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We discuss the effect on the optical sdectra ‘of molecular aggregates of inhomogeneous broadening due to inequivalent
medium sites. Previous theories, which do not explicitly include this effect, are re-examined, and an alternate approach to

the calculation of optical properties is suggested.

1. Introduction

In recent years there has been great interest in the
optical line shapes (absorption and circular dichroism,
e.g.) of molecular aggregates. The form of the elec-
tronic hamiltonian is simple in most cases, 50 attention
has focused on determination of the effects of vibronic
interactions. This has been pursued from a number of
perspectives, which we briefly summarize:

(1) Numerical calculation of line positions and in-
tensities from a simple microscopic model [1,2].

(2) Formulation of sum rules as moment theorems
for the vibronic fine shape [2—4].

(3) Classical coupled-oscillator polarizability theory
(or, equivalently, time-dependent Hartree theory with
a suitable neglect of carrelations) [3,5]. .

Recent work by Hemenger {6], also in the same spirit,
uses the monomer absorption envelope as a direct in-
put in the calculations (although the details of the ap-
proximations are different). -

(4) Treatment of the exciton—phonon interaction
as a stochastic time-dependent potential. This proce-
dure starts from a microscopic hamiltonian, but at
some point assumes rapid phonon relaxation described
by an exponential correlation function [7].

Despite the increasing progress in development of
the above theoretical methods, quantitative applica-

# Supported in part by a grant from the NSF (CHE 78-07515)
and by a NIH postdoctoral fellowship to RAF.

tion to real systems has been problematic. This is par-
ticularly true when the aggregate is studied in a rela-
tively digordered medium; liquid, glass, membrane,

-protein, etc. We suggest that, in such systems, it is nec-

essary to explicitly consider the distribution of in-
equivilent (on the time scale of the experiment) sites
and to average the line shape functions over this dis-
tribution. The importance of such inhomogeneous
broadening is manifest theoretically (e g. the rotation-
al diffusion time in a typical liquid is 0.1 ps as com-
pared with 10—38 s for the homogeneous linewidth-of
an optical excitation) and experimentally (e.g. in hole-
burning experiments).

This paper is organized as follows. In section 2 we
construct a simple conceptual framework for consider-
ation of local inhomogeneity, and write down z format
line shape expression. We then examine the vibronic
moment theorems, and show that the above consider-
ations can produce substantial effects. We perform an
elementary sample calculation on a linear exciton—
phonon hamiltonian to illustrate the resuits. In section
3 we discuss some of the theories described above, dis-
cussing errrors which will occur as a result of neglect
of inhomogeneous terms. We propose an alternate pro-
gram for calculation of aggregate line shapes which we
believe will generate correct quantitative results.
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2. Model hamiltonian; general formalism

We consider an ensemble of chemically identical
aggregates in a disordered medium. The functional
form of the hamiltonian corresponding to each system
is uniform, but the parameter values may vary from
system to system. We also divide the medium modes
which interact with the aggregate into fast and slow
modes. Fast modes are treated via the usual exciton—
phonon interaction, while slow modes produce the

static inhomogeneity. If we include only linear exciton-—-

phonon coupling terms, the hamiltonian becomes

H = Z)e’-A;-'LAi + E wnB:Bn
n

+ 47_‘/ ? %) gl (B, + By At A, (1)

where €; are the relevant electronic levels of the aggre-
gate. We have grouped the molecular and medium vi-
brational modes together in the last two terms; w,, are
the frequencies, while g is the exciton—phonon cou-
pling parameter for vibrational mode in between levels
iandj. A;, A}, B;, Bf are the usual exciton and pho-
non creation and annihilation operators. {Note that in
this representation we have assumed the electronic
part of the aggregate hamiltonian to be diagonal.)
Because of the inhomogeneous local perturbations,
any of the parameters (€, w, g) can be different for
the members of the ensemble: our assumption is that
during the time scale of photon absorption the param-
eters remain constant at each site. Then we can con-

sider a subensemble of aggregates with identical hamil-

tonians H(p), wherep = (€] ... €y, w1 ... wWp g,l‘}, i, k).

