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Optical properties of disorci~red molecular aggregates: A numerical study 
Henk Fidder, Jasper Knoester, and Douwe A. Wiersma 
University of Groningen, Department of Chemistry, Ultrafast Laser and Spectroscopy Laboratory, 
Njenborgh 16, 9747AG Groningen, The Netherlands 

(Received 7 June 1991; accepted 19 August 1991) 

We present results of numerical simulations on optical properties of linear molecular 
aggregates with diagonal and off-diagonal disorder. In contrast to previous studies, we 
introduce off-diagonal disorder indirectly through Gaussian randomness in the molecular 
positions; this results in a strongly asymmetric distribution for the interactions. Moreover, we 
do not restrict to nearest-neighbor interactions. We simultaneously focus on several optical 
observables (absorption linewidth and line shift and superradiant behavior) and on the density 
and the localization behavior of the eigenstates (Frenkel excitons) . The dependence of these 
optical properties on the disorder is investigated and expressed in terms of simple power laws. 
For off-diagonal disorder, such a study has not been performed before. In the case of diagonal 
disorder, we show that, in particular, the superradiant decay rate of the aggregates may be 
strongly affected by the inclusion of non-nearest-neighbor interactions. Recent results of 
absorption line shape, superradiant emission, and resonance light-scattering measurements on 
pseudoisocyanine aggregates can be understood on the basis of these calculations. 

I. INTRODUCTION 

Presently, there is considerable interest in the optical 
dynamics of low-dimensional systems’-18 such as quantum 
wells,3 Langmuir-Blodgett films,4-6 polymers,7-9 and mo- 
lecular aggregates.6,1&18 As intermediates between single 
molecules and bulk phases, these systems are ideal to investi- 
gate the changes of physical properties between these two 
extremes. Moreover, many fundamental and technical 
aspects of these systems are unique and interesting in their 
own right. In this paper, we study optical properties of one- 
dimensional molecular aggregates. This study is motivated 
by the extensive experimental work performed in our group 
on the J aggregates of pseudoisocyanine6,10-‘4 (PIC). How- 
ever, our results are relevant to any other linear molecular 
aggregate described by Frenkel excitons. To stress this, our 
theory is cast in a general form, without specific choices for 
quantities that would only apply to PIC. 

In perfectly ordered (homogeneous) aggregates the ex- 
cited electronic eigenstates extend over the entire chain. This 
complete delocalization of the molecular excitations is re- 
flected in the fact that the radiative decay rate of the lowest 
exciton band state scales linearly with the chain length. In 
practice, however, the aggregates contain some amount of 
disorder, which may severely affect the delocalization be- 
havior and the observed optical properties. Disorder can ei- 
ther be diagonal, meaning a spread in transition frequencies 
of the individual molecules, or off-diagonal, expressing a 
variation in the intermolecular interactions. Diagonal disor- 
der corresponds to the situation of inhomogeneous broaden- 
ing due to different molecular surroundings. Off-diagonal or 
interaction disorder, on the other hand, implies physical ir- 
regularity of the chain itself. This irregularity can exist in the 
positions and (or) the orientations of the molecules. 

It is an important problem to understand how the opti- 
cal properties, such as the absorption line shape and the su- 
perradiant emission rate, depend on the disorder and the 
aggregate chain length. On the one hand, this may help to 

assess the experimentally often unaccessible and uncontrol- 
lable chain length; on the other hand, this may guide techno- 
logical developments. 19*20 -Furthermore, it is of interest to 
study interrelationships between the various optical proper- 
ties of aggregates. 

Over the past decades, much work has been devoted to 
diagonal disorder in chains with nearest-neighbor interac- 
tions.‘7*18321-27 One well-known result is that in one dimen- 
sion no Anderson localization transition occurs, i.e., any 
amount of diagonal disorder localizes the electronic wave 
functions on a finite interval of an infinite chain.21~22 This 
general and rather formal result, however, still leaves many 
questions concerning the exact localization length, optical 
properties, and effects of tinite chain lengths unanswered. 

Klafter and JortnerZ3 were the tist to show that the 
asymmetric absorption line shape of one-dimensional exci- 
tonic systems can be explained by Gaussian diagonal disor- 
der. Furthermore, Knapp17 assessed that for small inhomo- 
geneity, the absorption line shape is narrowed by a factor 
N In for aggregates of Nmolecules as a result of the intermo- 
lecular interactions. This “exchange narrowing” results 
from the fact that the delocalized excitons average over the 
Gaussian molecular inhomogeneities within each aggregate. 
Other important scaling laws of optical properties with the 
chain length and (or) the spread in the diagonal disorder 
have been derived by, e.g., Schreiber and Toyozawa24 (ab- 
sorption line) and more recently by Spano and Mukamelr8 
(superradiant emission) and Boukahil and Huberz6 (ab- 
sorption line). 

Off-diagonal disorder has been investigated less exten- 
sively. It was long thought that diagonal and off-diagonal 
disorder would lead to completely comparable features. 
During the seventies, however, studies of the density28,29 
and the localization behavior29,30 of the aggregate eigen- 
states, invalidated this belief. Weissmann and Cohanz8 
showed that in the presence of off-diagonal disorder, the 
density-of-states peaks at the center of the one-dimensional 
exciton band. Theodorou and Cohen29 substantiated this 
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claim and derived that the eigenstates at this peak (and only 
these) remain extended irrespective of the amount of off- 
diagonal disorder and the shape of the disorder distribution. 
It is interesting that, in contrast with the one-dimensional 
situation, Bauer et aL3’ claimed that in three dimensions 
both diagonal and off-diagonal (topological and quantum 
percolation) disorder shows the same localization behavior. 

The simultaneous inclusion of diagonal and off-diagonal 
disorder has so far received very little attention. Economou 
and CohenX2 concluded that, in this case, all eigenstates are 
localized. Recently, however, Dunlap et aZ.33 showed that if 
the diagonal and off-diagonal disorder are mutually corre- 
lated, delocalized eigenstates may exist irrespective of the 
amount of disorder. 

In this paper we report results from extensive numerical 
simulations on the one-dimensional Frenkel exciton Hamil- 
tonian with diagonal and off-diagonal disorder. An impor- 
tant difference between our study and previous work is that 
we investigate several quantities of interest simultaneously: 
the absorption linewidth and line shift, the superradiant be- 
havior, the density of states, and the degree of localization of 
the eigenstates. Not only do we establish the behavior of 
these quantities as a function of the disorder (and the chain 
length), we also try to relate them to each other, in order to 
create a better picture of the eigenstates in the disordered 
aggregates. Moreover, in contrast to all previous 
work 17~18*21-30132*33 we include all dipolar couplings between 
the molecules within the chains. Effects thereof on the exci- 
ton band structure and the delocalization behavior are dis- 
cussed. The contents of this paper is as follows. In Sec. II we 
give the general theoretical framework and define the var- 
ious quantities used in our analysis. Next, Sets. III and IV 
contain the numerical results for diagonal and off-diagonal 
disorder, respectively. Finally, in Sec. V we summarize our 
results. 

