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Abstract

Absorption and fluorescence spectra of four coumarin laser dyes, Coumarin 440 (C440), Coumarin 450 (C450), Coumarin 466 (C466)
and Coumarin 151 (C151), have been recorded in binary mixtures of DMSO and water at room temperature (298 K) to study the solvent
effect and to evaluate the ground and excited state dipole moments using solvatochromic shift method. The anomalous feature in the
complex systems of these mixtures due to the structural heterogeneities is discussed. The effect of solvent polarity parameters of binary
mixture on the ground and excited state dipole moments was examined. Experimental results indicate that the dipole moments in the
excited state, for all the molecules investigated, are higher than the corresponding values in the ground state. The ground and excited
state dipole moments of these probes have also been computed from ab initio calculations and compared with those obtained experimen-
tally. Fluorescence lifetimes of all the probes measured using time domain fluorescence spectrometer employing time correlated single
photon counting technique, show a nonlinear variation with the composition of binary mixture.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, due to fast progress in photochemistry,
studies of electric dipole moments in the excited states have
gained greater importance. The excitation of a molecule by
a photon causes redistribution of the electron density and
correspondingly a change in the dipole moment. A non-
equilibrium state is created as the solvent environment can-
not follow the sudden change in the dipole moment. Dur-
ing the relaxation of the solvent towards a new
equilibrium state, the interaction energy between the sol-
vent and solute changes and hence the fluorescence band
of the probe molecule shifts [1]. This results in an increase
or decrease of the excited state dipole moment as compared
to that in the ground state. Similarly, when a solute mole-
cule in a polar solvent is excited optically, its dipole
moment in the excited state changes due to modified charge

distribution. A change in solvent is generally accompanied
by a change in polarity, dielectric constant or a change in
the polarizability of the surrounding medium. These
parameters can easily be altered by mixing two solvents
in different proportions. Hence, the study of binary solvent
system and its role in biochemical processes has spurred the
measurement of some excess properties. The mixtures of
several solvents have been extensively used as media for
carrying out physico-chemical investigations of organic
molecules [2–4]. The dielectric behavior is one of the key
ways of characterizing polar liquid environments as reac-
tion media. It is found that the dielectric properties of
the polar mixtures depart significantly from what one
might expect on the basis of ideal mixing [5]. In hydrogen
bonding systems such as alcohol–water mixtures, intermo-
lecular correlations are strong, and consequently the dielec-
tric properties [6,7] of the mixtures are usually not simply
related to those of the individual components [8]. The use
of solvent mixtures also facilitates a systematic variation
of polarities [9] and thus, a binary mixture with different
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proportions of the component solvents affects the excited
state differently. Upon mixing, new solvent–solvent and
solute–solvent interactions often create solvent properties
that were not present in the pure solvents. Many mixtures
of water with organic solvents show properties that deviate
from ideality. For the system consisting of water and
dimethyl sulphoxide (DMSO), extreme deviations from
additivity are observed for a wide range of properties, such
as dielectric constant, density, viscosity and adiabatic and
isothermal compressibility [10]. Analysis of these mixtures
are hindered by the fact that it represents one more compli-
cated binary systems, namely an associating component
plus a second component, capable of forming hydrogen
bonds with the first. DMSO and its aqueous solutions are
among the most widely used solvents in organic chemistry,
chemical technology and cell biology [11,12]. DMSO
((CH3)2SO) is a polyfunctional molecule with a polar
S@O group and two hydrophobic groups. Hence, its struc-
ture enables it to solubalize a variety of compounds [4]. A
systematic analysis of binary solvent effect is, therefore,
informative and proves useful in studying the excited state
behavior of the molecule.

Coumarins are a family of molecules that have been
studied extensively because of their application as laser
dyes and their substantial state-dependent variation in sta-
tic dipole moment. Indeed, the latter gives rise to character-
istically large Stokes shift, sometimes of the order of
100 nm [13]. The knowledge of absorption and fluorescence
characteristics of these compounds with different substitu-
ents under varying conditions of solvents, temperature
and pH is crucial in understanding the working of tunable
dye-lasers and operating them at maximum efficiency. The
coumarin molecules as such in aqueous solution are non-
fluorescent, but they do become highly fluorescent on sub-
stitution [14]. The emission characteristics of a fluorophore
depend upon the position and nature of the substituent as
well as the nature of the surrounding medium [15,16]. The
magnitude of the spectral changes due to substituent/sol-
vent is linked to the structural aspects of the molecule
and serves as a tool for its detailed investigations. The wide
spread occurrence of coumarins and their variety of appli-
cations such as fluorescent indicators and whiteners in
detergent products, sunburn preventives, as laser dyes,
for the estimation of enzymes, for studying biological sys-
tems and also in other interesting areas have given impor-
tance to the study of their fluorescence characteristics ([14]
and references therein). These molecules form an important
class of laser dyes in the blue-green spectral region.

Most of the methods available for the determination of
dipole moment of the singlet-excited state are based on the
spectral shift caused externally by electrochromism [17] or
internally by solvatochromism [18]. In both these tech-
niques Lippert–Mataga equation [19,20] is used, which is
based on the spectral shift of absorption and fluorescence
maximum and solvent polarity parameters dielectric con-
stant (e) and refractive index (n). A thermo-chromic
method [21], similar in principle, where the variation of

dielectric constant and refractive index is brought about
by temperature changes, is also employed. The solvato-
chromic method to determine the excited state dipole
moments is preferred due to simplicity of the experimental
procedure and ease of data analysis.

In this paper, the ground and excited state dipole
moments of a set of 7-amino coumarin dyes viz., C440,
C450, C466 and C151 in polar solvent mixtures of dimethyl
sulphoxide (DMSO) and water following solvatochromic
shift technique is presented for the first time. The experi-
mental results are compared with the theoretical ground
and excited state dipole moments obtained from ab initio

calculations [22] using DFT and CIS method, respectively.
Further, fluorescence lifetime of these probes at each sol-
vent mixture to check the excited state behavior of all the
probes under study were also measured. The paper is
divided into five sections. The theory relevant to the pres-
ent study is given in Section 2, the experimental techniques
are described in Section 3 followed by results and discus-
sions in Section 4. Conclusions from the present work are
given in Section 5.

2. Theory

The bulk dielectric constant (e) and refractive index (n)
of a solvent strongly affect [23–25] the dipole moment of
the solute molecules. An interaction with environment
affects various electronic states in a different way. The
interaction between the solute and solvent molecules
depends upon dielectric constant, refractive index of the
solvent and the dipole moment of the solute molecules.

By employing quantum-mechanical second-order per-
turbation theory [26], following equations have been
obtained for the absorption (va) and emission (vf) band
shifts (in wave numbers) in different solvents of varying
permittivity (e) and refractive index (n):

va � vf ¼ m1f ðe; nÞ þ const: ð1Þ
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