The linear response of such a subensemble is

R (w, p) = [ CAG) AQY T dr, )
0

where A is the dynamical variable of interest. A(¢)

= ellI(P) 4 e—1H(P) and the average { ), is a ther-

mal average over the subensemble. The response of

the entire system is an integral over the distribution
function D of thc parameters of p ;

R(w)= [ R(w,p)D(p)dp. 3)

The distribution of parameter values in the medi-
um is easily given physical interpretation. The shifts
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in the energy levels g; is a result of different local
electrostatic interactions with the various levels, while
the existence of “local” modes due to different con-
figurations of medium molecules may result in vari-
ation of g and w,,.

The Ath moment of R (w) is

#* = [ o R(w)dw

fD(p)dp fka(w,p)dw

]

J p@)rkp) dp, )

where AM%(p) is the kth moment of the line shape cor-
responding to H(p). The latter are the moments calcu-
lated previously by a number of workers [8] and are
obtained here if D(p) = §(p—py), i.e. the ensemble is
homogeneous.

It is clear from eq. (3) that the dependence of the
vibronic moments on the average microscopic param-
eters, p = [~_D(p)  pdp, need not be that given by
the homogeneous moment equations, i.e.

Atk = Atk (p). (5)

Thus in the case of inhomogeneous systems the previ-
ously derived moment theorems must be re-examined.
To examine this result more explicitly, we consider
the hamiltonian for the exciton dimer composed of
identical molecules, each with a single excited elec-
tronic state and vibrational mode linearly coupled to
the excitation. After removal of one vibration via a
canonical transformation (see ref. [9]), we have

H=JAA, -ATA )+eyaiA, +A%4)

+wB B +guw(B+B*)(Ai4a_+AalA)), ()

where we utilize the * electronic representation, € is
the separation in energy of the monomer excited
states from the ground state and J is the electronic ex-
change interaction. The parameters which can vary in
this si:nple case are thus .’, €, and 2.

The homogeneous moments for absorption, M%(p)
are found from
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ME(p) = [dew k[ ar &kt Qu(r) n©@Y

=KOI[H, [H...[H,u]...]] ulOY(—1)k

= (O 1{(H* Yeu} mIO® (~1)F; ™

where H*A = [H, 4] and the outer brackets represent
a thermal average over the occupation of the ground
vibrational states, |0} is the ground electronic state,
and p is the dipole operator: :

p=p (A, +AD+p (A_+47), ®

where g, =01 Z; r;eld.
The first and second moments are

M (p) = eq(u2 + 12 )+ I? — u?),
M (p)=[(e§ +/2) + g2 @A+ 1) (1} + 12)

+2eq/(u2 — u2)], ©

where 71 = (ef« —1)~1 For notational convenience,
we assume ;.tf, + p@, =1 and define g =yi — 2. Now,
we assume that D{(p) = I;d(p;) and we will evaluate
the effect of the inhomogeneity in each of the param-
eters

At =g, +75,
2= e_§+ﬁ+&3 (27 + 1) + 28, Tit, (10)

where the averages are taken over the separate distribu-
tions of the parameters.

These results indicate that, in general, there is no
simple set of relations connecting even the lowest mo-
ments MK of the aggregate with those of the monomer,
as is the case for the homogeneous moments, ME,

Suppose, for example, that €y i €q = €g (the sub-
script d will denote dimer parameters &h_iie the sub-
script m will denote monomer parameters), and there
is no distribution in J, g, or w for either the monomer
or dimer. The homogeneous monomer moments are

MY =g (2a +1). an

{Note that we assume w, g are identical for monomer
and dimer.) ) .

The relation between the hAomogeneous monomer
and dimer moments is

MG —M5? ~ (- =M2 — ML)z, 12)

1 —=
M, = €9,
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while for an inhomogeneous distribution of ¢g, we
have instead

ME — M5 — 20—
= e%d +g2w2 QRA+1)— (ég)z,

Mg — Mg =&~ @Y+’ @A+D).  (13)

Thus if eg & * eﬁm (quite likely in real systems, as the
distribution of environmental configurations will be
different for the dimer), the moment theorem of eq.
{11) is no longer valid.

A second point is that the functional form of the
temperature dependence of the second moment will
be affected by the inhomogeneous distribution. In-
stead of

M2 (P 1)L, (14
we have
M} = [dew(e —1) 1 o? (15)

Simildrly, attempts to determine J from eq. (10) may
produce erroneous results if J2 is replaced by (J)? in
eq. (10).