II. THEORY 

We consider a linear chain of N identical polarizable 
two-level molecules. Neglecting phonons and restricting to 
states with at most one excitation on the chain, this system is 
described by the exciton Hamiltonian 

H =C ((6) +D,)In>bl + C 2 J,,Im)(nl 

lx ~f-LIm~b4 

nm, nfm 

(2.1) 

Here In) deniteythestateinwhichmoleculen (n = l,...,N) 
is excited and all other molecules are in the ground state. (E) 
stands for the average molecular excitation energy and D, is 
the (static) inhomogeneous offset energy of molecule n, re- 
flecting the effect of disorder imposed by the surrounding 
host medium (diagonal disorder). In practice, the D, may 
be considered random variables, taken from an appropriate 
distribution (Sec. III). Henceforth, all energies will be given 
relative to (E) , so that this term is dropped from the Hamil- 
tonian. J,,, in Eq. (2.1) is the instantaneous intermolecular 
interaction (transfer integral) between molecules II and m, 
which we will assume to be of dipolar origin. We confine 
ourselves to the case where all molecules have equal and 

parallel transition dipole moments of magnitude pmon that 
make an angle fl with the chain direction. We then have 

J,,, = ,d,,, ( 1 - 3 cos2P>h%, , (2.2) 
where r,, = Ir, - rm 1 is the distance between molecules n 
and m. The positions r, of the individual molecules are fixed 
(no phonons), but do not necessarily form a regular one- 
dimensional, lattice. Instead, we will allow the r, to be dis- 
tributed around average lattice positions in order to account 
for configurational disorder. This leads to off-diagonal dis- 
order: disorder in the interactions Jnm (Sec. IV). The inter- 
action may be parametrized in a compact way as 

J,, = - J(a/r,,, 13, (2.3) 
with - J the interaction between two molecules at the aver- 
age nearest-neighbor distance, which is denoted as a. Jserves 
as the unit of energy in this paper. 

As is well known, intermolecular interactions form the 
driving force for delocalization of the electronic eigenstates 
over the entire chain. Both diagonal and off-diagonal disor- 
der, on the other hand, tend to localize the eigen- 
states.2*,22,29*30*32,34 The effect of both types of disorder on 
the eigenstates and optical properties of aggregates will be 
studied separately in this paper. 

For a particular realization of the disorder, the eigen- 
states are found by diagonalizing the N XN matrix H,,. 
Then, thejth eigenvalue gj gives the energy of the eigenstate 
j, whereas the normalized fib eigenvector a, = (ai1 ,...,ajN) 
specifies its wave function, 

(2.4) 
n=l 

The localized or delocalized nature of the various eigenstates 
is reflected in the optical and radiative properties of the ag- 
gregates (absorption bands, superradiant emission). In or- 
der to study these properties, we need to consider the inter- 
action of the aggregate with the transverse radiation field. 
The coupling of the radiation field mode of wave vector k to 
the eigenstatej is governed by 

ng, ajnPmon exp ( - rk*r, ) . 

We will, however, restrict our study to aggregates with 
length L small compared to an optical wavelength 
( 1 klL Q 1 ), so that the coupling constant reduces to the tran- 
sition dipole 

Pj = 5 ainihon. (2.5) 
n=l 

The aggregate is thus considered as one giant multilevel mol- 
ecule in the dipole approximation. The oscillator strength 
which determines the one-photon absorption and the radia- 
tive lifetime of thejth eigenstate is then proportional to &, 
and is easily obtained once the eigenvectors have been calcu- 
lated. 

The approach outlined above to evaluate the optical re- 
sponse of aggregates thus exists of first diagonalizing the 
exciton Hamiltonian (2.1) with instantaneous intermolecu- 
lar interactions and subsequently determining the coupling 
of the exciton eigenstates to the radiation field. This method 
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most closely connects to the vast literature dealing with lo- 
calization properties of disordered exciton systems and is 
correct for small systems ( 1 k]L g 1) . In an alternative, more 
general approach,” one includes the coupling with the radi- 
ation field from the very start. Formal elimination of the 
radiation field then leads to a reduced equation of motion for 
the exciton variables, the well-known superradiance master 
equation. 35 The most important ingredient in this equation 
is the fully retarded intermolecular dipole-dipole interac- 
tion. The real part of this interaction contains corrections to 
the instantaneous interaction J,, which are proportional to 
l/e,,, and l/r,,,,,. In the near zone, which applies to aggre- 
gates small compared to an optical wavelength, these correc- 
tions may be neglected, however. The imaginary part of the 
retarded interaction describes the (collective) radiative de- 
cay; in the near zone this contribution is independent of the 
intermolecular separation and the radiative decay is equally 
well described by the transition dipole Eq. (2.5). 

Before turning to the general case of disorder, it is useful 
for future reference to discuss several results for the eigen- 
states of perfectly ordered systems (D, ~0, r, = na). If 
only nearest-neighbor interactions are taken into account 
(J,, = -JifIn-ml = l,J,, =Ootherwise),theHam- 
iltonian (2.1) can be diagonalized exactly for the ordered 
linear chain, leading to the eigenfunctions36 

Iti> = (h)“’ ngl sin($$ (2.W 
with energies 

g;= --pJcos nj ( > iv+1 (2.6b) 

(j = l,..., N). From Eq. (2.6a) it may be shown that only 
eigenstates withj odd have oscillator strength,36 

(~;)z=(~)cotz(2(,pj+ 1)). j-odd 

(p:) ’ ~= 0, j = even. (2.7) 
Elementary analysis of these expressions reveals that the 
statej = 1 contains an overwhelming part of the total oscilla- 
tor strength iv,,&,,, (up to 8 1% for N) 1) , leading to super- 
radiant emission and domination of the absorption spectrum 
by this state. The oscillator strengths of higher states drop off 
as l/j’ forjgN. The exciton band Eq. (2.6b) extends from 
$ = - 2J to g = + 2J, and is symmetric around $ = 0. 
For J> 0, thej = 1 state lies at the bottom of the band (direct 
band edge), whereas, for J < 0, this state is located at the top 
of the band. In the remainder of this paper we will assume 
that J> 0. 

