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Intermolecular Correlation Functions from Foérster
Energy-Transfer Experiments

Glenn H. Fredrickson
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ABSTRACT: Fluorescence experiments that probe the transfer of electronic excitations between donor and
trap chromophores are investigated as a means of studying intermolecular correlations in macromolecules.
Expression for the observables in such experiments are derived, and specific applications are discussed. The
theory may allow fluorescence experiments to be used to study the correlation hole in polymer melts and in
bulk samples, spatial correlations in the dilute—semidilute regime of solutions, the structure of block copolymers,
segment distributions away from surfaces or interfaces, and the time evolution of density fluctuations in
spinodally decomposing mixtures. A variety of other applications are possible.

I. Introduction

Illumination of a chromophore or dye molecule with a
source of radiation can lead to the absorption of photons
and the creation of a singlet electronic excited state. When
an ensemble of such chromophores in a condensed medium
at room temperature is illuminated, the resulting excited
states or excitations are effectively localized on the-indi-
vidual chromophores. These excitations can decay through
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the familiar process of fluorescence but can also be
transferred nonradiatively to nearby unexcited chromo-
phores. This latter process is referred to as electronic
excitation transport (EET).! An expression for the rate
at which an excitation is transferred from an excited
chromophore (the donor) to an unexcited chromophore
(the acceptor) a distance r away was first derived by
Forster.? If the energy of the excited acceptor molecules
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is significantly lower than that of the excited donors, then
EET is an irreversible process and the acceptors are re-
ferred to as traps. In this case the expression derived by
Forster for the rate of donor to trap transfer is

w(r) = (1/7)[RPT/r]® (1.1)

where 7 is the observed lifetime of the donor excitation and
R,PT is the Forster radius of the donor-trap chromophore
pair. The Forster radius has been measured for a number
of chromophore pairs in solution® and can be obtained in
a variety of ways through spectroscopic measurements.!3*
Typical values of R,°T vary between 10 and 50 A.

Because the rate of EET depends strongly on the dis-
tance of separation between donors and acceptors and
EET is a process that competes with donor fluorescence,
the donor fluorescence intensity (or the trap fluorescence
intensity in the case of fluorescent traps) will be very
sensitive to trap concentration. For this reason EET can
be used as a local probe of the structure of polymers that
contain fluorescent labels. In a number of experimental
and theoretical studies, we®" and several other workers®12
demonstrated how fluorescence experiments could be used
to probe intramolecular correlations and the size of mac-
romolecules. By attaching chromophore labels at multiple
sites on a polymer chain, it is possible to probe the char-
acteristic ratio of linear chains,® the mean squared end-
to-end distance or radius of gyration of macromole-
cules,®#12 and intramolecular segment correlation func-
tions.” Ediger, Domingue, and Fayer!? also demonstrated
how EET between labels on different chains could be used
to study the size of micelles. At a more qualitative levei,
fluorescence experiments have been used to study polymer
blend compatibility.3

Except for the last two experimental studies, the works
discussed above were primarily concerned with the elu-
cidation of intramolecular polymer structure. In the
present paper, we demonstrate how simple trapping ex-
periments can be used to study intermolecular correlation
functions. Such experiments are often easier to perform
than fluorescence depolarization studies and offer infor-
mation similar to that obtained through X-ray or neutron
scattering experiments. The trapping experiments, in
contrast to conventional scattering experiments, can be
performed in the laboratory by using relatively inexpensive
optical equipment. As with scattering techniques, the
primary concern when using EET as a structural probe is
whether the introduction of labels significantly perturbs
the polymeric system under study. We assume in the
following that donor and trap chromophores can be se-
lected for a given system, such that their introduction at
sufficiently low concentration will not measurably influence
the structure of the material. The energy-transfer tech-
nique also requires an optically transparent host material,
so our analysis will be restricted to such systems.

A variety of applications exist for the experiment and
theory proposed in this paper. The correlation hole in
linear, branched, or star polymers can be studied, as well
as various correlations in block copolymers, such as
joint—joint correlation functions. The technique could also
be used to analyze the distribution of segment density
away from a surface or interface and possibly to study the
time evolution of density fluctuations in a phase-separating
system. A detailed study of the dilute—semidilute regime
in polymer solutions may also be possible. In the next
section we discuss the trap fluorescence experiment in
detail and present the connection between the fluorescence
observable and a many-body transport problem. A simple,
yet accurate, approximate solution to the many-body
problem that relates the fluorescence observable to the pair
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correlation function of the chromophore labels in the
material is given. Section III contains a discussion of how
the fluorescence technique can be used to extract structural
information of the type discussed above. A detailed
treatment of the correlation hole is presented as an ex-
ample of the use of the theory to interpret fluorescence
experiments. Finally, in section IV we discuss some of the
practical aspects of choosing an appropriate donor-trap
chromophore pair for a given application and summarize
our results.

