be in proportion to the one observed in fluorescence.
There are examples for shifts in fluorescence to occur with no shifts in the absorption
spectrum of a solute [25].

Since the excited state of a molecule is much different from its ground state, it may be
more or less depending upon the transition involved, the ground state dipole moment
may slightly change from solvent to solvent, but the excited state may be much
different. Thus it is expected that little changes in absorption, while large in the
fluorescence spectrum with change in solvent. In the different equations used for
the determination of excited state dipole moments, one or more assumptions are made
in obtaining the simplified equation from the original McRae’s equation [1].
The estimations carried out using absorption shifts will thus not be that reliable
compared with that calculated with emission spectra.

If the difference of excited state of a solute in vacuum and the excited state of a polar
solvent is greater than the difference of excited state of a solute molecule in vacuum and
the excited state of non-polar solvent, the fluorescence as one goes from polar
to non-polar show a blue shift (�*–� transition) and if it is reverse the shift will be red
(�*–n transition). In the present study, the fluorescence shifts for two dyes indicate that
the transitions involved are of the first type. The values determined for dipole moments
in the excited state in the earlier work through absorption and in this work (presented
later in the text) are in conformity with this observation.

When a molecule gets electronically excited (by having different dipole moment and
orientation), the electron will be raised to a new electronic level in much less time than it
takes for the whole molecule to rearrange itself with solvent environment.
Thus, immediately upon excitation, the molecule can be assumed to be in the same
environment in the excited state as in the ground state and hence one can safely assume
ae¼ a0. In the present work, the values of �e are calculated by assuming ae¼ a0.

In table 2 the values of X and Y for fluorescence are presented, calculated for two
dyes in different solvents along with the values of C1 and C2. In this table are also given
the a0 values used in the earlier work. In table 3 are presented the calculated values of �e

using fluorescence shift and �g values available in the literature from two different
methods. In this table are also given the �e values reported in the earlier work using
solvatochromic shift in absorption.

From table 3, it is clear that the dipole moments in the excited state are much higher
than the ground state dipole moment for the two dyes under study, but less than the
values reported in earlier work using shifts in the absorption spectra. The values of �e

calculated by using the data of solvatochromic shift in emission and absorption are so
large that they can be considered outside the experimental errors. Thus, one can
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conclude that the values of dipole moments calculated for a molecule in their

excited state differs depending upon type of the shifts, namely, fluorescence or

absorption, used.
One more notable point is the large difference in between the �e and �g values, which

is clearly indicative of change in the molecular structure of a dye on excitation.

Of course the large solvatochromic shifts in the present study are consistent with this

observation. This indicates that on excitation the orientation of the dipole moment has

considerably changed. This change in the orientation in the dipole moment (�) can be

measured using equation (2), by writing,

ð�e ���g�eÞ ¼ �
2
e � �e�e cos � ¼

hca30
C1

i:e: � ¼ cos�1
�2
e � hca30=C1

�e�g

� �
:

ð3Þ

The values of � thus calculated are reported in table 3. Although, these values are less

than earlier values, these are still large in themselves in conformity with an earlier

conclusion drawn regarding the change in molecular structure on excitation. Using the

value of �, one can calculate the values � and �, which are the orientation of dipole

moment of a molecule in its ground and excited states respectively with respect to the

direction of charge transfer, as defined in the following figure 1.
The relation between �, � and � can be obtained using C1 and C2 values.

The relation is,

� ¼ 180� tan�1 �
ðC1 þ C2Þ

C1
tanð180� �Þ

� �� �
and � ¼ �� �:

The values �, � and � calculated for the two dyes are given in table 4, which also clearly

indicate the large change in the molecular structure in the excited state.

These orientations are very sensitive to the value of a0 and hence cannot be given

much importance quantitatively unless the method is free from a0, which is not the case

here and hence the values �, � and � reported here are to be considered as indicative of

the trend.

Table 2. Values of X and Y obtained through fluorescence data.

E-392A E-398

Solvents X� 104 Y� 104 X� 104 Y� 104

Cyclohexane – – – –
Benzene 0.26539 1.4707 0.5384 2.978
Ethylether 27.58849 �4.286 �52.5906 8.170
DMF 17.1821 0.0825 21.7134 0.1042
Acetonitrile 35.049 �3.3319 95.834 �9.1109
Butanol 28.0919 �0.9723 165.918 �5.7345
Methyl-cyclohexane 0.8826 �1.3648 �0.134 0.2072
Acetone 30.2036 �2.4908 89.263 �7.3557
C1 17.217E-4 24.65E-4
C2 3.776E-4 1.791E-4
a0 5.2579 Å 6.0271 Å
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Figure 1. Orientation of be, go and �go�e.

Table 4. Values of �, � and � in degrees.

Dye � in deg. present work � in deg. present work � in deg. present work

E-392A 73.69 39.8 113.49
E-398 75.95 37.68 113.48
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