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ABSTRACT A simulation is presented that microscopically accounts for the role of incoherent excitation 
transfer in immobile, nonrandom pendent group aromatic polymers (single chain limit). By using a Monte- 
Carlo standard routine and master equation simulation software, accurate statistical mechanical averages 
of the relaxing optical excitation have been calculated for self-avoiding random chains of length N = 50 and 
N = 100 (50 and 100 sites). Both the frequency-regime solution and its time-domain analog, i.e. the eigenvalues 
spectrum (@(cod) and the excitation survival propability ( p ( t ) ) ,  respectively, have been computed. The focus 
of the simulations has been the study of excitation trapping as a function of varying D-D intersite coupling 
(i) for different trap locations (end-tagged vs random) and dimensionality, (ii) in presence of a radiative cutoff 
(fluorescence), and (iii) for reversible D-T events (detrapping) due to thermal release. We show that, in 
particular, the frequency spectrum of hopping modes ( @(wi) ) represents a powerful tool for extracting dynamical 
information that is usually concealed in phenomenological (nonexponential) kinetic models. The importance 
of reconstructing (@(wi)) from fluorescence convolution data by means of unbiased, numerical inversion in 
future measurements has been addressed. 

I. Introduction 
In an aromatic polymer with the main chain built up by 

the u-bonds of a carbon skeleton the ensemble of aromatic 
sites in conjunction with the manifold of chain conforma- 
tions induces a multitude of molecular arrangements and, 
thus, significantly positional disorder of the aromatic sites, 
the fluctuations being controlled by the aromatic site 
density, the dimension of the molecular polymer array, 
and the statistical chain parameters.' Upon optical 
excitation the array of individual molecular absorbers 
(sites) creates a distribution of localized &-states (weak 
coupling limit) that (i) reflects the molecular site disorder 
and (ii) controls electronic intersite interaction for both 
transport and t r a ~ p i n g . ~ ~ ~  For phonon temperatures not 
too low, a migrating molecular excitation in an aromatic 
polymer is generally assumed to spend part of its life as 
a hopping exciton where the phase memory of the 
excitation is lost and the temporal evolution obeys 
predominantly incoherent  dynamic^.^ 

The role of spatial disorder on the dynamics of incoher- 
ent excitation transfer and its effect on the transient 
fluorescence pattern in finite-sized aromatic polymers is 
a formidable theoretical problem.6 The analytical treat- 
ment of the (ensemble-averaged) donor survival function, 
( p ( t ) ) ,  important in the analysis of a transient polymer 
fluorescence experiment, has to be restricted to polymers 
for which the aromatic groups (donor sites) are energeti- 
cally equivalent and distributed randomly (low site-density 
regime). On these premises Laplace-domain approaches 
to the transport master equation were developed6J and 
the first connection was made to polymer fluorescence 
data.* More recently, appropriate time-domain Green 
function solutions based on the two-body cumulant 
expansiong were obtained by Fayefs grouplo that allowed, 
under favorable conditions, polymer conformation to be 
probed in fluorescence depolarization measurernents.ll 

However, many realistic aromatic polymers fall into the 
high-density limit where the aromatic sites are distributed 
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in a nonrandom fashion for the majority of morphological 
situations. A typical example is the pathological site 
topology of aromatic uinyl h o m o p o l y m e r s  in which the 
aromatic sites are bound to the carbon chain skeleton in 
a 1,3-sequence; i.e. their distribution is neither random 
nor periodic. As a result, no analytical site-to-site pair 
correlation function S(R) is available that would allow 
the construction of closed-form statistical-mechanical 
averages for the donor survival function. A unified 
treatment of the optical dynamics continues, therefore, to 
be an elusive problem in these systems. 

The present work is an effort toward disentangling the 
many-body dynamics caused by transport, trapping, and 
nonrandom disorder in a pendent group aromatic polymer 
by applying a computer simulation. The technique which 
we employ here combines a Monte-Carlo chain generation 
and a master equation diagonalization algorithm for the 
computation of the chain excitation dynamics.12Js Our 
computational scheme interrogates the frequency domain 
solutions, i.e. the exact eigenvalues spectrum (@(mi)), in 
a first step, and thus differs from the methodology given 
by Byers et al.14J6 who used the recursive residue genera- 
tion method (RRGM) Lanczos tridiagonalization16without 
solving the eigenvalue problem of the high-dimensional 
relaxation matrix. 

The particular photophysical problem we will address 
is the scattering of a statistical molecular site excitation 
in an ensemble of static, polymer-bound, aromatic sites 
that show spatial (off-diagonal), nonrandom disorder. Our 
analyses will focus on typical migrutive trapping experi- 
ments with the objective of calculating the statistical 
mechanical averages of frequency- and time-domain 
solutions for both donor and trap, directly related to the 
&pulse fluorescence response of the polymer. What we 
wish to demonstrate here is the typical kinetic signature 
of migrational trapping for a selection of polymer- 
topological situations and photophysical variations. For 
iso-energetic sites and irreversible trapping the cases to 
be presented include (i) the role of trap position (end- 
tagged vs random) in a l-D chain calculated for various 
donor-donor (D-D) coupling-strengths, (ii) the influence 
of chain dimension for a fixed trap location, and (iii) the 
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effect of a radiative deactivation channel (fluorescence) 
on the overall optical relaxation process. Another focus 
is the consequence of reversible constraints of traps due 
to thermal release (detrapping) and its effect on the 
fluorescence response of donor and trap, respectively. For 
all these scenarios the accurate calculation of the eigen- 
values spectrum provides a powerful tool for probing 
different photophysical situations and transport topologies 
that helps one to develop a preliminary understanding of 
how pattern analysis of polymer fluorescence has to be 
devised. 