II. Trapping Experiment and Connection with
the Many-Body Problem

In a trapping experiment, one can obtain information
about the distribution of distances between donor and trap
labels by monitoring the rate of EET through fluorescence
measurements. The initial step in the experiment is to
label the polymer of interest with donor and trap chro-
mophores. Since we are primarily interested in intermo-
lecular correlations, it is most convenient if each labeled
polymer molecule contains only a single chromophore. The
placement of the labels on the polymer may be dictated
by convenience in the synthetic procedure and by the
particular correlation function to be probed. After prep-
aration, the labeled molecules are dispersed in the medium
of interest, which may be a solvent or a bulk sample of the
unlabeled material.

For the experiments proposed here, the donor concen-
tration should be very small so that energy transfer be-
tween donor chromophores can be neglected in comparison
with that between donors and traps. It is convenient to
define two dimensionless concentrations of donor and trap
labels!*

Cp = (4/3)7(R,PP)’pp (2.1)
Cr = (4/3) m(R°T)pr (2.2)

In these equations, pp and pr are the respective number
densities of donor and trap labels in the host material and
RPP is the Forster radius for donor-donor EET. An ap-
proximate criterion for the neglect of donor-donor energy
migration is to require®!*

Cp < Cr (2.3)

Thus, the labeled samples should be prepared such that
chains containing donors are scarce and eq 2.3 is satisfied.

The fluorescence experiment is performed by exciting
the labeled sample with a pulse of radiation at a wave-
length where donor absorption is significant but trap ab-
sorption is negligible. Thus, at time 0+ only donor chro-
mophores are excited. At later times the donor excitations
decay through fluorescence or through energy transfer to
trap chromophores. As a result, the donor fluorescence
intensity decays with time, and measurements of its decay
provide information about the distribution of molecules
that contain traps relative to molecules labeled with do-
nors.

Consider a system of volume V that contains N polymer
molecules, each labeled with a trap and a single molecule
labeled with a donor. (Only a single donor need be con-
sidered because we assume donor-donor transport can be
neglected.) Because the various decay processes are in-
dependent, H(t), the probability that the donor is excited
at time t > 0, given that it was excited at ¢ = 0, can be
written

N
H(t) = et/ f dR P@®)IL expl-w(ryt]  (2.4)
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where R represents the set of positions of the traps relative
to the donor, (ry, ry, ..., ry), and P(R) is the normalized
probability distribution function for these positions. The
rate of EET from the donor to the ith trap, w(r,), is as-
sumed to obey the Forster expression, eq 1.1. The ex-
perimental donor fluorescence intensity is directly pro-
portional to H(t).

The difficulty in applying eq 2.4 to fluoresence mea-
surements is that the experimental situation corresponds
to the thermodynamic limit (N — ©, V— «, p = N/V
constant). Hence, we cannot perform the integration for
most choices of P(R). However, it is tractable for the
special case of uncorrelated trap positions, P(R) = 1/ V¥,
For this case the integrand factors into a product of terms,
one for each trap molecule, and the integrals can be easily
performed. The result is'®

1/2
Golt) = et/"H(t) = exp(—[vrCT"’%] ) (2.5)

For the more general situation where there are correlations
among the positions of the donors and traps, the integrand
does not factor and we are faced with solving a many-body
problem to evaluate the integral. Such problems are
difficult and in most instances cannot be solved exactly,
but the reward of obtaining an accurate approximate so-
lution is that fluorescence experiments can be used to
probe intermolecular correlations. Indeed, the extent to
which the fluorescence intensity deviates from eq 2.5 is a
measure of such correlations.