Analytical diagonalization of the linear-chain problem 
with ail dipolar interactions taken into account (instead of 
just the nearest-neighbor couplings), presents a difficult 
problem. Straightforward numerical diagonalization, how- 
ever, reveals that the wave functions are very similar to the j 
states of Eq. (2.6a). It turns out that as a result of the addi- 
tional interactions, the oscillator strength of the lowest band 
state increases to about 83% of the total (for N = 250). Fur- 
thermore, the exciton band now shows a marked asymmetry 
around 8 = 0: the lower edge is found at g = - 2.403J, 

and the upper edge at P = 1.803J. The origin of this asym- 
metry lies in the extra interactions over an even number of 
lattice spacings ( ]m - n 1 = 2,4,...,). The increase of the to- 
tal band width from 4J to 4.206J9 on the other hand, results 
from the extra interactions over an odd number of lattice 
spacings (]m -n] = 3,5,...,). This may be assessed by 
studying aggregates with periodic boundary conditions (cir- 
cular aggregates), for which even in the case of arbitrary 
interactions the eigenstates are easily obtained using Fourier 
analysis, 

I$;> -=i N - 112 5 ew~m~n), 
n=l 

with energies 

(2.8a) 

g; = 2 x * Jlmcos 
m 

2ti(;- “> 
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(j = 0 ,..., N- 1). The asterisk on the summation in Eq. 
(2.8b) indicates that it runs from m = 2 to m = (N + 1)/2 
(N taken odd). The circular aggregate is often taken as a 
model for linear aggregates, because of the possibility to cal- 
culate many of its properties analytically. It is believed that 
the general features for large (A$ 1) linear and circular ag- 
gregates are identical. For instance, also in the circular case 
the lowest state (now labeled j = 0) is superradiant and con- 
tains rigorously all oscillator strength: & = N ‘/‘~,,, S,, . 
We note that the fact that different oscillator strengths are 
found for the lowest states of the linear and circular aggre- 
gate (8 1% and lOO%, respectively) does not contradict the 
idea that for A’-+ CO both models should give identical re- 
sults. The reason is that, for N-P CO, all other states of the 
linear chain that carry oscillator strength become degenerate 
with the statej = 1, so that the spectral density of the oscilla- 
tor strength becomes a 6 function at the lower band edge, just 
as in the case of the circular aggregate. 

If only nearest-neighbor interactions are taken into ac- 
count, the density of states (DOS) in the exciton band Eq. 
( 2.8b ) is again symmetric around the band center located at 
Z? = 0 (i = N/4 andj = 3N/4). Since most theories restrict 
to nearest-neighbor interactions, this symmetry is usually 
taken for granted. In fact, it follows from Eq. (2.8b) that 
inclusion of any longer-range interactions between mole- 
cules separated by an odd number of sites increases the width 
of the band, but maintains this symmetry, because 
cos[27j( m - 1)/N] is odd with respect to j = N/4 and 
j = 3N/4 if m - 1 is odd. Interactions over an even number 
of sites, however, introduce an asymmetry in the DOS, be- 
cause cos[2?rj(m - 1)/m is even with respect to j = N/4 
and j = 3N/4 for m - 1 even. it is easily derived from Eq. 
(2.8b) that the bottom of the band (j= 0) is located at 

2X”J,, 
m 

and the top (j = N/2) at 

2 C *( - l)m-lJ1,. 
m 

For a circular aggregate of 25 1 molecules and with interac- 
tions of the form Eq. (2.3), this leads to predictions of 
g = - 2.404Jand 8 = 1.803J for the lower and the upper 
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band edge, respectively. These figures are in excellent agree- 
ment with the above mentioned numerical diagonalization 
of the linear chain. 

In the general case of disorder, it is, of course, impossi- 
ble to diagonalize the Hamiltonian analytically. Every real- 
ization of the disorder yields a different set of energies gJ 
and eigenvectors a,. Observables, such as the absorption 
spectrum and the enhancement of the radiative decay rate 
relative to the single molecule (superradiance), are averages 
over many different realizations of the disorder. We calcu- 
lated these properties by a straightforward numerical simu- 
lation, in which disordered aggregates of N molecules were 
randomly generated according to prescribed distributions of 
the inhomogeneity (Sec. III) or the molecular positions 
(Sec. IV). Subsequently, for every aggregate the Hamilto- 
nian (2.1) was diagonalized numerically. All numerical rou- 
tines were taken from Ref. 37. The stability of the diagonali- 
zation program was tested against the conservation of the 
trace of the Hamiltonian and the total oscillator strength of 
the eigenstates; errors appeared to be smaller than 0.01% in 
all cases. The diagonalization yields real eigenvalues and ei- 
genvectors (H,, is a real and symmetric matrix). 

In the remainder of this section, we will introduce the 
observables on which we focused in our simulations. The 
absorption line-shape function is calculated as 

d(g) =+ CA@ - %‘+; , 
/ 

(2.9) 

where the angular brackets indicate an average over an en- 
semble of randomly generated aggregates and the sum over j 
runs over all eigenstates of the individual aggregates within 
this ensemble. The function A is defined as 

A($ - 87,) = l/R for 18 - g,:,I<R/2, 
A ( $8’ - gj) = 0 otherwise. (2.10) 

Here R is the resolution of the spectrum, which has to be 
taken large enough to smooth out statistical fluctuations and 
small enough to maintain the salient features of the spec- 
trum. In an exact calculation, A should be replaced by a 
Dirac S function. Analogously to the absorption spectrum, 
the normalized aggregate density of states is calculated as 
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specific system under consideration. If the radiative rate is 
obtained from photon echo experiments, a ditferent en- 
hancement is found. Disorder introduces a distribution of 
oscillator strength per state at every energy and the nonlin- 
ear (four-wave mixing) nature of photon echo experiments 
increases the relative contribution of eigenstates with higher 
oscillator strength. We define an effective echo decay rate 
,u& as the l/e “time” of the echo field amplitude 

G,($) a 2 A(g - Z+‘j)&exp( -$t) . (2.13) 
/ 

Here, Z? is the laser frequency. Of course, Eq. (2.13) only 
includes the radiative part of the echo decay; phonon contri- 
butions have been neglected. 

Finally, it is useful to have independent quantitative in- 
formation on the localization properties of the aggregate ei- 
genstates. Following Thouless and Schreiber and 
Toyozawa,24 we therefore define the degree of localization 
(inverse participation ratio) for the states at energy $? as 

(2.14) 
A state localized on a single molecule has .Y ( 8) = 1, 
whereas for the completely delocalized states Eq. (2.6a-) of 
the linear chain, L? ( 8 ) equals 3/2 (N + 1 ), except for the 
state j= (N+ 1)/2, which gives Y(8) = 2/(N+ 1) 
(this band center state only occurs for N odd). To a good 
approximation, the latter values are also found in the nu- 
merical diagonalization of the homogeneous linear chain 
with all dipolar interactions included. Clearly, Y ( g ) is not 
sensitive to small values of the site amplitude ajn and there- 
fore cannot prove the occurrence of true (Anderson) local- 
ization. 9 ( g > should rather be regarded as a measure of 
the domain length over which the wave functions have a 
sizable amplitude. 

