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We discuss the effect on the optical spkrabf molecular aggregates of inhomogeneous broadening due to ~inequivzlent 
medium sites Previous theories, which do not explicitly include this effect, are reexamined, and an afternate approach to 
the calculation of optical properties is suggested. 

I. introduction 

In recent years there has been great interest in the 
opticai Iine shapes (absorption and circular dichroism, 
e.g.) of molecu!ar aggregates. The form of the elec- 
tronic hamiltonian is simple in most Cases, so attention 
has focused on determination of the effects ofviironic 
interactions. This has been pursued from a number of 
perspectives, which we b&fly summarjze: 

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

(2) Form~atjon of sum rdes. as moment theorems 
for the vibronic Iine shape [Z-4]. 

(3) ClassiCal coupled-oscillator polarizability theory 
(or, equivalently, time-dependent Hartree theory with 
a suitable neglect of correlations) [3,5]. 
Recent work by I-Eemenger [63, also in the same spirit, 
uses the monomer absorption enveIope as a direct in- 
put in the calcuiations (~~0~~ the details of the ap- 
proximations are different). 

(4) Treatment of the exciton-phonon interaction 
as a stoc~st~C,~e~ependent potentia& This pro”- 
dure starts from a microscopic hamiltonian, but at 
some point assumes rapid phonon Teleation desctihed 
by an exponential .correlation function [?I_ 

,Despite the @+&sing progess in devc$opment of 
the above theoretical methods, quantitative app&a- 
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tion to real systems has been problematic. This is par- 
ticularly true when the aggregate is studied in a r&t- 
tively diprdered medium; Liquid, &ass, membrane, 

.protein, &c-We suggest that, in such systems, it is nec- 
essary to explicitly Consider the distriiution of in- 
equivziIent (on the time scale of the experiment) sites 
and to average the line shape functions over this dis- 
triiution. The importance of such inhomogeneous 
broadening is manifest theoretica& (e-g. the rotation- 
al diffusion time in a typical liquid is 0. I ps as corn- 
pared with 10~~ s for the homogeneous linewidth.of 
an optical excitation) and ex~e~ent~~y (e.$. in hofe- 
burning experiments). 

This paper is organized as FolIows_ In section 2 we 

construct a simple conceptual framework far consider- 
ation of IO& ~~omogeneity~ and write down a formal. 
line shape expression. We then examine the viironic 
moment theorems, and show that the above consider- 
ations can produce substantiai effects. We perform an 
elementary sample calculation on a linear exciton- 
phonon hamiitonian to illustrate the results. En section 
3 we discuss some of the theories described above, dk- 
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 wiD genefate correct quantitative results. 
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2. Model hamiltonian: general formakm 

We consider an ensemble of chemically identical 
aggregates in a disordered medium. The functiona 
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 esciton- 
phonon interaction, while slow modes produce the 
static inhomogeneity. If we include only linear exciton- 

phonon coupling terms, the hamiltoninn becomes 

+ c. c c g;;w,,(B,, + B;)A;Ai, (1) 
j i rr 

where ei 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 esciton-phonon cou- 
pling parameter for vibrational morle in between levels 

i and i. Ai,.4’, Bi, B,f 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 inhomogencous local perturbations, 
any of the parameters (E, 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 B subcnsemblc of a ggregates with identical hamil- 

toninns H(p), where p = (eE1 _ _ _ en,, til . . _ a,\,. g,$, i, j, k). 

The linear response of such a subensemble is 

R (w, p) = j (A(t) A(0)) e+iwr dt, 
0 

(2) 

l.vhere A is the dynamical variable of interest. A(t) 
= eil’(p)r A eBiH(pjr 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 the parameters of p ; 

f?(w)= j- R( w,P)D(P)dP. 
-m 

(3) 

The distribution of parameter values in the medi- 
um is easily given physical interpretation. The shifts 

in the energy levels ei 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 giy and 0,. 

The kth moment of R(w) is 

AT”= ., 0’ R(w) dw 
-_ 

= JD(p)dp Jw”R(w,p)dw 
__ -0 

where Mk@) is the kth moment of the line shape cor- 

responding to Hb). The latter are the moments calcu- 
lated previously by a number of workers [8] and are 
obtained here if D(p) = 6(p-po), 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 = JIY_.Db)*pdp, need not be that given by 
the homogeneous moment equations, i.e. 

iii” # II&p). (5) 

Thus in the case of inhomogeneous systems the previ- 
ously derived moment theorems must be reexamined. 