11. Computational Technique and Polymer Model 

As reported by us in previous work,12 the simulation 
software combines (i) a static Monte-Carlo method 
(generations of chains) and (ii) a dynamical algorithm for 
solving the master equation. In this technique the 
coordinates of a single chain geometry have been syn- 
thesized by a simple self-avoiding random walk (SSAW) 
on quadratic and cubic 1at t i~es . l~ Typically, the chain 
consists of 50-100 sites (located at  the intersections of the 
bond vectors) with a nearest-neighbor intersite separation 
that mimics the 1,3 head-to-tail configuration in an 
aromatic polymer. In one part of the work a single trap 
(49 donors, 1 trap) has been attached to the chain either 
in a random fashion or end-tagged to the chain. In other 
simulation runs a trap density PT = 0.1 has been chosen 
(90 donor, 10 traps). The excitation dynamics along the 
polymer contour have then been modeled in terms of a 
master equation (next section) and numerically solved by 
a diagonalization routine.18 For the moderate dimensions 
considered here (50-100 sites) the method yields exact 
solutions for arbitrary relaxation matrices W. In order to 
achieve a realistic statistical average of the ensemble and 
its dynamics, typically N = 5000-10 000 chain configura- 
tions have been generated and superimposed. The 
important quantity computed in these simulations is the 
(configurationally averaged) eigenvalues spectrum of the 
hopping process (@(ai))  and, in a second step, the donor 
(or trap) survival function ( p ( t )  ) assembled via the Laplace 
transform. The theoretical description necessary to 
understand the simulation procedure is briefly given in 
the next section. For a detailed formulation of the 
statistical-mechanical background see ref 12. 

111. Theoretical Formulation 

For the incoherent motion of a single molecular excita- 
tion along energy-degenerate sites of a particular chain 
configuration the n-dimensional Pauli master equation 
has to be solved 

P(t) = Wp(t) w = [WijInxn (111.1) 

p(t) is the excitation column vector with components, 
p i ( t )  representing the site probability elements and W is 
the transition matrix with elements 

l # i  

In eq 111.2 6i j  is the Kronecker delta. yji and yil represent 
the rate constants for the transitions j - i, i - 1 ,  thus 
reflecting the individual gain and loss terms. The rate 
constants ki refer to the finite fluorescence lifetime of the 
individual sites that contain donors (ki = k ~ ;  i = 1, ..,, n ~ )  
and traps (ki = k ~ ;  i = n D  + 1, ..., n). 

According to the various degrees of freedom of interac- 
tion between donor-donor (D-D), donor-trap (D-T, 
trapping), and trap-donor (T-D, detrapping) the hopping 
rates for our system decompose into 3 groups: 

DD 

DT 

ry 

i, j = 1, ..., nD 

i = 1, ..., n,; j = nD + 1, ..., n 

i = nD + 1, ..., n; i = 1, ..., nD 

Yij 

Yij (111.3) 7.. 

I' I 
For the calculation of matrix elements the (isotropic) 

dipole-dipole coupling for D-D transfer has been as- 
sumed'9 

(111.4) 

with symmetric transition rates between sites i and j ,  -yy = $' (pure positional disorder). dDD is the minimal 
site-to-site separation between donors and siD is the 
transfer rate when ri - rj equals dDD (maximum nearest- 
neighbor transition frequency). For simplicity, the same 
Forster-type expression has been considered for the 
trapping process (yy). All dipolar interactions have 
been taken into account in this analysis, so no cutoff has 
been used. 

The general solution to eq 111.1 is a linear combination 
of n independent solution vectors 

(111.5) 

with scalar c j  containing the initial excitation boundary 
condition. With the ansatz 

p j ( t )  = vjeXjt j = 1, ..., n (111.6) 

(Vj, eigenvector; Xj, eigenvalue) one obtains 

or in terms of the fundamental matrix 

~ ( t )  = Q W c  

Q ( t )  = [ujjexjtlnxn j = 1, ..., n (111.8) 

uij being the elements of the transposed eigenvector vj = 
(Ulj, ..., ~ ~ j ) ~ .  Combining eq 111.6 with eq 111.1 the matrix 
equation for the eigenvalue problem reads 

(111.9) 

with identity matrix I = (6 i j )nxn .  Solving eq 111.9 (by 
numerical methods) yields both the eigenvalues A, and 
the eigenvectors V j  in eq 111.7. The scalar coefficients follow 
from the initial boundaries. Hence, from eq 111.8 we find, 
for t = 0, p(0) = Q(O)c and Q(0) = [ ~ i j l n x n  = V (transform 
matrix). As a consequence we have Q-l(O)p(O) = c with 
Q-l(O) = [ ~ i j - l l n x n  = V-' containing the inverse elements. 
Equation 111.8 can be written therefore 

[W - xjll vj = 0 

~ ( t )  = Q(t)Q-l(O)p(O) (111.10) 

After some algebra the evolution of the ith site for 
arbitrary initial conditions is given by 
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lo4), and (v) the construction of the survival function ( p ( t ) )  
via Laplace transform (eqs 111.16, 111.17). 

The quantities pl(0) in eq 111.9 are the initial site 
probability elements of the excitation vector p(0). In the 
case of pure positional disorder, each of the donor sites 
( n ~ )  has the same probability for direct excitation, whereas 
traps per  definitionem are not subject to optical transi- 
tions. Thus the components of p(0) read 

\ 0 l = n D + l ,  ..., n 
Using the boundaries in eq 111.12 eq 111.11 takes the form 

. n nn 

and after summation over all donors 

The donor survival function p ~ ( t )  for a particular con- 
figuration is, therefore, a finite exponential series 

which after averaging over N configurations leads to 
N m -  

(index s denoting a particular configuration) which is again 
a finite superposition of exponentials. A similar expression 
can be derived for the configurative average of the trap 
survival probability. For N sufficiently large eq 111.16 is 
the approximate result to the exact statistical-mechanical 
average (N- a). ThesumineqIII.16canthenbereplaced 
by the integral so that in the continuum representation 
the donor survival function ( p ~ ( t ) )  is related to the donor 
eigenvalue spectrum ( @D(o)) via the Laplace transform 
L (eq 111.16). A more rigorous treatment that takes into 
account the exact limit cases has been given in a previous 
publication.12 

In the numerical calculation the quasi-continuous 
eigenvalues spectrum ( @D(w) ) (eq 111.16) is approximated 
by accumulating the amplitudes A: in m discrete 
channels on a (logarithmic) frequency scale, ( @ ~ ( w i ) ) .  The 
donor survival function is then, in terms of an m-fold 
discretization 

