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Analytical expressions of absorption and fluorescence spectra of some coumarins in ethyl alcohol
at room temperature are given. Satisfactory agreement of measured and calculated spectra is
obtained. It was possible to obtain the pure electronic transition energies immediately after excita-
tion (from absorption spectra) and after the thermal and orientational equilibrium is reached (from
fluorescence). An optical transition carries a dye-solvent system to a state in which the mutual

interaction energy is larger than in the initial state.
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1. Introduction

Absorption and fluorescence spectra of dye mole-
cules in liquid solutions are usually very broad and
show only a few vibrational bands or are even struc-
tureless. This broadening is mainly due to the inter-
action between the dye molecule and the surrounding
solvent molecules. In the vicinity of the maxima the
spectra are Gaussian, which reflects that the dye
molecules are perturbed randomly by many solvent
molecules [1].

Usually the luminescent molecule with its nearest
neighbourhood is called a luminescence center, the
rest of the solution can be treated as a thermal bath.
It is obvious that the spectral characteristics of a
luminescence center differs considerably from that of
the isolated molecule. The course of events after pro-
moting the center to the first excited state is as follows:
the absorption of light, which is assumed to be an
instantaneous process, initiates photoluminescence
accompanied by at least two relaxation processes, the
vibrational and orientational relaxations. These relax-
ation processes are observed in time dependent
fluorescence experiments with dyes in polar solutions,
showing the characteristic dynamic Stokes shift of the
fluorescence [2, 3].

The Stokes shift reflects the change of the energy of
the luminescence center due to relaxation processes in
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its excited state. The transfer of the excess of vibrational
energy in the excited state to the surroundings and the
redistribution of the excess energy over all degrees of
freedom is the reason of vibrational relaxation. The
system tends to thermal equilibrium with a Boltz-
mann energy distribution in the excited state. On the
other hand, the orientational relaxation is due to the
fact that while the solvents electronic polarization can
instantly adjust to a new dipole moment of the solute
molecule, the solvents orientational polarization
cannot. Therefore the solvent is out of orientational
equilibrium and some time is required to reach the
equilibrium. This process is accompanied with the
minimization of the total energy of the luminescence
center. Obviously the above mentioned relaxation
processes occur simultaneously, which complicates
investigations of excited states of molecules.

The relaxation processes influence not only the
position of fluorescence bands but also change the
shapes of fluorescence spectra. An experimental con-
firmation of this statement already exists. By careful
examination, such changes of fluorescence spectra ob-
tained by means of time-resolved emission spectros-
copy [4, 5, 6] come out.

The time scales of the different relaxation processes
are not equal. Assuming that the electronic transition
is an immediate event, the vibrational relaxation
needs about 107 !%s to be completed. On the other
hand, the orientational relaxation is in this time scale
a rather slow process and depends strongly on exter-
nal conditions. In low viscosity liquids the orienta-
tional equilibrium is reached after a time shorter than
the fluorescence lifetime.
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The transient behaviour of the fluorescence spec-
trum can be explained by the stochastic model [7],
elaborated in several stochastic theories [3, 8—10]. The
use of such models for the description of the behaviour
of a dye in solution is justified by the fact that the dye
molecule is perturbed by a large number of solvent
molecules. The change of the energy difference be-
tween the ground and excited states can be thought as
a Gaussian-Markovian process.

While stochastic theories in general explain spectral
shifts of fluorescence in polar solvents, shapes of
fluorescence and absorption spectra need a different
description. This is because, independently of environ-
mental effects, shapes of electronic spectra are deter-
mined by the dependence of transition moments on
vibrational overlap integrals.

In this paper we present a model which takes ac-
count of relaxation effects and enables an analytical
description of absorption and fluorescence spectra of
dyes in polar solutions. In addition, an experimental
procedure for the determination of the energy of pure
electronic transitions is proposed. This seems to be of
special importance because the O—O transition energy
is the proper parameter to discuss the time depen-
dence of the Stokes shift. The dynamic Stokes shift is
discussed in terms of changes of maxima of fluores-
cence spectra.

2. Theoretical Background

The general description of electronic transitions in
dye solutions is based on the Franck-Condon prin-
ciple. For a dye-solvent system, because of its com-
plexity, a rigorous quantum-mechanical formulation
of this principle (like e.g. in [11]) is hardly useful. In
practice, more or less justified approximations are
used [12—14]. In the framework of the quasi-molecu-
lar model [15], the fluorescence spectrum can be ex-
pressed in the form

F(e)=F,¢* [ P.(Q) 6[W(Q) — €] dQ . 4]

In this formula, W(Q)= W,(Q)— W,(Q), where W,(Q)
and W,(Q) are the Born-Oppenheimer potentials for
the ground and excited states, respectively, P,(Q) is the
Boltzmann population distribution in the excited
state and ¢ denotes energy. Such a description, de-
pending only on one variable Q, is used in practice,
but by no means should this variable be treated as a
real coordinate, like in the configuration coordinate

619

model used to describe luminescence spectra of solids
[16]. A similar expression can be formulated for the
absorption spectrum:

Ale)=Ao¢ [ B(Q)6[W(Q) — ¢ dQ, 2

where F,(Q) is the population distribution in the
ground state.