III. DIAGONAL DISORDER 

In this section we discuss our numerical results for diag- 
onal disorder. We assume a Gaussian distribution with stan- 
dard deviation D for the offset frequencies D, , 

p(g)=+ CA@‘- gj:r> . 
i 

Next, we define two measures for the enhancement of 
the radiative decay rate relative to the monomer spontane- 
ous emission rate. The first measure is the average oscillator 
strength per state at energy $, defined asz4 

P(D,) = (l/Dfi)exp( -Di/2D2), (3.1) 
and regular molecule positions r, = na. It is assumed that 
the offsets of different molecules are totally uncorrelated. 
Correlation effects will be discussed in the final part of this 
section. 

p&(tr) = Jzf(8)/p($). (2.12) 
It appears from our simulations that with decreasing energy 
ZZ?, this quantity has a steep increase near the absorption 
maximum, then remains roughly constant over an energy 
interval which extends to below the absorption peak, and 
then slowly decreases towards lower energies (cf. Ref. 24). 
We therefore take max(,& ( P: >/pZ, ) as a measure for the 
enhancement of the radiative rate as observed in low-tem- 
perature fluorescence experiments, provided that the exci- 
ton population has thermalized. We note that the relevance 
of this measure critically depends on the dynamics of the 

As a typical example of the results of our simulations, 
we show in Fig. 1 (a) the oscillator strengths of the states at 
the bottom of the band for a single inhomogeneous chain of 
250 molecules at D /J = 0.106. Moreover, the site ampli- 
tudes of three of these states are plotted in Fig. 1 (b). As one 
can see, only a few states possess a large oscillator strength, 
and the wave functions of these states are localized on seg- 
ments of the chain. Clearly, describing these wave functions 
in terms of the totally delocalized wave functions of the ho- 
mogeneous chain is inappropriate. The localized nature may 
further be demonstrated by the following example. The two 
wave functions in Fig. 1 (b) which are roughly located on 
molecules 50 to 250, are hardly affected by choosing new 
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FIG. 1. (a) Oscillator strength (in units of pi,, 9 against energy for the 
eigenstates at the bottom of the exciton band, found by diagonalizing one 
chain of 250 molecules with random site energies (D/J = 0.106). The dot- 
ted line is the absorption spectrum, at a resolution of R = 1.7~ low3 J, 
obtained by averaging over 500 chains. (b) Site amplitudes a,” of the wave 
functions corresponding to three states selected from (a) : ( A, -); (0, . . . ), 
(0, --). 

random offsets for the first 50 molecules; in fact, the result- 
ing changes in site amplitudes upon such a new choice 
turned out to be less than 0.5% for the molecules 70 to 250. 

Also depicted in Fig. 1 (a) (dotted line) is the total ab- 
sorption line shape, calculated from E?q. (2.9) by averaging 
over 500 chains of 250 molecules, with a resolution 
R = 1.7 X 10 - 3 J. Comparing the single-chain results with 
the total absorption spectrum, nicely demonstrates that the 
total line shape is the statistical property of an ensemble of 
aggregates and cannot be thought of as a convolution of a 
“homogeneous” single aggregate absorption spectrum with 
an overall inhomogeneity function. Recent resonance light- 
scattering experiments on aggregates of PIC in an ethylene 
glycol/water glass showed that fluorescence, induced by ex- 
citing on the low-energy side of the absorption band, even- 
tually extends over the full absorption line, which confirms 
these particular conclusions.6*‘4 

The same absorption spectrum is shown in Fig. 2 (a), 
but now over a much larger part of the exciton band. In 
addition, an enlargement of the intraband tail is given in the 
inset of Fig. 2 (a). For J = 600 cm - * the main absorption 
band provides a good fit to the experimentally observed low- 
temperature absorption line shape for the aggregates of PIC 
in ethylene glycol/water glass.6*14 The main absorption 
band in Fig. 2(a) shows the typical asymmetry which has 
also been obtained in other theories.23*24~3g Its characteristics 

L 

ENERGY (J) 

-- I 

-2.5 -1.6 -0.7 0.2 1.1 2.0 

ENERGY (J) 

FIG. 2. (a) Absorption spectrum obtained by averaging over 500 chains of 
250 molecules with diagonal disorder (D/J = 0.106). The inset shows the 
absorption spectrum at the central part of the exciton band at higher sensi- 
tivity. The energy resolution of both is R = 1.7~ lo-’ J. (b) Density of 
states for the same ensemble as in (a). 

are a Gaussian line shape on the low-energy side and a Lor- 
entzian line shape on the high-energy (intraband) side. The 
absorption maximum is red shifted by approximately 
1.5 x lo-‘J relative to the lowest state of the homogeneous 
spectrum at - 2.403 J. The enlargement of the intraband 
tail of the absorption spectrum shows regularly spaced 
Gaussian peaks, with the full width at half maximum 
(FWHM) given by ( 1.8 & 0.3) x 10 -’ J. The continuously 
decreasing intensities of these peaks closely resembles the 
decreasing oscillator strength of the odd labeled j states of 
the homogeneous linear aggregate [ Eq. (2.7) 1. We also cal- 
culated the absorption spectrum for chains of 100 molecules 
(at the same value of D /J) and found that the main absorp- 
tion peak was not strongly affected by this change of chain 
length. The spacing of the peaks in the tail, however, in- 
creased by a factor of 2.5. This suggests that, contrary to the 
states forming the main absorption band, the eigenstates at 
the central portion of the band can be viewed as perturbed 
homogeneous- exciton states [for D/J = 0.106 and chain 
lengths of 100 and 250 molecules], which must have a fairly 
delocalized character. This idea is not only further demon- 
strated by calculating the degree of localization Y ( g ) for 
these states (vide irzfra), but also by the fact that the widths 
of the intraband peaks approximately equal D/n. This 
may be interpreted as exchange narrowing, resulting from 
averaging the Gaussian offset-energies of the N molecules 
over which the excitation is delocalized. I7 In practice it will 
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be difficult to observe the intraband absorption tail, because 
of overlap with vibrational transitions. Moreover, a distribu- 
tion of chain lengths will wash out the spectral structure in 
the tail. 