Thus, the basic steps in this simulation are as follows: 
(i) the MC generation of a distinct chain, (ii) assignment 
of sites, the reading-in of the site coordinates ri for 
calculating the transition rates (eq 111.4) and thus the 
elements of the transition matrix W (eq 111.21, (iii) the 
calculation of amplitudes Aj, and eigenvalues Xj  (eqs 111.9, 
111.151, (iv) the construction of the configurational average 
of the eigenvalues spectrum, (@(wi)  ), by repeating steps 
i-iii for a statistically relevant number of chains (N  = 

IV. Results 

Reduced variables wi and t have been used in the 
forthcoming representation, so wi is normalized to the 
nearest-neighbor donor-trap (D-T) transfer rate qFT and 
tr to its inverse, l/qf, respectively. Furthermore, it 
proves useful to define a coupling strength r as the ratio 
of nearest-neighbor transition rates for D-D transfer and 
irreversible trapping (DT), r = qFD/qtT. What we wish to 
demonstrate in this work is the effect of trap location and 
chain dimension on the dynamics of irreversible excitation 
trapping, i.e. the relaxation functions (@(wi))  and ( p ( t ) ) .  
Related problems concerning trap position in random 
chains have been discussed on the basis of a different 
approach by Webber’s group, very recentlyaZ0 Here chain 
configurations with a single trap per chain have been 
generated and the trap has been placed (i) in a randomly 
distributed fashion along the chain and (ii) a t  the end of 
the chain. A chain length L = 50 (49 donors, 1 trap) has 
been used in preliminary calculations, and for 2-D and 
3-D chains, the number of polymer realizations has been 
chosen to be N = lo4 to obtain relevant averages. 

To begin, we focus on the random trap system and 
examine the effect of chain dimensionality on the pattern 
of D-T transitions, first, in the absence of D-D multistep 
interactions ( r  = 0). In this case, the system is decoupled 
and the eigenvalues of W are the diagonal elements of W: 
wi = vi C;’,D+l$T. The @ D ( u ~ )  pattern at the top of 
Figure l a  shows the linear chain with a characteristic 
single-peak progression that corresponds to the transitions 
in the 1-D chain, Le. nearest-neighbor (log ui/7fT = 0), 
next-to-nearest-neighbor, and nonnearest neighbor. The 
curved intensity profile of amplitudes is a direct conse- 
quence of the DT distance distribution for a linear chain 
of lengths L in the case of a single trap Si Q: L - i (i = 1, 
..., L - 1 ) 2 1  and its functional form in the u space. The 
pattern in the middle represents the configuration- 
averaged spectrum ( @ D ( u ~ ) )  for the 2-D chain. Comparison 
with the upper spectrum exhibits the typical feature of 
quadratic lattice chains, i.e. the occurrence of nonnearest, 
nonbond transitions. These contacts shorten the distances 
between D and T and hence enforce the trapping process 
by decreasing the residence time of donor excitation. The 
overall effect of this competition is, therefore, to decrease 
the contribution of amplitudes in the utmost long-distance, 
low-frequency regime, and this tendency is, naturally, 
increased in the 3-D chain (see, ( @ ( v i ) )  at  the bottom). 
The reduction of D-T transfer pathways with increasing 
nonbond contacts, naturally, shortens the donor relaxation 
scale, as can be seen from the time-domain analogs 
( p D ( t ) )  (eq 111.17) in Figure lb, (from top to the bottom: 

In the following calculations the unperturbed spectrum 
( @ ~ ( u i ) )  of single-step D-T transitions (Figure la)  is chosen 
as a reference pattern for illustrating the perturbation of 
multistep donor-donor (D-D) transitions ( r  > 0).  

In Figure 2a the interfering effect of very weak D-D 
coupling ( r  = is shown for the linear chain (top), the 
2-D chain (middle), and the 3-D chain (bottom). The 
minimal D-D interaction stimulates, naturally, the very 
slow D-T transitions between (long-distance) nonnearest 
neighbors, both via bond and nonbond contacts (2-D, 3-D), 
thus annihilating the characteristic single peak progression 
in this frequency regime. In comparison with the unper- 
turbed case ( r  = 0, Figure la)  the eigenvalues spectrum 

1-D, 2-D, 3-D). 
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Figure 1. (a) Effect of dimensionality on the distribution of 
single-step transitions (r = 0, w1 = vl) for lattice chains with random 
trap placement (49 donors, 1 trap): (from top to the bottom) 
1-D, 2-D, 3-D. Note that the patterns for 2-D and 3-D topologies 
represent ensemble averages of random chains. w, = v, axe reduced 
in units of ?ODT. (b) Time-domain analogs obtained from Figure 
la by Laplace transform (eq 111.17). The decays ( p ~ ( t ) )  from 
top to bottom correspond to 1-D, 2-D, and 3-D, respectively. The 
time scale is in units of l/~r; see text for details. 

( c P ~ ( w , )  ) of Figure 2b exhibits (i) a cutoff in the utmost 
low-frequency regime and (ii) a quasi-continuum in the 
intermediate w( space for 2-D and 3-D chains. Note that 
the very weak D-D coupling chosen here leaves nearest- 
neighbor, next-to-nearest-neighbor, and (short-distance) 
nonbond transitions intact, to a good approach. This 
situation is equivalently represented in the time domain 
(Figure 2b): slowest to fast donor survival functions (PD- 
( t ) )  correspond to 1-D, 2-D, and 3-D respectively. 

Increasing the D-D coupling initiates the competition 
with the high-frequency single-step D-T events, so even 
for moderate coupling r = 1 the net result is a complete 
vanishing of these transitions (Figure 3a). For 2-D and 

b: loo O 
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Figure 2. (a) Influence of minimal D-D coupling ( r  = 10-3, in 
units of 77) in 1-D, 2-D, and 3-D chains (top to bottom) with 
random trap location (49 donors, 1 trap). Note the predominant 
hopping modes in the intermediate-to-low frequency regime (wi 

reduced in units of 1/7?). See the unperturbed case in Figure 
la  for comparison. (b) Donor survival probabilities ( p ~ ( t ) )  
analogous to the frequency-domain solutions (@&I)) in Figure 
2a. Fast to slowest decays correspond to 3-D, 2-D, and 1-D, 
respectively. 
over the entire frequency scale, with the central mean (w ) 
shifting to higher values and thus, accelerating the donor 
decay (Figure 3b, see caption for details). When going to 
larger coupling strengths (r = 10,100) the (cpD(wi)) patterns 
generally undergo a distinct spectral narrowing and this 
tendency in the w domain is equivalent to a gradual 
exponentialization of the time-domain solutions.'2 