In the Appendix we discuss various techniques for ob-
taining an approximation to Gy(t) in the presence of cor-
relations among chromophore positions. The accuracy of
low-order approximations based on these techniques is
analyzed, and the results are used to identify a simple, yet
accurate, expression for Gy(t) that depends only on the pair
correlation function of chromophore labels. In a homo-
geneous, isotropic medium, the general expression for this
approximation is

Go(t) = expl-pr [ dr g)(1 - exp[-w()D] (26)

where w(r) is given by eq 1.1 and prg(r) represents the
density of trap labels at position r relative to the donor
position. For the special case of chains labeled at one end,
g(r) = g(r) is the radial distribution function of chain
ends.?

It is convenient to introduce the pair correlation func-
tion,?” h(r), defined by

prg(r) = pr[l + h(r)] + V7' = p + prh(r) (2.7)

where p = V-1 + pq is the total number density of chro-
mophores and hence chains. The pair correlation function
satisfies the normalization condition

pp f dr h(r) = -1 (2.8)

When eq 2.7 is substituted into eq 2.6, we obtain the
following result for the normalized donor fluorescence in-
tensity:

H(t) = et"Gy(t) =

1/2
expl- % - ["C2t ] - pr f dr h(r)(1 - exp[-w()t])
T T
(2.9)

with
C = (4/3)7(R,PT)%p (2.10)
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Figure 1. Pair correlation function in the random-phase ap-
proximation for a melt of end-labeled chains.

Because 7 and C are known optical and material prop-
erties, donor fluorescence intensity measurements provide
time-dependent estimates of Q(t), where

Q) = —py [ dr h(x)(1 - exp[-w()t)  (21D)

Equation 2.11 can be written as a Laplace transform, with
h(r) obtained by inverting the transform.’® This is a
difficult procedure, however, unless the fluorescence data
is free of scatter. A better way to study intermolecular
correlations is to assume a functional form for h(r), inte-
grate eq 2.11, and compare with Q(¢) from experiment. In
the next section we discuss this approach for the study of
the correlation hole?®? in melts and bulk polymers. Other
applications of eq 2.9-2.11 are discussed.

II1. Application to the Study of Intermolecular
Correlations

A. Analysis of the Correlation Hole. The correlation
hole in polymer melts or in the bulk can be studied by
X-ray or neutron scattering.?6?® However, it can also be
studied in the laboratory by performing a fluorescence
experiment of the type discussed in section II. For this
purpose we consider a collection of polymer molecules,
each labeled at one end with a donor or a trap. A small
concentration of chains that contain a donor are mixed
with trap-labeled chains. The composition of the mixture
should be chosen such that the dimensionless concentra-
tions of labels satisfy Cp << Cr. Fluorescence experiments
can then be performed to extract A(r) and elucidate the
nature of the correlation hole.

In order to apply eq 2.9, it is necessary that = and R,°T
be determined. The lifetime of the donor excitation can
be measured through transient fluorescence experiments
on a sample that contains a low concentration of donor-
labeled chains mixed into a host material of chains without
labels.'? The Férster radius, R°T, can be obtained from
absorption and emission spectra of unlabeled material in
which a small concentration of donor- or trap-labeled
chains have been placed.!™

de Gennes® has developed a random-phase approxi-
mation (RPA) for the Fourier transform of h(r) that is
appropriate for-a melt of Gaussian chains labeled at one
end. The expression can be written

. [1-e7]?
= iqr = ———

prh(@) = pr f dr evh(r) e OV
where x = g?R?/6 and R? is the mean squared end-to-end
distance of a molecule. Equation 3.1 can be numerically
inverted to obtain h(r) = h(r). In Figure 1 we have plotted
47r’Rh(r) vs. r/R. The “correlation hole”, which has an
area of —1, is seen to extend out to r =~ 2R.
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Figure 2. Q vs. 8 = (R°T/R)®t/ for the RPA correlation hole
and the “hard sphere” hole: solid curve, RPA result for end-labeled
chains; dashed curve, eq 3.4 for the “hard sphere” hole.

The above numerical results for h(r) can be used to
calculate Q(t) from eq 2.11. We find that @ can be ex-
pressed as a universal function of the dimensionless var-
iable 8 = (R,P’T/R)%t /7. Q(6) is plotted as the solid curve
in Figure 2. Note that the donor fluorescence intensity
is given by

1/2
H(t) = exp{— t/7 - [%‘?] + Q(B)} 3.2)

Experimentally, one can only measure H(t) accurate for
at most two decades in time about ¢t = 7. It is also im-
portant to note that C can be interpreted as the average
number of chromophores (and hence chains) in a sphere
of radius R,CT. Since R is usually the same order of
magnitude as R,P7T, it is apparent from Figure 2 that all
three terms on the right-hand side of eq 3.2 could con-
tribute for the times of interest. As a result, there should
be no difficulty designing an experiment that will allow
Q(6) to be resolved from donor fluorescence decays.