Figure 2 (b) shows the density of states found from our 
simulations on aggregates of 250 molecules at D/J = 0.106 
(R = 1.7 x 10 - 3 J). As discussed in Sec. II, the asymmetry 
around $ = 0 results from the inclusion of all dipolar inter- 
actions. The spiky nature of the density of states is not only 
caused by the lim ited statistics of the simulations, but also 
demonstrates again that the intraband eigenstates still bear a 
strong resemblance to the discrete eigenstates of the homo- 
geneous system. 

In Fig. 3 the degree of localization 3 ( 8’) is plotted for 
ensembles of aggregates with D/J= 0.106 (N= 100 and 
N= 250) and D/J= 0.425 (N = 250). In the case 
D/J = 0.106, the L? ( S’ ) values of states well inside the exci- 
ton band for both values of N are only lo%-20% higher 
than 3/2 (N + 1) . This indicates that the typical intraband 
eigenstates are almost completely delocalized over the chain 
at this inhomogeneous width. Near the band edges, the states 
are much more localized.24*25 This is also nicely demonstrat- 
ed by the following observation: inside the band, L? ( $ ) is 
almost 2.5 times higher for the 100 molecule chains than for 
the 250 molecule chains, whereas at the band edges the dif- 
ference vanishes. For D/J = 0.425, on the other hand, the 

0.15 I 

0.03 

0.00 
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0.24 
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0.08 

0.00 L 
-3.0 -1.6 -0.2 1.2 2.6 
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FIG. 3. (a) Degree of localization L?( $) for diagonal disorder with 
D/J= 0.106 for chains of 100 molecules (.*.) and 250 molecules (-), 
both with aresolution R = 1.7X lo- a J. (b) As (a), with D/J= 0.425 and 
chains of 250 molecules. 

intraband wave functions are not delocalized over the entire 
chain, as is clear from the overall increase of L? ( $ ) in Fig. 
3 (b ) compared to Fig. 3 (a). Thus, in general, the delocaliza- 
tion length can be lim ited by either the chain length (N) or 
by the inhomogeneity (D /J) . If D /J grows, the number of 
states inside the band for which the chain length still lim its 
the delocalization length gets smaller. Of course, this physi- 
cally very intuitive result plays no role in the theory of An- 
derson localization on infinite chains, but it is important for 
real aggregates with finite lengths. It follows that also aggre- 
gate properties, such as the absorption line shape and the 
enhancement of the radiative decay rate, can be determined 
by D /Jalone, or by Nas well. For example, we already men- 
tioned that the main absorption band is the same for 
N = 100 and N= 250 at D/J= 0.106. The reason is that 
this absorption peak is located at the lower band edge, where 
the states are (on the average) localized on less than 100 
molecules. 

We have investigated the D /J dependence of the absorp- 
tion band width (FWHM), the shift of the absorption maxi- 
mum relative to the homogeneous case, and the two mea- 
sures for the radiative enhancement introduced in Sec. II. 
Within the studied inhomogeneity interval (D/J = 0.053 to 
0.425), these quantities are not determined by the chain 

/ 
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FIG. 4. (a) D/J dependence of the FWHM ofthe absorption band (in units 
ofJ). (b) D/J dependenceoftheshiftoftheabsorption band (inunitsofJ). 
(c) D/J dependencies of the radiative enhancements max(,u$) (0) and 
&ho (e) (both in units of&,,, ). Parameters corresponding to the fits are 
listed in Table I. (All calculations were performed on chains of 250 mole- 
cules. ) 
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TABLE I. Diagonal disorder: D /.T dependence of the various quantities dis- 
cussed in the text when fitted to the expression c( D/J)“. 

Absorption band 
FWHM 
Shift 
Radiative &h&cement 
max(ik ) 

1 PcchO 

c 

0.94J 
- 0.33J 

9.3kO” 
11.5P;O” 

a 

1.34 
1.35 

- 0.74 
- 0.77 

length of 250 molecules anymore. Atkvery value of D /J at 
least 150 aggregates-were diagonalized. The results-are sum- 
marized in Fig. 4. The curves in these figures represent fits of . 
the form c(D /J)=, where c is expressed in units of J for the 
width and the shift, and in units of ,L&,, for the radiative 
enhancement. The values found for c and a are given in Ta- 
ble I; all values for a can be varied by lo%, while still main- 
taining good fits. .In all cases the echo decay was considered 
at the energy where pzV is maximum. It is to be noted from 
Table I that the enhancement of the radiative rate as deter- 
m ined from fluorescence experiments [ max (,u& ) ] and by 
photon-echo experiments (,&, ) have about the same D/J 
dependence. Fitting the data with the same power a shows 
that the echo always decays roughly 30% faster than the 
fluorescence. For D /J = 0.106, the calculated enhancement 
is in good agreement with the earlier mentioned experiments 
on PIC aggregates.14 Note that the obtained power laws for 
the enhancement measures do not recover the rate 
0.83Np&, for D/J = 0, because they have been derived for 
D/J large enough so that the chain length N does not lim it 
the delocalization. Pad&like expressions that also cover the 
lim it D/J = 0, are easily constructed and lead to enhance- 
ments of the form 

( 8 In 2) lnD /G-, with Nd,, , the delocalization length of 
the exciton states. It is reasonable to assume that near the 
absorption peak, Nde, is roughly given by (or at least propor- 
tional to) the radiative enhancement factor, which scales as 
(D /J) - o.74. Thus, the FWHM is expected to be proportion- 
al to J( D /J) *.37, which agrees surprisingly well with the in- 
dependently obtained fit parameter a- = 1.34. This 
value also agrees very well with previous results-derived by 
Schreiber and’Toyozawa24 ( - g usin renormalized first-order 
perturbation theory)! by Boukahil and Huber26 (using the 
coherent potential approximation), and by Kohler et al” 
(using numerical simulations) that aFWHM = 4. The pro- 
portionality constants obtained by these authors are 
cFWHM = 1.09J (Ref. 26) and cFwHM = 1.26J (Refs. 24 
and 27). On the other hand, our D /J dependence of the band 
shift does not agree with the (initial) linear dependence pre- 
dicted by Schreiber and Toyozawa,M but it almost perfectly 
coincides with Boukahil and Huber’s26 result: 
Shift = - 0.315J(D/J)4n. It should be noted that all these 
theories only include nearest-neighbor interactions - J. 
Apparently, inclusion of all dipolar couplings (instead of 
only the nearest-neighbor ones) does not at all affect the 
power of the D /J dependencies of the absorption width and 
shift; even the proportionality constants c are changed by at 
most about 30% by this. 

0.83Np;,,/{l + 0.83Npi0,,, [c(D/J)“] - ‘1, 
with c and a taken from Table I. 