In Figure 4a we have computed the extreme situation 
of multistep dynamics with D-D coupling set a t  r = 1 O l o  
(from top to bottom: 1-D, 2-D, and 3-D). Here the donor 
excitation has reached the rapid transfer limit where the 
dynamics is mainly - controlled by the averaged frequency 
of D-T transfer, vDT.12 The central issue of these calcu- 

3-D chain topologies, ( @ ~ ( w i ) )  becomes quasi-continuous lations is (i) the finite widthof (@D(Wj)) caused by averaging 
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Figure 3. (a) Increased D-D coupling ( r  = l), gradual spectral 
narrowing, and tendency toward quasi-continuous ampli- 
tudes-due to D-D multistep modulation.12 Same donor and 
trap ensemble as above. From top to bottom: 1-D, 2-D, and 3-D, 
respectively. (b) Time-domain solutions equivalent to  mode- 
frequency spectra in Figure 3a. From top to bottom the ( p ~ ( t ) )  
profiles correspond to 1-D, 2-D, and 3-D, respectively. 

finite single chains and (ii) the significant fine structure 
of ( @.D(w~) which-because of the low trap density (one 
trap per chain)-directly reflects the number of contacts 
2 in our chain model: 2 = 1,2  for 1-D [top, frequencies 
a t  log(1/49) and log(2/49)1; 2 = 1-4 for 2-D (middle) 
corresponding to the lower-bound frequencies at log( 1/ 
49), log(2/49), log(3/49), log(4/49); and 2 = 1-6 for 3-D 
(bottom) with additional frequencies located at  log(5/49) 
and log(6/49), respectively. Details pertaining to the 
analytical treatment of this limit are given in our recent 
work.la 

Next we will concentrate on the question of how trap 
position (end-tagged vs random assignment) will affect 
the shape of the eigenvalues spectrum for a 1-D chain (49 
donors, 1 trap). The parameter that has been varied is 
again the D-D coupling strength (r = 0, 10-3, and 1, 
respectively). 

ai 

I 

I 
-10 -8 -6 -4 -2 0 

log wi 

loa 

-2.0 -1.5 -1.0 -0.5 

log wz 

V 

l d ' O  

0 500 1000 

t ,  
Figure 4. (a) ( @D(w~)) spectra in the rapid transfer limit, r - 
m (r  = 1Olo in these computations). Upper to lowest pattern 
refer to 1-D, 2-D, and 3-D, respectively. The spectra have finite 
widths and show a substructure that reflects the lattice chain 
model.'* (b) Time-domain analogs, slowest to  fast ( p ~ ( t ) )  decays 
correspond to 1-D, 2-D, and 3-D. 

In Figure 5a, first, the uncoupled limit r = 0 has been 
calculated, i.e. the single step D-T frequency distribution 
for both chains, ( @ D ( Y ~ ) ) .  While the upper pattern 
represents the discrete rectangular distribution (@D(L'i)) 
characteristic for the linear chain with a terminal trap (a 
single conformation, only), the curved spectrum at  the 
bottom displays the linear chain with random trap 
distribution and represents an ensemble average [see also 
Figure la, top]. Figure 5b demonstrates how the un- 
coupled spectra (@(Vi)) in Figure 5a are affected by very 
weak D-D coupling (r = Again, the typical cutoff 
for both 1-D chains is found (see also the spectrum in 
Figure 2a, top), the lowest frequency wi carrying the 
maximum amplitude value for the end-tagged polymer, 
no matter what the strength of coupling is [see Figure 6a 
below]. The positions of high-frequency transitions 
remain constant for both types of chains; i.e. nearest- and 
next-to-nearest-neighbor D-T single-step jumps are nearly 
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Figure 5. (a) Distribution of single-step transition frequencies 
( r  = 0, w, = v i )  in a 1-D chain: random (upper spectrum) vs 
terminal trap location (lower spectrum); 49 donors, 1 trap. 
Random trap placement produces disruptive chains with different 
statistical weights; see the text. (b) Minimal perturbation by 
weak D-D coupling ( r  = 103): (upper spectrum) end-tagged 1-D 
chain; (lower pattern) 1-D chain with random trap distribution. 
Weak perturbation leaves intact nearest-neighbor and next-to- 
nearest-neighbor D-T transitions; different density of states for 
terminal and random trap assignment. 

unperturbed, whereas the amplitudes of transitions in the 
intermediate-to-low-frequency regime correspond to fre- 
quencies of hopping modes. The spectrum ( CPD(CJ~) ) is 
discrete in the end-tagged chain (top) but shows a high 
density of states in the random trap polymer (bottom). In 
the latter case, the pattern can be understood as a 
superposition of eigenvalues spectra of subchains that have 
lower donor dimensions, the distribution of disruptive 
chains arising from the random placement of traps along 
the chain. 

a 

A 

log wi 

0 500 1000 

t ,  
Figure 6. (a) Typical blue shift of mode spectra (@D(w~)) 
paralleled by the annihilation of nearest-neighbor transitions, 
when further increasing the coupling strength ( r  = 1): See Figure 
5a,b for comparison. (b) Laplace transform analogs ( p ~ ( t ) ) :  
(upper curve) terminal trap; (lower profile) random trap 1-D 
chain. 

