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SPECTROSCOPIC CHARACTERISTICS OF DYE-MATRIX
INTERACTION IN AMORPHOUS SOLIDS

LOTHAR KADOR
University of Bayreuth, Physical Institute and “Bayreuther Institut fur
Makromolekiilforschung”, Postfach 10 12 51, W-8580 Bayreuth, Germany

Abstract Solvent shift and inhomogeneous broadening of optical
transitions in condensed matter are direct consequences of the dye-
matrix interaction. According to a stochastic theory, the ratio between
the solvent shift and the width of an inhomogeneous distribution, and
also its shape, depend on the average distance between the matrix units
as compared to the size of the dopant molecules. In this way the nearly
Gaussian shape of most absorption bands and the Lorentzian shape of
spectral-diffusion kernels can be explained within the framework of the
same model. By performing site-selective spectroscopic experiments at
different frequencies within an absorption band it is possible to obtain
more detailed information on the internal structure of the inhomoge-
neous distribution. Electric-field studies of persistent spectral holes, for
instance, show that in weakly polar systems, the solvent shift is mainly
determined by the van der Waals interaction.

INTRODUCTION

In condensed matter, the optical transition lines of organic dye molecules and
inorganic ions are usually displaced from their corresponding frequency positions
when the absorbing particles are in vacuum. Moreover, especially in disordered
host matrices, the lines can be broader by several orders of magnitude. These
phenomena which are known as “solvent shift” and “inhomogeneous broaden-
ing”, respectively, originate from the interaction between the dopant molecules
and their matrix environment. In the case of apolar absorbers, two physical mech-
anisms, namely the van der Waals interaction and the electrostatic polarization in
the matrix field, can contribute to this effect. Although most spectroscopic exper-
iments are aimed at investigating homogeneous line shapes, the inhomogeneous
distribution can also yield valuable information on the dye-matrix interaction.

INHOMOGENEOUS LINE SHAPES

Inhomogeneous spectroscopic line shapes have been the subject of theoretical
investigations for a long time. The fundamental ideas of a stochastic theory
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describing this effect were devised by Markoff in the beginning of the century!. A
review article on inhomogeneous broadening was published by Stoneham?. The
basic ansatz of the stochastic theory is contained in the following equation.

1
I(V) = W/dEI/dEZ/dENP(EU&v>EN)
v) V) v)

: (1)

[s.o]
) [V =Y ¥(R,)
n=1
The inhomogeneous distribution I(v) of absorption frequencies is determined by
the probability P(R,,R,,...,Ry) that the N matrix units of the sample are
located at the positions R;, R,, ..., Ry with respect to a dopant molecule, and
by the function 7(R) which describes the line shift of an absorber by a matrix unit
at the position R. V denotes the volume of the sample. In order to simplify the
expression in Eq. (1), it is usually assumed that the positions of the matrix units
are statistically independent of each other so that the function P(R, R,,...,Ry)
factorizes into N equal one-dimensional distributions g(R). Then Eq. (1) can be
cast into the form?

+o0
— __1_ wz ,—J(z)
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with
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(V)

An analytical calculation of the integrals in Eqgs. (2) and (3) is in general not
possible. However, there is an approximation which yields a simple analytical
result: if the number density p of the matrix is “sufficiently large”, the function
J(z) can be expanded into its Taylor series up to the second-order term. With
this truncation, the integral in Eq. (2) can be solved in closed form, yielding a
Gaussian shape for the distribution I(v)>*. Hence, the above simplification is
known as “Gaussian approximation”.

The validity of the Gaussian approximation depends on the number den-
sity o of the matrix or, more exactly, on the product pR? where R, is is the
radius of the cavity containing a dopant molecule. In the limit oR3 >> 1, the
system is well described by the Gaussian approximation and the shape of the in-
homogeneous distribution is Gaussian, irrespective of the form of the interaction
potential #(R). This is the reason why the shapes of inhomogeneous absorption
(and fluorescence) bands of large organic dye molecules in compact disordered
matrices are very close to Gaussian in most cases. In the opposite case pR® < 1,
the integrations must in general be performed numerically. The results show®
that now the shape of I(v) strongly depends on #(R). For a van der Waals or
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Lennard-Jones type potential, for instance, the distribution becomes more and
more asymmetric as the parameter pR® decreases, with its steeper fall-off towards
the vacuum transition frequency of the absorbers. Concomitantly, the quotient of
band width and average solvent shift increases. Both effects can be understood
in terms of basic statistics®, since there are fewer and fewer solvent molecules
in the first coordination shells when the cavity radius becomes smaller and, as a
consequence, the statistical fluctuations increase. If dopant and matrix molecules
interact via dipolar forces, the inhomogeneous distribution I(v) can be calculated
analytically also in the limit pR® <« 1. The result is a Lorentzian profile with
cut-off wings; it has long been known to describe spectral-diffusion broadening
in magnetic resonance®’ and similar effects of line-narrowed optical spectra in
glasses at low temperatures®®. Fig. 1 shows schematics of a dopant molecule and

(a) (b)

FIGURE 1 Schematic representation of a disordered matrix con-
taining dopant molecules in “large” (a) or in “small” (b) cavities. In
part (a) the situation is well described by the Gaussian approximation,
in part (b) the band shapes must be calculated exactly (see text).

its surroundings in a disordered solid for the two cases of pR? > 1 and pR? < 1.