The utility of Figure 2 should be emphasized. If r and
R,PT have been previously determined, a measurement of
H(t) at a single time is sufficient to obtain an estimate of
R from the figure. Thus, in addition to facilitating the
study of intermolecular correlations, trapping experiments
can be used to measure the end-to-end distance of chains
in the bulk.

To test the sensitivity of the fluorescence experiment
to the shape of the correlation hole, we have calculated Q(6)
for a “hard sphere” hole of radius R

4 -1
orh(r) = —[ §1rR3] , r<R

pth(r) = 0, rzR (3.3)

Note that pph(r) is properly normalized. With the Forster
rate, the integral in eq 2.11 can be performed analytically.
We obtain

Qus(8) = 1 — exp(-0) + (w6)'/2 erfc (61/2) (3.4)

Equation 3.4 is plotted as the dashed curve in Figure 2.
Q(8) calculated from the “hard sphere” h(r) is seen to
change significantly faster than the RPA result over the
times of experimental interest. Hence, the proposed
fluorescence experiments should at least be sensitive to
the gross shape of the correlation hole.

In the following sections we discuss a variety of other
applications of the theory described in section I1. A de-
tailed feasibility study of the proposed experiments is not
given, but instead experiments are suggested that we be-
lieve are likely to be successful and yield useful informa-
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tion. In general, the feasibility of a particular experiment
will depend on the type of system and molecular weight,
as well as on the fluorescent labels employed. In some
circumstances, the use of labels with a small Forster radius
will restrict experiments to the study of low molecular
weight chains. References 4, 12, and 13 are careful ex-
perimental investigations of EET in liquids and polymers
and should be quite helpful in designing experiments of
the type considered here. Furthermore, these references
provide concrete evidence that related experiments can be
performed.

B. Analysis of Correlations in Solution. Trap
fluorescence experiments may prove useful for structural
studies of polymer solutions at concentrations near the
overlap concentration, ¢*. By labeling chains in the
manner described for the study of the correlation hole,
EET experiments could allow one to monitor the degree
of coil interpenetration as the polymer concentration is
varied across c*. It may be possible to see a gradual
transition in which Q(¢) behaves according to eq 3.4 in
dilute solution but crosses over to a time dependence ap-
propriate for interpenetrated chains in a good solvent as
the concentration is increased above the critical concen-
tration. One would expect to see a dramatic increase in
the rate of EET when the screening length, £, becomes
comparable with R,T.

C. Application to Block Copolymer Studies. There
are a variety of possible applications of EET experiments
to the study of block copolymer structure. Liebler® has
derived an RPA expression for the pair correlation function
of homogeneous diblock melts that can be used in con-
junction with fluorescence experiments to probe the cor-
relation hole. The results of such experiments could be
compared with the neutron scattering study of Bates.®
Fluorescence experiments on molecules that are labeled
at the joint or at random locations within a block might
also be useful for testing current theories of diblock
structure in ordered phases.?®3!

D. Application to the Kinetics of Phase Separation.
Another possible application of trap fluorescence experi-
ments would be to study the structural evolution of a
polymeric system undergoing a first- or second-order phase
transition. As an example, one could work with the PS—
PVME system, which has lower critical solution temper-
ature. A convenient way to study such a system would be
to prepare labeled PS chains that contain a naphthalene
end group and PS chains that contain an anthracene end
label. It is unlikely that such labels would cause the
thermodynamic properties of the tagged material to be
much different from that of pure PS. Aggregation caused
by specific interactions of the labels is also not expected.
The system to be studied would consist of a mixture of
PS-A, a very low concentration of PS-N, and PVME
molecules. The naphthalene end groups would serve as
energy donors and the anthracene groups as energy ac-
ceptors or traps.