With further increasing the D-D coupling strength ( r  
= l ) ,  we find the terminal, intense amplitude typical for 
the end-tagged 1-D chain shifted to higher frequency (log 
CJ = -3) followed by a series of high-frequency transitions 
that overwhelm the positions of the high-frequency, single- 
step D-T events (upper pattern). The same tendency is 
observed for the 1-D chain with random trap distribution, 
the high density of amplitudes being caused by the 
manifold of trap positions along the chain which produces 
a large superposition of lower dimensional eigenvalues 
spectra (lower spectrum, averaged). The time-domain 
solutions equivalent to the ( @D(cJ~)) graphs are given in 
Figure 6b. A statistical distribution of traps along the 
chain creates, on the average, shorter transport pathways, 
so excitation trapping relaxes faster in the 1-D chain with 
random trap locations (lower curve). However, the 
differences of the decays are marginal (see extended 
intensity scale in Figure 6b). For the lower coupling 
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the following run the reciprocal fluorescence lifetimes have 
been chosen to be ~ / T D  = kD = 
respectively (both normalized to qtT). Situation A dis- 
plays the donor eigenvalues spectrum (@D(Ui)) in the 
absence of fluorescence; the origin of these transition modes 
has been extensively discussed in our previous paper.12 
Situation B displays the donor eigenvalues spectrum ( @D- 
( w i ) )  under the influence of fluorescence with the typical 
cutoff for frequencies log wi = 2-due to the radiative 
damping (kD = vertical dotted line). The pattern in 
(C) refers to the eigenvalues spectrum of the trap ( @ ~ ( w i ) )  
with formally negative amplitudes that illustrate the 
characteristic migrative population of the trap, equivalent 
to the nonexponential rise term in the time-domain profile 
[see Figure 7b (C)]. The positive amplitude positioned 
at  log wi = -3 reflects the fluorescence decay of the trap 
(kT = which exactly equals the sum of the negative 
amplitudes (the size of the positive amplitude not ap- 
propriately scaled in this representation). The time- 
domain analogs are displayed in Figure 7b. (B) and (C) 
are the theoretical &pulse solutions of donor and trap 
fluorescence, whereas the dotted profiles represent the 
survival probabilities for donor (A) and trap, respectively, 
in the absence of radiation. For the kinetic parameters 
chosen in our example, a radiative channel thus increases 
the decay by eliminating the low-frequency tail of (a- 
( w i ) ) .  The choice of the lifetimes (TD << TT)  also implies 
that the intermediate-to-long-time decay of the trap 
fluorescence is monoexponential. Note that this condition 
does not necessarily hold and the converse is true for TD 

>> TT. In this case the migrative fluorescence decay of the 
trap is controlled by a bundle of (positive) low-frequency 
amplitudes which produce a nonexponential decay pattern. 
An example illustrating the situation TD >> TT will be given 
for a reversible system (see Figure 9 below). 

IV.1. Reversible Migrative Trapping. In the case 
of reversible donor-trap interaction (77 # 0) the exci- 
tation matrix W is nonsymmetric. The evolutions of the 
donor and trap ensemble are therefore coupled which 
requires the n-dimensional eigenvalue problem to be solved 
(in lieu of the reduced n~ dimensionality in the irreversible 
limit; cf. preceding subsection). 

In Figure 8 we show how detrapping (trap-donor back- 
transfer) affects the donor fluorescence decay, while 
keeping the remaining parameters fixed. In Figure 8a 
from bottom to top, the strength of trap dissociation q = 
q:D/q:T has been varied for T-D coupling parameters q 
= 0 (A), 0.01 (B), 0.1 (C), and 1 (D) (in units of qtT), 
respectively. Our doorway situation (A) is the donor 
eigenvalues spectrum for the irreversible case (q = 0) with 
PT = 0.1, r = 0.1 and the same cutoff parameters kD = 1 t2  
and k~ = (in units of qtT)  as used in Figure 7a 
(situation B). Evidently, the effect of a weak reversible 
constraint, e.g. q = 0.001, is to induce a small perturbation 
to the overall migrational sampling process, only (B). The 
weak dissociation is clearly manifested by the appearance 
of a bundle of low-intensity amplitudes centered at log wi 
= -2.8, characteristically shifted from the irreversible limit 
(dotted vertical lines at positions log kD = -2 and log k~ 
= -3). Quite obviously, the donor ensemble “feels” the 
trap only in the ultimate low-frequency regime of its mode 
spectrum, but is practically not affected in the moderate- 
to-high mode frequency regime. When the T-D coupling 
is increased (C), the group of low-frequency, low-intensity 
amplitudes grows at  the expense of the amplitudes at  
higher frequencies (log wi > 0), with a central mean that 
shifts to higher frequencies (log w = -2.3). In the case of 
strong detrapping (situation D) the ensemble of modes 
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Figure 7. (a) Effect of fluorescence cutoffs k~ = 10-* and k~ = 
10-9 (in units of 7,”) in the irreversible trapping limit: (A) in the 
absence of radiative deactivation; (B) ( @D(w~)) in presence of 
donor fluorescence; (C) the eigenvalues spectrum of the trap, 
(@+I)), in presence of trap fluorescence (negative amplitudes 
due to migrative population). The signal at log w = -3 represents 
the asymptotic decay behavior controlled by the trap fluorescence 
process. 3-D SSAW chains, 90 donors, 10 traps. (b) Analogous 
time-domain sohtions: (A) survival function ( p D ( t ) )  in the 
absence of deactivation; (B) (&pulse) donor fluorescence response; 
(C) evolution of trap fluorescence. 

strengths in Figure 5a,b similar time-domain analogs can 
be assembled that can be hardly distinguished on usual 
intensity scales. From the experimental point of view, 
one would expect, therefore, that the two polymer topolo- 
gies are barely resolvable from high-precision fluorescence 
raw data. 

In Figure 7 the effect of fluorescence deactivation on 
the evolution of hopping processes in a polymer is 
examined, which is just the microscopic scenario concealed 
in a transient fluorescence trapping experiment.6 In these 
experiments the trap density is PT = 0.1 and the placement 
of the trap across the chain is random. D-D coupling has 
been chosen to be r = 0.1, and the radiative dynamics has 
been modeled for both the donor and the trap sites. In 
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down of the donor fluorescence. The fluorescence process, 
however, causes the various decays to intersect at different 
times, thus the systematic trend of deceleration for the 
fluorescence curves as a function of growing detrapping 
is only relevant in front of the (first) crossing point, the 
length of this time regime, naturally, being dependent on 
the choice of the radiative rate constant k ~ .  Generally, 
the enhancement of reverse coupling tends to exponen- 
tialize the donor decay (D), but note that neither the low- 
intensity short-time behavior nor the intermediate re- 
laxation scale in Figure 8b is, in fact, single-exponential, 
due to the finite width of the eigenvalues spectrum 
underlying the decay (situation D, Figure ab). 