Using perturbation theory and numerical simulations 
for chains of 10 and 40 molecules, Spano and Mukamel” 
concluded that the radiative decay rateper molecde for the 
lowest state in the exciton band (I’r /Na,uT/N) depends on 
the chain length and the inhomogeneity only through a sin- 
gle parameter, 

The effect of longer-range interactions, however, seems 
much more important for the radiative enhancement. For 
these quantities, no comparison to previous results can be 
made, except that, as explained earlier, the powers a are in 
reasonable agreement with the scaling hypothesis (3.2). 
However, a proportionality constant cannot be deduced 
from this. Therefore, we made a direct comparison by per- 
forming, for the particular case of D /J = 0.106, new simula- 
tions with only nearest-neighbor interactions. We found that 
max(,u& ) then decreases from 49pion to 22,&,, and ,I&,~ 
decreases from 69p,$,, to 24,&,, . Thus, neglecting the long- 
range nature of the dipolar interactions results in predictions 
of the radiative enhancement that are low by more than a 
factor 2. 

b,/N=f(i3j2D/J). (3.2) 
We found above, however, that for N large and (or) D/J 
large, all N dependence vanishes for properties of states near 
the band edges. The scaling equation (3.2) can still be recon- 
ciled with this conclusion if the function&) for x # 1 drops 
offasn- . 2’3 This would lead to a power a = - 3 for the 
radiative enhancement, which is indeed in fair agreement 
with our numerically obtained values in Table I. Only if the 
delocalization length of the states near the band edges is 
smaller than the number of molecules, will the enhancement 
also be a determined N. 

The values of -a for the FWHM and the radiative en- 
hancement in Table I can be related in a simple way using the 
concept of exchange narrowing.” According to this con- 
cept, the PWHM of the main absorption band is given by 

So far, we have assumed that the Gaussian disorder is 
totally uncorrelated for different molecules within an aggre- 
gate. Knapp” performed a theoretical study of the influence 
of correlated diagonal disorder on the absorption linewidth. 
It is evident that an ensemble of aggregates with perfectly 
correlated offsets D, within each individual aggregate (i.e., 
all molecules within a given aggregate have the same offset 
randomly chosen for that aggregate), results in an absorp- 
tion spectrum that is the convolution of the homogeneous 
aggregate spectrum and the (Gaussian) inhomogeneous dis- 
tribution of offsets. Consequently, the FWHM of the main 
absorption band is then no longer given by the exchange 
narrowing value [ (8 In 2) “‘0 /N 1’2], but rather by the 
FWHM of the Gaussian distribution, (8 In 29 “20~2.350. 
Moreover, in the case of perfect correlation, the lowest state 
of each aggregate will be superradiant with a radiative decay 
rate given by 0.83N times the monomer rate. 

We have investigated the effects of correlations in the 
diagonal disorder on the various optical properties. To this 
end, we performed simulations for D /J = 0.106 (N = 250)) 
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TABLE II. Correlation effects in the J?‘WHM of the absorption band and 
the two radiative enhancement measures at D/J= 0.106 for chains of 250 
molecules. “Average step” is the average offset difference of neighboring 
molecules and SD,,,,, = m indicates the completely uncorrelated case. 

So,,, 

Fidder, Knoester, and Wiersma: Optical properties of disordered aggregates 7887 

diagonal disorder originating from a Gaussian distribution 
of the positions around regular lattice points, 

P(r,) = (l/aa*)exp[ - (r, - na)*/2(aa)*]. 
(4.1) 

Average step FWHM mW4. ) i&ho 
CD) (lo-zJ) c&” ) Mm ) 

000/Z 
(4/n)‘/Z= 1.13 4.5 49 69 

0.24 15.8 30 38 
D/4 0.13 19.2 27 41 
D/8 0.06 16.7 29 60 

in which we introduced correlations by imposing an upper 
lim it so,,, on the offset differences ID, - D, + I 1 for adja- 
cent molecules. From the results, given in Table II, it is seen 
that with growing correlation the absorption linewidth rap- 
idly increases, confirming the expected vanishing of ex- 
change narrowing. (The decrease of the linewidth from 
JQLX = D /4 to SD,,,, = D /8 is due to particularly poor 
statistics for the latter case.) 

As before, u is the average nearest-neighbor distance; aa is 
the standard deviation of the distribution, so that (T is the 
dimensionless measure for the magnitude of the disorder (cf. 
D /J in Sec. III). The nearest-neighbor distance r, + 1 - r,, 
obeys a Gaussian distribution with average a and standard 
deviation gav’2. Although positional disorder is most likely 
accompanied by some amount of diagonal disorder, we take 
D, = 0 for all molecules in this section, in order to isolate the 
effects of off-diagonal disorder only. Some results on systems 
with diagonal and off-diagonal disorder will be given in the 
last part of this section. 

The results for ,&,,, show a less intuitive behavior. In 
the presence of correlations, the chain will contain a se- 
quence of more or less ordered intervals (fragments), within 
each of which the molecules have similar offsets, so that the 
excitation easily delocalizes over it. With growing correla- 
tions, the typical size of these intervals increases and we ex- 
pect a monotonous increase of pLhO. In contrast to this, we 
see a sharp initial drop in &ho between SO,, = CO and 
W-ll, = D/2. This may be understood from the fact that 
the differences in the average offset between two chain.frag- 
ments grows when going from a situation without correla- 
tions to one with correlations. Thus, it gets more difficult for 
the excitation to be delocalized over several fragments, 
which at small fragment sizes (SD,,, large) lim its ~2~~. At 
smaller values of SD,,, , the expected monotonous increase 
is indeed observed. The lim iting value for perfect correlation 
is /&ho = 0.83N&0n. 

Of course, the randomness in the intermolecular dis- 
tances induced by the distribution IQ. (4.1) , mainly affects 
the interactions J,,, + , between neighboring molecules. Us- 
ing Eq. (2.3), we obtain, for the probability distribution 
function of these interactions, 

PC Jv + 1 ) = ( 1/3aJ@7) ( -J/J,,, + 1 )+‘3 

[ ( - J/Jn,,+l)1’3 - ‘1” 
42 

(4.2) 

As a result of the l/1.3 dependence of the dipolar interaction, 
this distribution is not symmetrical, but has a long tail 
towards large nearest-neighbor interactions (Fig. 5 ) . 
Further analysis shows that for (~4 1 the peak of the distribu- 
tion Eq. (4.2) is found at J,,, + 1 = - J( 1 - 244), the 
average value is given by (J,,, + 1 ) = - J( 1 + 1202), and 
the standard deviation is given by a, = 3$&J. The latter 
equality means that also in terms of energy, the disorder is 
linear in (T. 