In the homogeneous, one-phase state, trap fluorescence
measurements probe the equilibrium pair correlation
function of PS chain ends in such a system. As the tem-
perature is raised, the fluorescence intensity changes in
response to changes in A(r). (It is important to note that
Ry°T and 7 may be temperature-dependent.) If the system
is quenched into the unstable, two-phase region, the
fluorescence intensity will evolve as the system begins to
undergo spinodal decomposition. Because the time scale
for the evolution of h(r) is so much slower than the rate
of EET, the theory presented in this paper can be used
with h(r) replaced by its instantaneous value. Time-de-
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pendent fluorescence measurements under such conditions,
however, are difficult because data collection by single-
photon-counting techniques may require averaging over
times comparable to structural relaxation times in the
material. Thus, it is desirable to perform a photostationary
state fluorescence experiment in which the ratio of trap
to donor fluorescence intensities (J1/Ip) is monitored under
continuous excitation.! This ratio of fluorescence inten-
sities is conveniently related to the integral of H(t),? § =

Sodt H(t)
I
T=q—FT-[1—1] (3.5)

where gpr and ggp are the respective quantum efficiencies
of the trap and donor chromophores. Thus, the structure
of the spinodally decomposing system can be monitored
under continuous excitation where the fluorescence ob-
servable is related to h(r) via eq 2.9 and 3.5. Linearized
theories for the behavior of h(r) at short times can be
compared with the observed fluorescence results.

E. Other Applications. Other applications of the
energy-transfer technique are possible. For instance, it
might be possible to attach chromophores to a cross-linking
agent that could be incorporated into an elastomeric
network. Trapping experiments could then provide in-
formation about the concentration and distribution of
cross-link junctions. If donor labels could be attached to
a surface whose polymer adsorption properties are of in-
terest, the fluorescence technique might be used to probe
segment densities away from the surface. This experiment
could be performed by allowing trap-labeled polymer
molecules to be adsorbed on the surface (containing pre-
viously attached donors). By monitoring the donor to trap
EET, the distribution function of trap and hence segment
density near the surface could be analyzed.

IV. Discussion and Conclusions

In the present paper a theory was developed that should
allow donor fluorescence measurements to be used for the
study of intermolecular correlations. Previously theories
were concerned primarily with the study of intramolecular
correlations. The most important result of the present
work is eq 2.9, which related the pair correlation function
of chromophore labels to the fluorescence intensity. It was
demonstrated how this relationship can be used to probe
the correlation hole in bulk polymers and melts. Other
applications, such as structural studies of polymer solutions
and block copolymers, were discussed. A study of the
kinetics of phase separation may also be possible with the
technique.

It is important that an appropriate donor-trap chro-
mophore pair be chosen for a given application. Ideally,
one would like select a pair with a large R,"T, because this
facilitates the study of large molecules. However, those
labels with the largest Forster radii are often bulky and
may have very short lifetimes. Such labels could signifi-
cantly perturb their environment and thus bias the
structural information obtained from fluorescence mea-
surements. The disadvantage of donor chromophores with
a short lifetime is that very high-resolution excitation and
detection equipment is then required. One must also be
careful that specific interactions among the labels or be-
tween labels and units of the polymer will not cause ag-
gregation, phase separation, or significant perturbation of
the material structure. Thus, labels must be chosen with
care. This author is optimistic, however, that suitable
fluorescent tags can be chosen for a given application.

Throughout this paper we have assumed that the ori-
entation-averaged Forster rate described by eq 1.1 is ap-
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Table I
EET among Randomly Distributed Donors
scheme Az % error
exact 0.8056
I 1.2337 +53.1
11 0.6169 -23.4
I 0.7854 -2.5
v 0.1686 -79.1
Table 11
EET to Traps on an Ideal Chain
scheme B, % error
exact 4,3605
I 5.9079 +35.5
u 1.9693 -54.8
111 3.3442 -23.3
v —0.5945 -113.6

propriate for the systems under consideration. Other
transfer rates can be easily incorporated into the present
formalism if it is believed that such rates accurately de-
scribe the mechanism of energy transfer. Our results can
also be extended in a straightforward manner to the ori-
entation-dependent Forster rate if the labels have limited
or no local mobility on the time scale of 7. This extension

has been described in detail in previous publica-
tions.4'7'12’13'32
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Appendix: Analysis of the Many-Body Problem

A. Approximation Schemes. There are several dif-
ferent approaches that have been developed for the
analysis of many-body energy-transfer problems. The
formalism is applicable to related transport problems in
disordered media,!® but only the EET problem is consid-
ered here. Haan and Zwanzig!"!® formulated an elegant
theoretical framework to describe the migration of exci-
tations among randomly distributed donor chromophores.
They found a scaling relationship between concentration
and time and showed on the basis of physical and math-
ematical arguments that the Laplace transform of G(t)