So far the fluorescence lifetime of the trap ( l l k ~ )  has 
been chosen 1 order of magnitude larger than the donor 
lifetime ( l / k ~ ) .  In aromatic chromophores for red shifted 
traps this condition does not necessarily hold. In Figure 
9 the effect of reverse constraints is demonstrated for 
radiative cutoffs kn = and kT = 10-1 (normalized to 
qr), thus Q/TT = lo2. The same trap density has been 
chosen (PT = O. l ) ,  and D-D coupling in the intermediate 
regime (r = 1) has been assumed (N = 5000 configurations). 
Again, the detrapping ratio q varies (from bottom to top: 
q = O,O.Ol,O.l,and 1,respectively). (@D(w~)) atthebottom 
represents the irreversible case practically unaffected by 
the (extreme) positions of cutoffs k~ and kT. On the one 
hand, l z ~  (dotted vertical line at log oi = -3) is far away 
from the range of frequency modes [@D(w~)>, so the 
fluorescence decay is too slow to “feel” the hopping 
dynamics. On the other hand, k~ (dotted vertical line at 
log wi  = -1) coincides with ( @ D ( u ~ ) ) ,  but this has no 
effect-due to the strict irreversibility of the situation (q  
= 0). In the case of minimal perturbation (reversible D-T 
interaction), the typical section of (Q~D(w~)) becomes 
apparent, immediately. The node centered at  log t z ~  = -1 
leads to a phenomenologically bimodal distribution, its 
components being separated more and more with increas- 
ing detrapping and, gradually, ending up in a (low- 
intensity) high-frequency and an intense low-frequency 
branch. The corresponding time-domain solutions are 
displayed in Figure lob. Generally, the spectra narrow 
and the decays tend to exponentialize for q - 00, but note 
that the Birks limit2* can never be reached, due to the 
finite size of the polymer. 

V. Summary and Concluding Remarks 
What we wished to demonstrate in this paper is that 

computer simulation is a powerful tool for describing 
microscopic aspects of incoherent excitation transfer in 
simple chain models. The problems addressed here have 
been concerned with (i) single-step D-T transfer and (ii) 
migrational (D-D assisted) excitation trapping, both in 
the low trap (Figures 1-7) and in the moderate trap density 
regime (Figures 8-10). The study has focused on the 
calculation of optical dynamics for various D-D coupling 
strengths r, with special emphasis placed on the influence 
of trap position and chain dimension, and on the effects 
of radiative cutoff and reverse D-T transitions. Isoen- 
ergetic donor sites have been chosen and all interactions 
(no cutoff) have been assumed to be dipolar, in nature (cf. 
below). 

The calculation of frequency- and time-domain solutions 
for both donor and trap relaxation has been performed by 
a Monte-Carlo standard chain generation combined with 
a master equation solution routine. The quantity com- 
puted by diagonalization and effective averaging over 
typically N = 104 chain realizations has been (i) the 
eigenvalues spectrum for the donor ( @D(w~))  and the trap 
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Figure 8. (a) Effect of detrapping q = qf”/q?’ on ( @D(WI) ) in 
the presence of radiation ( N  = 5000, 3-D chain with 90 donors 
and 10 sites; moderate couplingr = 0.1). The curves from bottom 
to top have the following (reduced) detrapping parameters, q = 
0 (A), 0, 01 (B), 0.1 (C), and 1 (D), respectively. Dotted lines 
show the frequency locations of radiative cutoffs k D  and k T .  (b) 
Laplace transform solutions; the profiles represent the donor 
fluorescence responses as a function of detrapping. Again, curves 
A-D correspond to q = 0, 0.01, 0.1, and 1, respectively. 
ends up in a complete flowing-off of amplitudes in the 
intermediate frequency regime which yields an approxi- 
mate bimodal pattern consisting of narrowly spaced modes 
with, in part, high-intensive amplitudes around log w = 
-2.1 and a collection of low-intensity signals located in the 
high-frequency regime around log o = 0.5. 

Figure 8b shows the corresponding Laplace transforms. 
The curves represent the b-pulse donor fluorescence 
response of the system and illustrate how the degree of 
reversibility affects the entire (nonexponential) profile 
[from bottom to top: q = 0 (A), 0.001 (B), 0.1 (C), and 1 
(D), respectively]. Increasing the strength of back-transfer 
leads to an enhanced probability of repopulating a donor 
site, so this revisiting shows up in a systematic slowing 
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and nonnearest-neighbor contacts on the lattice. Situa- 
tions that have been simulated by this technique are the 
rapid D-D transfer limit (Figure 4), the weak-to- 
intermediate D-D coupling regime (Figures 2, 3,5b, and 
6), the unperturbed case of vanishing D-D interaction 
(Figures 1 and 5a), the effect of a radiative cutoff 
(fluorescence deactivation) on the shape of (@(ai)) [Figure 
7a for both the donor (situation B) and the trap sites 
(situation C)] and the role of D-T back-transfer (Figures 
8-10) in the weak-to-intermediate D-D coupling regime. 

In the absence of D-D migration (Figures l a  and 5a) 
the direct donor-trap transitions span a broad spectrum 
of transfer rates with a pronounced substructure that 
allows the assignment of nearest-neighbor, next-to-nearest- 
neighbor, and nonnearest-neighbor contacts among bonded 
and nonbonded sites. The computation clearly demon- 
strates how increasing D-D intersite perturbation (Figures 
2a, 3a, 5b, and 6a) affects the zeroth-order eigenvalues 
spectrum of the decoupled problem. In the intermediate 
D-D coupling regime with qtD and qoDT approaching a 
comparable order of magnitude (@D(Oi) ) is systematically 
narrowed as a result of the modulating power of transport 
and the structure of the spectrum complicates more and 
more, due to the complex spatio-temporal evolution of 
high-dimensional, migrating excitations and the multitude 
of polymer chain configurations used in the averaging 
procedure. Spectra in Figure 4a correspond to strong D-D 
coupling and exemplify how rapid migrative transitions 
between donor sites will affect the slower event of D-T 
trapping. This situation approaches the rapid transfer 
limit very well where the intersite D-D transfer is so rapid 
that the donor ensemble is essentially equilibrated on the 
time scale of D-T trapping. This tendency toward rapid 
equilibrium is paralleled by a further narrowing of ( @D- 
(oi)), the extent of migrational narrowing depending on 
the choice of the r parameter and the number of chain 
realizations in the configurational space. Note that the 
width of ( @ ~ ( w i ) )  never ends up in a &function, i.e. a single 
exponential time domain response when going to the limit 
r - m, due to the finite size of our chain model. 
Furthermore, the spectra exhibit a pronounced infra- 
structure which directly maps out the number of contacts 
of the underlying lattice chain. Both regimes, i.e. the r = 
0 and the r = Q) limit are kinetic fingerprints of the 
conformational disorder of the underlying polymer lattice 
model; thus both limits allow structural parameters to be 
extracted. In the intermediate D-D coupling regime, 
however, the effect of excitation transfer is to modulate 
and to smear out the probability amplitudes. So the 
disappointing conclusion is that less structural information 
can be drawn in the presence of migrational sampling.12 