The full absorption spectrum of the exciton dimer
described by the above hamiltonian is in general com-
plex, and the line shape is qualitatively affected by
many higher moments than the second. For these mo-
ments, failure to include inhomogeneous broadening
leads to important effects. As an illustration of this,

we consider the following two sets of monomer param-
eters, :

(Hg/z'?=o0.,
d (€)= (@A) exp(— %/A%),

B8=1/RT=0.1;

w=1,

R Al = 3-6,

@egr2Y?2-05, w=1,

d o (eg) = (/1 Ay) exp(—ed/A3),
Ay =20, f=1/RT=0.1.

Each of these will yield the same monomer absorption
spectrum. Now consider the dimer spectra that may
arise from each of these two systems, which we com-
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Fig. 1. Comparison of dimer abscrption spectra generated
from two scts of monomer parameters. The absorption is nor-
malized to 1;energy is in units of #1co.

pute via numerical diagonalization of eq. (6). We take
J=10, w=10, g4=8m-10:12=1,1u_12=0,2and
A4 = A, in each case. In fig. 1 we compare the resul-
tant dimer spectra for each case. Even here, where the
first and second moments are identical, the spectra are
qualitatively different. Independent variation of Ay
would produce an entire range of possible dimer spec-
tra from a single set of monomer parameters. Thus,
from one monomer spectrum, quite different dimer
spectra cdn be generated, depending on the analysis of
the monomer spectrum into vibronic and inhomogene-
ous contributions to the linewidth, and the choice of
Ay. These calculations show clearly that, even for this
very simple system, theories which fail to consider
monomer and aggregate inhomogeneous distributions
explicitly are incapable of reliably predicting aggregate
spectra from monomer spectra.

3. Discussion

We will now discuss some of the approaches to ac-
tual line shape calculations described in section 1.The
most elementary is simple exciton theory; line spectra
are calculated from the electronic hamiltonian, and
convoluted with broadening functions. It can be seen
that in our formalism this corresponds to the limit g}}
—0,alli,j, n, so that the entire linewidth is due to in-
homogeneous broadening of the electronic levels ¢;.
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Polarizability theory has been shown to be inade-
quate in the strong coupling regime even within the
context of the physical model [6,8]. Our criticism
here, though, is of a basic feature of the method; use
of the monomer absorption spectrum to directly com-
pute aggregate optical properties. This procedure re-
quires that both the monomer and aggregate be sub-
ject to negligible inhomogeneous broadening, an as-
sumption which is clearly invalid without suitable ex-
perimental demonstration. The observed monomer
spectrum is unlikely to reasonably represent the polar-
izability of the monomers in every aggregate. Further-
more, the ensemble of aggregates itself has an inhomo-
geneous distribution which must be properly averaged
over.

The DGS theory proposed by Hemenger [6] is sub-
ject to the same criticism. It also takes the experimen-
tal monomer spectrum to accurately reflect a sum
over Franck--Condon factors in the aggregate. A par-
ticularly problematic application of the theory has
been to chiorophyll aggregaies in a medium (protein)
quite different from the one in which monomer spec-
tra have been measured [10]. Here, there is no reason
to believe in the equivalence of inhomogeneous effects.

Thus the two procedures described above represent
opposite extreme limits of eq. (3); one in which g,-'l'-—>0,
the other in which D(p) = 8(p—pg). As neither of
these approximations is likely to be satisfactory, we
propose an alternative program in which an attempt is
made to realistically evaluate eq. (3).

(1) Determine the molecular exciton—phonon con-
stants from monomer spectra via temperature depen-
dence and/or matrix isolation spectroscopy which
resolves vibronic peaks.

(2) Treat medium phonons stochastically or with a
mean field approximation.

(3) Determine the aggregate inhomogeneous broad-
ening from a study of temperature dependence of vari-
ous experiments and from details of the aggregate op-
tical line shape.

(4) Use an approximate analytic theory to obtain
vibronic levels for the molecular exciton—phonon’
hamiltonian [9].

(5) Combine (1)—(4) to calculate a final, tempera-
ture-dependent line shape which can be compared
with experiment [11].

This is a complicated and difficult set of tasks
which may at first be practicable only with dimers.
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However, we believe it to be the only approach which
is likely to produce quantitatively accurate interpreta-
tions of experimental data.
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