The above description was examined by Kinoshita
et al. [1]. In the simplest one-variable model the adia-
batic potential curves are parabolas. It was shown
that equal shapes of potential functions for the ground
and excited states lead to Gaussian shapes of the ab-
sorption as well as the emission spectra [1].

In reality, the fluorescence and absorption spectra
of dye solutions are never Gaussian. In a more realis-
tic model different parabolas are ascribed to different
electronic states. The curvatures of the parabolas re-
flect the interaction strength between the dye mole-
cules and the solvent. We write:

W.(Q) = (Q/Qo—1)*+b,
W,(Q) = c(Q/Q,)%, (©)

where Q=0 and Q =Q, are the minimum energy posi-
tions in the ground and excited state, respectively. The
parameters ¢ and ¢/, with ¢ # ¢/, fix the curvatures of
the respective parabolas. The parameter b denotes the
energy of pure electronic transition, equivalent to the
energy of the O—O transition.

On integrating (1) with the energy difference
W(Q)= W, (Q)— W,(Q) defined by (3) and the distribu-
tion function in the excited state

P (Q)=exp {—[W.(Q)— W.(Qo)I/kT},

and on integrating (2) with the same energy difference
but with the distribution function in the ground state

F,(Q) = exp{—W,(Q)/kT},

the following expressions for the fluorescence and ab-
sorption spectra are obtained:

4)
F@)Fy=—— 3 . 1R ()
(e)/ o—mpglexp kT(C'—C)Z[C+(_) (e,
A(e)/ A= ¢ o = —1PR(e)]?
(8)/ O—m'p;lexp kT(C’—C)Z [C +( (8) 5
®)

where
R(e)=}/cc'—(c'—c)(b—e) (6)

and F, and A, are normalization factors.
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The parameters ¢, ¢/, and b in (4) and (5) can be
determined from fluorescence and absorption spectra
as well. It turns out that ¢, and ¢, c,, and c¢, b,, and
b, are not equal (subscripts a and f refer to the absorp-
tion and fluorescence, respectively). It has to be noted
that the typical asymmetries of the fluorescence and
absorption spectra of dyes in solutions are accounted
for by taking different values of ¢ and ¢".

The expression (6) determines frequency intervals of
validity of (4) and (5). Thus for fluorescence

Re(e) =}/cr i + (cc—cp) (b—2) (7)
with ¢; > ¢; and ¢ < ¢, and for absorption
R,(e) =]/c,ci +(ci—c,)e—b,) ®)

with ¢, > ¢, and € > ¢;,.

The unequalities ¢, > ¢; and ¢, < ¢, result from the
Stokes principle. Limits of the spectra are given by the
relation

€max, min = bf.a_ Cf.ac;'.a/(c;‘.a—cf,a)v

where the square roots become zero. Such sharp limits
of the fluorescence and absorption bands, which do
not appear in experimentally obtained spectra, are
due to the classical formulation of the Franck-Con-
don principle, applied in (1) and (2).

3. Experimental

We studied the fluorescence and absorption spectra
of alcoholic coumarin solutions. Laser grade coumarins
were purchased from Eastman-Kodak. The dyes were
used without further purification and dissolved in
spectroscopic grade ethanol (purchased from POCH-
Gliwice) with a concentration of 5-10~° M to avoid
concentrational effects in the electronic spectra.

The absorption spectra were measured with a com-
mercially available spectrophotometer (Specord UV-
VIS Zeiss, Jena). The peak position of the spectrum is
reproducible within +20cm ™! and the absorption
profile uncertainty 44/4=0.5%. The fluorescence
spectra, obtained with a home made fluorimeter [17],
were corrected for the wavelength dependent trans-
mittance of the monochromator and the sensitivity of
the detector. Stationary fluorescence measurements
were made by a photon counting method under excita-
tion with an intensity controlled Xenon lamp. Poisson
statistics for the photon counting was assumed, so the
error of the fluorescence intensity was estimated from
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the square root of the number of counts (in our case
it was 0.3% of the maximal intensity). The uncertainty
of the wavenumber determination in this case was
+25cm L.

A fitting procedure [18] of the analytical expressions
(4) and (5) to the experimental spectra, together with
x? factor analysis, was applied. The numerical values
of the parameters b, c, ¢’ and the x? factors were ob-
tained independently from fluorescence and absorp-
tion. The fitting ranges were chosen such that the
%% test came out satisfactory.

4. Results and Discussion

Our results are presented in Tables 1 and 2, where
the parameters defined in (3), together with the applied
fitting ranges and positions of maxima ¢, of the spec-
tra and their halfwidths 4e, , are given. All quantities
except 2 are in cm ™! units. As a representative, the
measured and calculated fluorescence and absorption
spectra of coumarin 120 in ethyl alcohol are shown in
Figure 1. The calculated spectra of the other investi-
gated coumarins coincide similarly well with the ex-
perimental ones, except for coumarin 340 where the
fluorescence spectrum, shown in Fig. 2, does not coin-
cide with the fitted one.