Comparison of Figures 1 (and 2 and 3) and 5a and 5b 
and 6a finally shows how chain dimension and trap position 
affect ( @ ( w i ) )  and, thus, the relaxation properties of a 
donor excitation. Such simulations are intended to 
improve our understanding in trapping experiments, in 
particular, as the pathways of transfer are anisotropic and 
the location of traps are, generally, unknown in real 
polymers that makes a disentangling of this quantities 
hardly tractable and the interpretation of such data, in 
any case, controversial. 

In Figures 1-6 the frequency- and time-domain solutions 
have been calculated in the absence of fluorescence. In 
Figure 7 the relaxation patterns include a radiative rate. 
The objective of this computation has been to demonstrate 
the cutoff effect executed by a radiative deactivation on 
the mode frequency spectrum (@(ai) ). Under conditions 
where the intrinsic donor lifetime TD coincides with the 
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Figure 9. (a) Effect of radiative cutoffs k D  = lp and kT = 10-1 
(in unite of 90" on the eigenvalues spectrum ( h ( w i ) )  for various 
detrapping strengths q = q?!~? [from bottom (A) to top (D)] 
g = 0, 0.01, 0.1, and 1, respectively. The D-D coupling has been 
set at r = 1 in these computations. The patterns of ( @ ~ ( o i ) )  
differ quite markedly from those in Figure 8a which is due to the 
difference cutoff ratio kD/kT = le2 chosen in this calculation. (b) 
Equivalent time-domain solutions: (from bottom to top) q = 0, 
0.01, 0.1, and 1, respectively. 

( @ . T ( w ~ ) )  and (ii) [via Laplace transform (eq IIL16)I the 
survival probability ( p ~ ( t ) )  and ( p ~ ( t ) )  for the donor and 
trap, respectively. 

It has been our objective to show that (@(mi)) is an 
effective tool for probing different photophysical situations 
of migrative trapping in a polymer and a sensitive terminal 
for mapping out the characteristic changes of polymer- 
inherent transitions that can be affected by varying the 
parameters of transport and trapping on a microscopic 
molecular level. In particular, when the (averaged) 
amplitudes ( @ ( w i ) )  were plotted over lOg(wi), the spectra 
proved extremely useful in delineating the complex 
interplay between serial D-D (multistep) and parallel D-T 
(single step) transitions among nearest-, next-to-nearest-, 
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spectral range of (@(oi)), the role of the fluorescence 
channel is to eliminate the entire set of transition 
frequencies oi with values smaller than ~ / T D ,  thus increas- 
ing the overall decay. In this case the fluorescence process 
eliminates the interesting structure of long-range non- 
nearest transitions. On the other hand, an inverse donor 
lifetime ~ / T D  that is small compared to the central mean 
of (@(oi)) has no cutoff effect and, hence, can hardly “feel” 
the hopping events. In this scenario (not computed here), 
the decay is predominantly monoexponential, so no 
information about the time-dependent amplitudes in the 
(Ww,))  spectrum is available from a fluorescence experi- 
ment. Note that all calculations done in Figure 7 are based 
on the factorization concept for irreversible fluorescence 
trapping which allows the jump dynamics and the 
fluorescence events to be partitioned and thus to be treated 
independently from each other. 

Another issue in this calculation has been the simulation 
of the migration process in the presence of detrapping 
where distributed transitions from the trap to the ensemble 
of donors can occur (Figures 8-10). From the physical 
point of view, this situation corresponds to the thermal 
release of a trapped excitation from a shallow trap as a 
result of phonon or libration induced promotion. Another 
mechanism of detrapping-although not operative on the 
premises of immobile sites considered here-is the dis- 
sociation of excimer forming sites as a result of confor- 
mational motion in a polymer.23 Qualitatively, back- 
transfer leads to an enhanced probability of revisiting a 
donor site, thus increasing the exploration volume of an 
optical donor excitation. From a quantitative point of 
view, however, the reversibility in distributed trapping 
encounters severe mathematical complications which 
cannot be solved analytically in the time domain, even for 
random systems. While both the WKB24 and a perturba- 
tion theory solutionz5 represent expressions in the limit 
of weak coupling, convolution techniques yield formally 
exact solutions in the Laplace space.26 The simulation 
presented here has the advantage of circumventing all 
these analytical difficulties, as it solves the problems as 
it stands. 

Several conclusions may be reached from our study that 
may provide some general guidelines for experimentalists 
in analyzing their data. 

(i) The effects of varying trap location and dimension- 
ality (Figures 1-6) on the migration dynamics are illustra- 
tive in the frequency regime [(@(w,))], but not very 
pronounced in the time domain. Note that, in particular, 
in the case of varying dimensionality (Figures 1-3) the 
curves to be compared correspond to small intensity 
changes on very large time scales (t, is in units of T $ ~ ) .  
Since the ( p ( t ) )  response multiplied with a constant 
exponential of the inherent fluorescence process represents 
the kernel of the experimental convolution integral (vide 
infra) and thus is smoothed by the integral operator and 
the noise statistics, we conjecture that it must be, 
indubitably, a difficult enterprise to find such slight 
differences in real data. High-precision data at a lo5 up 
to 106 count level a t  the peak maximum would be required 
to detect the slight difference on the basis of the usual 
goodness-of-fit criteria. To our knowledge there exist no 
experimental results, so far, that might corroborate these 
considerations. 