STARK EFFECT OF PERSISTENT SPECTRAL HOLES

The shape of an optical absorption band and its position with respect to the
vacuum frequency yield information about the dye-matrix interaction, as was
discussed above. Therefore, it is desirable to somehow investigate the internal
structure of an absorption band. This can be done, for instance, by measuring
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the Stark effect of hole-burning spectra!® at various frequency positions in the
band!!. In an external electric field, a persistent spectral hole exhibits a sym-
metrical broadening which, in the case of centrosymmetric dye molecules, is due
to permanent matrix-induced dipole moments!?. From the broadening, the aver-
age value of the dipole moment difference u between the excited and the ground
electronic state can be calculated. For the distribution of the square of u, the
stochastic theory® yields a similar expression as for the inhomogeneous band [Egs.
(2) and (3)], namely!

+o0 +o0
1 - ;2 .
2 _ e ipdty —j(zy)
f(:u‘ 'V)—4W2I(V)/d$/dy€ € € (4)
with
5@,9) = ¢ [ dRg(R) [1 - eme -], (5)

v)

Eq. (4) describes the conditional probability that a dye molecule is characterized
by the value of u? provided that its absoption line experiences the solvent shift
v. Within the Gaussian approximation, f(u?|v) is given by a Gaussian profile in
©? at each solvent shift v, with the important peculiarity that the average value
p2 . varies with v in a linear fashion.

The theoretical results can be compared to experimental data taken on
the system octaethylporphin in polystyrene'!. Fig. 2 shows the squared average
values of the matrix-induced dipole moment differences as measured at different
frequencies in the lowest-energy optical absorption band. f? is related to the
theoretical quantity p?,. which denotes the maximum value of the distribution
f(p?|v) (see above). The increase from the blue to the red wing of the band is
clearly visible. It is an additional manifestation of the fact that dye molecules
experiencing a larger solvent (red) shift feel a stronger interaction with their
matrix environments,

From the slope dp?/dv, the polarizability difference « of the octaethylpor-
phin molecules can be calculated, To this end, we must specify the molecular
interaction potentials in our theory. We choose the forms!!

R) = %[(mu_(ﬁ_f&)s]_%(R_a&)s HR2B ()
00 if R< Ry

(R) = {2‘“(3—0’%) Rz R (7)
o0 if R< Ry

Here ¢ and ¢ are the usual Lennard-Jones parameters, R denotes the magnitude
of R, and the shift of the origin by Ry takes account of the difference in size
between the dopant and the matrix molecules®. The parameter A is given by
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FIGURE 2 Squares of the mean matrix-induced dipole moment

differences i of the system octaethylporphin in polystyrene, measured
at various frequency position within the longest-wavelength optical
absorption band. The sample was kept at a temperature of 1.5K. The
straight line was obtained by a least-squares fit to the data; it has a
slope of (—5.8 £ 1.1) x 107°D?/cm™1.

1 \2
_ 2 ~6
A= (47reo> auio (8)

with u; denoting the electric dipole moment of a matrix unit. The dye molecules
are assumed to be isotropic so that the polarizability difference o is described by
a scalar. The contributions of the van der Waals interaction and the electrostatic
polarization to the solvent shift are approximately given by the parameters 4¢
and A, respectively.

The calculation shows that the expression for « becomes particularly simple

“in the two limiting cases that the solvent shift is mainly determined by one of the

two interaction mechanisms with the other one playing only a minor role. The
evaluation yields the values «/(47ey) = (0.151+0.03) A% if the electrostatic polar-
ization is dominant and a/(47e) = (20 £ 4) & if the van der Waals interaction
prevails. Since the first value is far too small for an organic dye molecule whereas
the second one appears to be of a reasonable order of magnitude, we can conclude
that the dispersive forces are grossly determining the solvent shift in this system.
The electrostatic contribution is estimated!! to be smaller by roughly a factor of
100.
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CONCLUSION

The investigation of the effects of external perturbations such as electric fields on
line-narrowed optical spectra not only has the advantage of high sensitivity, but
in addition it permits the experimenter to separately study the effects on differ-
ent groups of dopant molecules which are characterized by different solvent shift
values and, hence, different intensities of interaction with the host matrix. Con-
ducting the measurements at various frequency positions throughout the inhomo-
geneous band thus leads to a sort of two-dimensional optical spectroscopy, because
the sample is studied on two different axes of optical frequencies whose charac-
teristic widths are given by the homogeneous and the inhomogeneous linewidth,
respectively. Especially promising in this context are amorphous samples for
which the two frequency scales are most different.
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