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 sfate and vibrational mode linearly coupled to 

the excitation. After removal of one vibration via a 
canonical transformation (see ref. [9]), we have 

H=J(A:A+ - Af_A_) + eo(A:A+ +A’A_) 

f oB+B +gw(B + B+) (A:A_ +A:A+), (6) 

where we utilize the + electronic representation, e. 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 simple case are thus J, q,, w and 8. 

The homogeneous moments for absorption, Mk(p) 
are found from 
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= ((OI[H, [H... [H,P] _..I] PIlO))-ll) 

= 40 I {(P &4, &I 102 (-- I >“; 0) 

where Hx.4 z [H,A 1 and the outer brackets represent 
a thermal average over the occupation of the ground 
~brational states, IO> is the ground electronic state, 
and P is the dipole operator: 

r-l=&=U-~:)+~r_(L +A:), (8) 

where ~1~ =(OICiQe\+>. 
The first and second moments-are 

t- 2~ Jd - /.&I, 69 
where E = (e@” -l)-l. For notational convenience, 
we assume pf + ,L?_ = 1 and defme @ = gf - pf. Now, 
we assume thar D@) = Kiid@i) and we wiU evaluate 
the effect of the inhomogeneity in each of the param- 
eters 

,@ = e& Jy “2 ((25 + l)W”> f 2go .@, (10) 

where the averages are taken over the separate distribu- 
t&s of the parameters. 

These results indicate that, in general, there is no 
simple set of relations connecting even the lowest ma- 

ments Ek of the aggregate with those of the monomer, 
as is the case for the homogeneous moments, &p. 

Suppose, ior example, that ZOd= Go = Zo (the sub- 
script d will denote dimer parameters w%le the sub- 
script m will denote monomer parameters), and ihere 
is no distribution in J, g, or o for either the monomer 
or dimer. The homogeneous monomer moments are 

M:, = Co, fir; =g”(2Fi f 1). (11) 

ftvote that we assume w,g are idcntiui.for monomer 

and dimer.) 

The relation between the homogeneous monomer 
and dimer moments is 

4‘23 - (~~)2-~2(1-~)=~~ - (&$)2, (12) 

while for an ~hom.ogen~ous d~tribution of ~0, we 
have instead 

M$ - (IW;)~ - J2(l-fi) 

AS?; - (ns~)2 = ei _ m - (Z&2 +gW(2ri + 1). (131 - 
Thus if e& # e& {quite likely in real systems, as the 
dist~~utjon of en~ro~ent~ conjurations will be 
different for the dimer), the moment theorem of eq. 
(11) is no longer valid. 

A second point is that the functiv~al form of the 
temperature dependence of the second moment wilt 
be affected by the i~omogeneous d~t~bution_ fn- 
stead of 

M,:u:(e@-l)-t, (14) 

we have 

422 =Jdw(e&“’ - l)“i w2 (1% 

Simikkly, attempts tcz determ&ne 2 from eq. (: IO) may 

produce erroneous results if J2 is replaced by (.?)2 in 
eq. (10). 

The full a@orption spectrum of the exciton dimer 
described by the above hamiltonian is in general com- 
plex, and the line shape is qua~tative~y affected by 
many higher moments than the second. For these mo- 
ments, failure to include i~om~eneous broadening 
leads to important effects. As an iUustration of this, 
we consider the following two sets of monomer param- 
eters; 

(l)g/z”2=0.1, w = 1, 

d,(~g)= WA#wG-&A~), 

. AI =3.6, p= l/RT=O.l; 

(2)g/21/2 = 0.5, G, = 1, 

d,,,(q~l= h/A,) exp(-&A$), 

A2 = 2.0, j3= I[RT==O.x. 

Each of these wiU yieId 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 absorption spectra generated 
from two sets of monomer parameters. The absorption is ncr- 
malized to 1 ;enerpy is in units of nu. 

pute via numerical diagonalization of eq. (6). We take 
J= 1.0, o= 1.0, gd=g,,l~+12=l,IC1_12=0,and 
Ad = A, in each case. In fig. 1 we compare the rest& 
tant dimer spectra for each case. Even here, where the 
first and second moments are identical, the spectra are 
qualitatively different. Independent variation of Ad 
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 cZr be generated, depending on the analysis of 
the monomer spectrum into vibronic and inhomogene- 
ous contributions to the linewidth, and the choice of 
Ad. 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 gt 
+ 0, all i, j, II, so that the entire linewidth is due to in- 
homogeneous broadening of the electronic levels ei_ 

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 chlorophyll aggregates in a medium (protein) 
quite different from the one in which monomer spec- 
tra have been measured [lo]. 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 whichg$+O, 
the other in which D@) +6@--po). 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 (l)-(4) to calculate a final, tempera- 
ture-dependent line shape which can be compared 
with experiment [ll] . 

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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