In contrast to pLhO, max(,& ) does. not reflect the 
length over which offsets are correlated. Instead, max(& > 
becomes independent of SO,, as soon as the correlation 
length gets large enough to prevent noticeable narrowing of 
the Gaussian distribution of offsets (absorption linewidth 
z (8 In 2) lnD). This is clearly demonstrated by ensembles 
of perfectly correlated aggregates, for which the normalized 
density of states and absorption spectrum [based on Eqs. 
(2.6b) and (2.7), together with the distribution function 
(3.1) ] are nearly independent of chain length N and there- 
fore also max(,& ), which is obtained by dividing these, 
does not depend on iV. 

We have performed simulations on ensembles of linear 
chains of 250 molecules. Figure 6(a) shows the absorption 
spectrum for cr = 0.08, at a resolution R = 5 X 10 -’ J. In 
contrast to Sec. III, this spectrum shows a Lorentzian-like 
line shape on the low-energy side, which reflects the tail of 

IV. OFF-DIAGONAL DISORDER 

The preceding section dealt exclusively with disorder in 
the transition energies of the individual molecules within the 
chain. A different source for disorder lies in the interaction 
terms J,,,. Interaction or off-diagonal disorder can be 
caused by randomness in either the molecular orientation or 
the molecular positions. In this section we investigate off- 

0 
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 

ENERGY (J) 

FIG. 5. Normalized distribution function for the nearest-neighbor interac- 
tion [Eq. (4.2)] foro=.0.025 (***) anda=O.Ol (2). 
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ENERGY IJ) 

ENERGY (J) 

FIG. 6. (a) Absorption spectrum, obtained by averaging over 160 chains of 
250 molecules with off-diagonal disorder ((T= 0.08). The resolution is 
R = 5 x lo- 3 J. (b) Density of states corresponding to the situation of Fig. 
6(a). 

the distribution function, Eq. (4.2). It is interesting to note 
that absorption spectra of PIC in Langmuir-Blodgett films 
indeed show such a tail4 In Fig. 6 (b ) we give the density of 
states (DOS) found from the same simulations. As before, 
this quantity exhibits an asymmetry mainly caused by the 
long range of the dipolar interactions. For aggregates with 
only random nearest-neighbor interactions (distributed ac- 
cording to a step function28 or a generalized Poisson distri- 
bution ), it has been proved that a singularity occurs in the 
DOS at 8 = 0. Figure 6(b) clearly shows that this feature 
also exists for the asymmetrical distribution (4.2) and with 
inclusion of all dipolar couplings, but that it is shifted to a 
somewhat higher energy, $? = 0.21J. This shift agrees very 
well with the energy of the central band states for circular 
aggregates 0’ = N/4 ori = 3N/4), which for dipolar inter- 
actions equals S’F = 0.225J [Pq. (2.8b)] and vanishes if 
only nearest-neighbor interactions are included. This 
strongly suggests that the shift is caused by the inclusion of 
all dipolar interactions on the chain and that in general the 
singularity in the DOS is not specifically related to $ = 0, 
but rather to a specific form of the (unperturbed) wave func- 
tion. 

Figure 7 shows the degree of localization for G  = 0.08. 
As in the case of diagonal disorder, we see that the intraband 
states are more delocalized than the states at the band edges. 
At the band edges, Y( 8) approaches 0.5, in contrast to 
diagonal disorder, where the lim iting value of .Y ( $) equals 
unity (not shown in Fig. 3). This may easily be understood. 
In the case of diagonal disorder, the states far outside the 

0.0 I--,-- , ~~ 
z-4.2 -2.1 0.0 2.1 4.2 

ENERGY (J) 

FIG. 7. Degree of localization 9p( % ‘:) as a function of energy in the case of 
off-diagonal disorder with D = 0.08, resulting from averaging over 160 
chains of 250 molecules (same ensemble as Fig. 6). The resolution is 
R=SxlO-‘J. 

band are localized on a single molecule that happens to have 
a large energy offset. In the case of off-diagonal disorder, on 
the other hand, the strong interaction tail of E!q. (4.2) corre- 
sponds to a large reduction of the distance between two adja- 
cent molecules. For u = 0.08, it is unlikely that simulta- 
neously the distance with the other neighbors is strongly 
reduced. Therefore, strongly interacting “dimers” are creat- 
ed on the chain, in agreement with 9 ( 8) = 0.5. This for- 
mation of coupled pairs resembles the concept of excimers.41 
Another new feature, is the gradual increase of 9 ( $ > with 
growing energy in the intraband part of Fig. 7. We have no 
explanation for this. 

More interesting seems to be the peak near the energy 
where also the DOS peaks. At first glance, this contradicts 
the result29p30 that the states near the singularity in the DOS 
(in the case of random nearest-neighbor interactions) are 
completely delocalized. It should be pointed out, however, 
that also for homogeneous aggregates the localization mea- 
sure -9’ ( S’ ) has a higher value at the center of the band than 
at all other states [see the discussion following Eq. (2.14) 1. 
This state is, however, no more localized than other states of 
the homogeneous chain; it is well characterized by the wave 
function [ 2/(N + 1) ] “2sin (nrr/2), which explains an ef- 
fective dilution of the linear chain, as half the molecules have 
no amplitude at all. We are convinced that the peak in Fig. 7 
is a remnant of this special state. 

In analogy to Sec. III, we have studied the disorder (0) 
dependencies of the absorption band width (FWHM), the 
shift of the absorption maximum relative to the homoge- 
neous case, and the two measures for the radiative enhance- 
ment. Again the echo decay was considered at the energy 
where,& is maximum. The chain length of 250 molecules is 
large enough, so that it does not determine the values of the 
observables in the studied inhomogeneity interval 
((T = 0.025 to 0.08) anymore. At least 100 aggregate config- 
urations were diagonalized for each value of cr. The results 
are given in Fig. 8, together with fits of the form cd”. As in 
Sec. III, the values of Q  can be varied by lo%, without se- 
verely affecting the quality of the fits. 

As for the case of diagonal disorder, max (,& ) andpk,,,,, 
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FIG. 8. (a) a dependence of the FWHM of the exciton absorption band (in 
units of J). (b) odependence of the shift of the absorption band (in units of 
J). (c) c dependencies of the radiative enhancements max(,& ) (0) and 
/&,o (0) (both in units of,&, ). Parameters corresponding to the fits are 
listed in Table III. (All calculations were performed on chains of 250 mole- 
cules.) 

show approximately the same (T dependence; fitting the data 
of both enhancement measures with the same value of a, we 
now find that ,u& is about 45% larger than max(,u&). 
Moreover, the decrease of the radiative enhancement with 
increasing (T is much steeper than with increasing D/J (the 
power cz is about two times higher than in the case of diag- 
onal disorder). 