(ii) The frequency analog ~ / T D  of the fluorescence process 
must sufficiently interact with the frequency modes of 
the hopping process in order to be a sensitive terminal for 
probing excitation transfer in a polymer. Thus the spectral 
position of 1 1 7 ~  on the frequency scale of ( @ ( w L ) )  deter- 

Macromolecules, Vol. 27, No. 18, 1994 

mines the extent of intersection, these quantities being, 
naturally, a function of the molecular transition dipole, 
the oscillator strength, and the electronic coupling matrix 
of the interchromophoric interaction. Short-lived chro- 
mophores with lifetimes on a picosecond time scale are 
expected therefore to cut off the interesting structure of 
(@(oil) in the low-to-moderate frequency part, but they 
have the advantage of probing the high-frequency wing 
due to the sufficient fluorescence signal intensity on this 
time scale. On the other hand, when using the conventional 
long-lived nanosecond probe chromophores, a larger 
contribution of low frequencies from (@(oi)) should be 
available from high-precision single-photon-counting (SPT) 
fluorescence experiments. This optimal adjustment in 
the context with picosecond SPT seems to be verified in 
copolymers with 2-vinylnaphthalenes as the optically 
active component in recent fluorescence depolarization 
studies.27 However, the high-frequency tail of ( @ ( w i ) )  is, 
of course, not accessible by such an experiment. But we 
conjecture that with the femtosecond laser-band limited 
method of fluorescence frequency conversion optical 
gating2* these high-frequency contributions of (@(w i ) )  can 
be monitored on a low-intensity subpicosecond time scale. 
Preliminary femtosecond results for conjugated polymers 
based upon nonlinear fluorescence mixing have been given 
by us in a very recent publicati~n.~g 

(iii) The overall time-domain profiles of Figures 1-7 
generally deviate from the Kohlrausch-Williams-Watts 
(KWW) stretched exponentiaPO meanwhile frequently 
used in polymer photophysics5 

which can be easily verified by plotting log In ( p ~ ( 0 ) ) l  
( p ~ ( t ) )  versus a log t scale. This is not surprising, since 
the KWW law is, in general, a theoretically sound result 
for random, infinite  system^,^^^^^ while the site ensemble 
in the present simulation has a finite,  nonrandom ar- 
rangement. Note therefore that for high dilute aromatic 
chains the KWW functional form is a rather poor trial 
function and cannot reproduce fluorescence trapping data. 
Although a l/r6 dependence for all transitions seems to be 
justified, despite the problematic D >> T regime in these 
systems, the statistical mechanical calculation of the 
macroscopic (&pulse) fluorescence decay is mathematically 
not tractable, due to the nonrandom site density, the 
correlation of sites, and the lack of appropriate analytical 
expressions in the pair appr~ximat ion .~~ So the actual 
form of the trapping law in the single chain limit is still 
an elusive problem. In our opinion, the transient trapping 
data analysis of this system in terms of ita eigenvalues 
spectrum (@(mi ) )  is an essentially more unbiased procedure 
which does not require the knowledge of analytical time- 
domain trial functions. The result of such an analysis 
based upon simulated input spectra and synthetic data is 
given below. 

(iv) In Figure 8a ( @ ~ ( w i ) )  provides an illustrative 
phenomenological platform for understanding the nature 
of reversible traps. The change of spectra with increasing 
detrapping parameter q = q 7 / v f T  [Figure 8a (B)-(D)I 
shows a systematic trend to a narrow bimodal pattern, 
but note that ( @ ~ ( w i ) ) ,  again, remains finite and cannot 
degenerate to the biexponential Birks limit21 due to the 
finite volume property of the polymer. From the results 
of these simulations, we conjecture that even in reversible 
systems ( p ~ (  t )  ) decays nonexponentially in migrational 
trapping experiments; multiexponential fits as usually 
applied in fluorescence reconvolution routines thus average 
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stability both in synthetic data back-and-forth simula- 
tions40 and in experimental data analysis.41 

A well-behaved example of numerical fluorescence data 
inversion obtained from this algorithm is given in Figure 
10. (a) represents the synthetic data profile based upon 
the eigenvalue spectrum in Figure 9, (C) convoluted with 
an instrumental response. (b) shows the result of (@(ai)) 
reconstruction. For details, see the caption of Figure 10. 
A complete strategy of simulating a polymer fluorescence 
trapping experiment, including computation of (@(ai) ), 
fluorescence convolution data synthesis, and the numerical 
reconstruction of (@(ai) ) by regulari~ation~~ has been given 
by us, very recently.12J3 For quasi-continuous spectra the 
method provides a powerful fitting procedure and really 
makes sense in terms of configurational average of the 
lifetime spectrum; i.e., in a wider connotation, ESM or 
MEM results can map out the spatial chromophore 
distribution in a polymer. Thus both the (@(ai)) simula- 
tion and its reconstruction from noisy fluorescence data 
develop a deeper understanding of how the analysis of 
polymer fluorescence has to be devised. In principle, these 
numerical methods combined with polymer fluorescence 
data a t  a high level of precision and time resolution should 
stimulate future work on the analysis of concealed hopping 
mode distributions in polymers and related soft-condensed 
systems. 
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Figure 10. (a) Synthetic fluorescence convolution, according to 
c L ( @ ~ ( w i ) )  = H with input spectrum (@D(w~))  from Figure 9a 
(C) (I@ counts in the peak channel, normalized time scale): (dots) 
convolution data, (dashed profile) instrumental response. The 
solid curve through the data is best ESM fit with 50 exponentials 
(x2 = 1, 002). (b) Results of ESM recovery in log(1lwi) space. 
The noisy pattern is with ( @ ~ ( w i ) )  from Figure 9a (C); the dotted 
pattern interpolated by the solid line is the reconstructed pattern 
of (@&I)) (regularization parameter y = 10). For details, see 
ref 12. 

over  distribution^,^ thereby producing simple curve pa- 
rameterization that falsifies the background physics. 
V.l. Some Remarks on the Reconstruction of (a- 

(ai)). To close this work, a short comment concerning 
the feasibility for reconstructing the eigenvalues spectrum 
( @(q) ) from experimental fluorescence decay data appears 
in order. Since a fluorescence real-data profile H ( t )  is a 
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volution integraloperator C: H ( t )  = CL( @(ai)). A central 
issue of the above (@(ai)) simulations in conjunction with 
time-resolved fluorescence experiments is therefore to 
solve the inverse problem L-lC-lH(t) - (@(ai)) to draw 
conclusions about the underlying spectrum of hopping 
modes (@(ai)) in experimental systems. 
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