It is not surprising that the numerical values of
the respective parameters presented in Tables 1 and 2
as obtained from absorption and emission spectra,
are not equal. This is because of the orientational
relaxation. After photo-excitation a nonequilibrated
Franck-Condon state is reached while the fluorescence
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Fig. 1. Normalized absorption and fluorescence spectra of

coumarin 120 in ethyl alcohol. Solid lines: spectra calculated

from (4) and (5), dots: measured spectra.
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Table 1. Spectroscopic parameters of coumarins (from fluorescence spectra).

Coumarin b, ¢ A Fitting range de, ), £ X
120 24701 + 13 1875 + 13 854 +12 20 00025 600 2852 23 300 1.14
175 24 555 + 14 2120 + 14 1035 + 15 19 50025 500 2957 22900 1.19
2 24 285 + 11 1850 + 11 866 + 12 20 000—-25 300 2801 22900 1.17
138 24131 + 15 2153 + 15 1109 + 18 19 500—-25 000 2918 22 400 0.73
10 22861 + 13 1707 + 12 724 + 12 19 000—-24 000 2771 21 650 1.13
340 21277+ 9 1920+ 8 817+ 10 17 50022 400 2926 19 900 7.65
Table 2. Spectroscopic parameters of coumarins (from absorption spectra).
Coumarin b, c, c, Fitting range e, 2o x>
120 25992 + 25 775 + 15 2578 + 22 25 000-31 500 4368 28 200 0.46
175 25733 +27 752 + 18 2366 + 24 24 650-31 000 4071 27 850 0.40
2 25515+ 17 628+ 9 2161 + 15 24 650-31 000 4039 27262 0.69
138 25469 + 18 745 + 12 2257 + 15 24 50030 000 3898 27 400 1.14
10 24086 + 16 768 + 9 2621 + 15 23 250-30 500 4467 26 350 1.04
340 22 560 + 22 775 + 14 2412 + 19 21 500-28 000 4099 24700 0.56
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Fig. 2. Normalized absorption and fluorescence spectra of
coumarin 340 in ethyl alcohol. Solid lines: spectra calculated
from (4) and (5), dots: measured spectra.

transition originates from a different, almost relaxed
excited state to a nonequilibrated ground state. As a
consequence, the parameters b, ¢, and ¢’ from the two
spectra reflect different stages of the environmental re-
laxation process. The difference in the b values is in
agreement with the conception of a molecular four level
scheme, introduced by Mataga [19].

The two pairs of parabolas, calculated with the
parameters for coumarin 120 are demonstrated in Fig-
ure 3. They are drawn in the form of two independent
schemes because in the framework of the presented
model, the relaxation energy in a definite electronic
state is not available.

Fig. 3. Potential curves for a dye-solvent system obtained
from absorption and fluorescence spectra of coumarin 120.

The curvatures of the parabolas of the initial states
are smaller than those of the final states, i.e. ¢, < ¢, and
¢ < ¢ These inequalities are valid for all investigated
coumarins. Not the absolute values of the ¢ numbers
but their mutual relations are responsible for the exten-
sion and the halfwidth of the spectrum. Such big
halfwidths of the absorption spectra and the differences
between c, and c, may be due to the fact that in the case
of the investigated dyes, the electronic transition to the
first excited state may be accompanied with intramolec-
ular charge transfer [20].

Immediately after excitation the luminescence center
will be in a state of orientational non-equilibrium, and
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from then on will tend to reach the equilibrium. The
relation ¢, > c¢¢, which is also easily noticeable in the
tables, suggests that the ¢ parameters describe the state
of equilibrium of the system.

The halfwidths of the absorption spectra of the inves-
tigated coumarins are almost about 1000 cm ! larger
than the halfwidths of fluorescence spectra. No direct
correlation exists between the halfwidth of a spectrum
and the numerical values of the proper ¢ parameter.
However, there exists a correlation between the
halfwidth and the ratios ¢, /c, and ¢;/c;. It can be stated
that the ratios ¢/c’ give information about the change of
the interaction of dye molecule with the surroundings
followed by an electronic transition.

The revealed disagreement between the calculated
and measured fluorescence spectrum of coumarin 340
(see Fig. 2 and Table 1) indicates that in this case either
the fluorescence spectrum is due to the emission from
more than one fluorescent species, or the vibronic struc-
ture of the excited state is displayed. This shows that (4)
and (5) are not valid for all the absorbing and emitting
dye solutions. However one can expect that investiga-
tions of the validity of these formulae in specific systems
will deliver new informations about the physical and
chemical properties of dyes in liquid solutions.

5. Summary

Analytical expressions for absorption and fluores-
cence spectra of liquid coumarin solutions are given. It
is shown that a quasi-molecular model of the lumines-
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