It is noteworthy that the absorption band shift caused by 
the configurational disorder can almost completely be ex- 
plained by the shift in the average nearest-neighbor interac- 
tion, which equals (J,,, + 1 ) + J== - 12Ja’. These extra 
nearest-neighbor interactions would shift the band edge over 
- 24J2, which is in very good agreement with the cr de- 

pendence given in Table III. Striking is the strong u depend- 
ence of the FWHM of the absorption band, expressed by the 
power aFWHM = 2.84. We furthermore note that, unlike the 

TABLE III. Off-diagonal disorder: D  dependence of the various quantities 
discussed in the text when fitted to the form ca”. 

425J 2.84 
-25J 1.89 

O.w&.” - 1.64 
0.39/L - 1.55 

C a 

Fidder, Knoester, and Wiersma: Optical properties of disordered aggregates 7889 

case of diagonal disorder, for the present case of off-diagonal 
disorder the exchange narrowing argument in combination 
with the disorder (a) dependence of max(& > does not give 
good agreement with the observed (T dependence of the 
FWHM. This is not surprising, because the fi exchange 
narrowing factor is specific for a Gaussian distribution func- 
tion. Tilgner et aL9 numerically simulated the absorption 
spectrum of polysilane, with a Gaussian distribution for D, 
and with a Gaussian distribution for J,,, + 1 (both with only 
nearest-neighbor interactions). They claim to find similar 
results for both types of disorder. In contrast, our results for 
diagonal and ‘off-diagonal disorder are very different. Of 
course, part of this discrepancy lies in the fact that we do not 
assume a Gaussian distribution for the interactions, but in- 
stead introduce the off-diagonal disorder through a distribu- 
tion of the molecular positions. In our opinion, this is a more 
physical way to incorporate interaction disorder. 

In practice, off-diagonal disorder will be accompanied 
by diagonal disorder. It is therefore interesting to know if 
(and how) the optical properties in the presence of both 
types of disorder, can be related to the cases with only one 
type of disorder. Therefore, we have performed preliminary 
calculations on combined diagonal and off-diagonal disor- 
der. From these, we find that the total band shift is the sum of 
the shifts caused by the diagonal and off-diagonal disorder 
separately, whereas the absorption bandwidth turns out to 
be the geometric mean of the separate bandwidths. (This 
prescription corresponds to an addition of independent 
Gaussian broadening mechanisms.) For the radiative en- 
hancement a less clear cut recipe is found. To a good approx- 
imation, the smallest of the two enhancements obtained for 
either diagonal or off-diagonal disorder separately can be 
taken; the maximum decrease compared to this value is ap- 
proximately 25%. Generally, we find that in case of a large 
difference in quantitative effect of diagonal and off-diagonal 
disorder on the optical property of interest, it is determined 
by only one. It should further be noted that no peak in the 
density of states is observed at ZC’ = 0.2 1 J with both types of 
disorder present. 

V. SUMMARY 

Using straightforward numerical simulations, we have 
studied the effect of diagonal and off-diagonal disorder on 
optical properties of linear molecular aggregates. The two 
independent parameters in our theory are the chain length 
(Nj and the magnitude of the disorder relative to the inter- 
molecular interactions (D /J f6r diagonal disorder and g for 
off-diagonal disorder). In contrast to previous studies, OR- 
diagonal disorder is introduced through randomness in the 
molecular positions, as in our opinion this is an important 
physical origin of disordered interactions. Disorder tends to 
localize the eigenstates (Frenkel excitons) on segments of 
the chain. From the degree of localization (inverse partici- 
pation ratio), it is seen that the states at the band edges are 
relatively strongly localized, whereas the intraband states 
are much more delocalized (quasiextended).” The exten- 
sion of the intraband states is also nicely demonstrated by 
their exchange narrowing. The optical properties of aggre- 
gates are predominantly determined by the states at the band 
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edges, because the oscillator strength is concentrated there. 
Thus, if the delocalization length at the band edges is smaller 
than the aggregate length, the optical properties do not de- 
pend on N. This explains why experimental fluorescence de- 
cays are often monoexponential, despite the fact that, in 
practice, we deal with a distribution of chain lengths. Con- 
versely, this implies that Ncan only be assessed from optical 
experiments ifthe chain length is shorter than the delocaliza- 
tion length. 

In order not to convolute their effects, we have separate- 
ly studied diagonal and off-diagonal disorder; only prelimi- 
nary calculations on combined disorder were presented. In 
general, it appears that off-diagonal disorder has a stronger 
effect on the optical observables than diagonal disorder [the 
powers a expressing the disorder dependence through 
(D /J)” and d” are higher in the latter case]. This most like- 
ly results from the strong-interaction tail in the asymmetric 
distribution (4.2) for the nearest-neighbor interactions. It 
seems that diagonal disorder plays a dominant role for linear 
polymers,g self-organized aggregates in glasses6914 and trip- 
let excitons in molecular solids,42 whereas off-diagonal dis- 
order is more important in Langmuir-Blodgett fihn~,~ 
which are forced into a configuration by applying an exter- 
nal force on a monolayer of molecules. These ideas are con- 
firmed by the fact that a Lorentzian low-energy tail, as in 
Fig. 6(a), has indeed been observed in the absorption spec- 
trum of Langmuir-Blodgett films of PIC40 Furthermore, 
the low-temperature absorption line shape, superradiant 
emission, and resonance light scattering on self-formed ag- 
gregates of PIC in a glassy environment,63’2*‘4 can be under- 
stood from our calculations on diagonal disorder only. 

Contrary to all previous studies, we did not restrict to 
nearest-neighbor interactions, but considered all dipolar in- 
teractions between the molecules on the chain. We have 
shown that this causes an asymmetry in the DOS (even for 
homogeneous systems). In the case of diagonal disorder, 
comparison to previous work on the absorption line shows 
that the dependence of the absorption linewidth and line 
shift on the disorder D /Jare hardly affected by this inclusion 
of longer range interactions. The superradiant behavior of 
the aggregates, on the other hand, shows a very strong effect. 
In the case of off-diagonal disorder, we could not assess the 
effect of the longer-range interactions, as, to our knowledge, 
no systematic study of the optical properties of such a system 
has been performed before. One very interesting, and as yet 
not understood effect of these extra interactions in the case of 
off-diagonal disorder, is that the singularity found in the 
DOS for such systems shifts away from 8 = 0. Finally, we 
note that we neglected the role of phonons in this paper. In 
order to explain any temperature dependence of the observa- 
bles, the inclusion of phonons is of course essential. 
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