Gole) = ‘j; dt e ¢G(t) (A1)
can be written in the form
~ 1
Gole) = FRA/9 (A.2)

The quantity, K(1/¢), which is often referred to as a
self-energy or memory function in the many-body litera-
ture, can be defined through its series expansion in chro-
mophore concentration. Gochanour, Andersen, and Fay-
er'® (GAF) subsequently showed that it is possible to re-
normalize the self-energy such that eq A.2 can be written

A 1

Gl = TR 3
Thus, K depends on ¢ only through its explicit dependence
on Gy(e). Both eq A.2 and A.3 are exact results. Although
they were originally derived for EET among randomly
distributed donors, the equations have also been extended
to the more general case of donors and traps!* and to
include correlations among donor and trap positions.’
Recently, Nieuwoudt and Mukamel?*?! presented two
additional equations for Gy(t)

1 ¢:+imdE
Gy(t) = exp{—% f E exp(et)F(l/e)} (A4)

joo
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and

1 ctie de o
Gy(t) = expy—— f — exp(et) F[Gy(e)] (A.5)
2l cmieo €2

Equation A.4 is an exact relation between Gy(t) and a
memory function F(1/¢). As before, F(1/¢) can be defined
through its expansion in powers of chromophore concen-
tration. Equation A.5 was obtained by Nieuwoudt and
Mukamel by proposing that F(1/¢) can be renormalized
in the same manner as K(1/¢), i.e., F[Gy(€)] = F(1/¢). This
was not proven, however.

Equations A.2-A.5 provide four independent methods
for obtaining successive approximations to Gy(t). By ap-
proximating the respective memory functions with a
truncated expansion in powers of chromophore concen-
tration, the four equations yield approximate expressions
for Gy(t). As more and more terms in the expansions are
retained, these approximate expressions presumably con-
verge to the exact Gy(t). The rates of convergence, how-
ever, may differ greatly. Thus, to obtain an accurate ap-
proximation for Gy(t) from a low-order truncation of a
memory function expansion, it is necessary to investigate
these rates of convergence. To distinguish the various
approximation schemes, we label approximations based
on eq A.2-A.5 with Roman numerals I, II, III, and IV,
respectively. Scheme I was adopted by Haan,® Ediger and
Fayer,!"13 and the present author® for a variety of EET
problems. Scheme II was used by GAF,' Loring, An-
dersen, and Fayer,'* and for polymer-related problems in
ref 5 and 6. Scheme III was considered by several work-
ers®?2-2 and was recently employed to interpret fluores-
cence depolarization experiments in polymers.” In previous
studies approximations based on schemes I and III were
referred to as Pade and cumulant approximants, respec-
tively. Scheme IV was developed and studied by Nieu-
woudt and Mukamel.?!

In order to assess the rates of convergence of the various
schemes, we compare the lowest order approximations in
which the respective memory functions are approximated
by truncating their expansions at first order in chromo-
phore concentration, C. For two problems of interest the
O(C?) predictions of the four approximations are compared
with the exact O(C?) results. In both cases it is found that
scheme III is superior at this level of approximation. The
results are summarized in Tables I and II.

B. EET among Uncorrelated Donors. The first
problem we consider is Forster EET (described by eq 1.1
with R,PT replaced by R,PP) among randomly distributed
donor chromophores. In this case G(t) exp(~t/7) repre-
sents the probability that the initially excited donor is still
excited at time t. G(t) has the following exact density
expansion:1®

Go(t) = 1 + A,[Cp2t/7]V2 + AG[Cplt/7] + . (A.6)

where A, = —(w/2)V/%, A3 = 0.80555, and Cp, was defined
in eq 2.1. In all four schemes, approximation of the
memory function by its expansion to O(Cp) results in an
approximation for Gy(t) that correctly reproduces the
coefficient, A,. However, the predictions for A; from the
various approximations are quite different. These pre-
dictions are shown in Table I and are compared with the
exact value of A; given above. It is clear that for EET
among randomly distributed donors, scheme III, the cu-
mulant approximant, is far superior to the other methods
at leading order.

C. Direct Trapping on an Ideal Chain. The second
problem of interest is more closely related to the trapping
experiment discussed in section II. We consider a linear,
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Gaussian polymer chain in the limit that its length ap-
proaches infinity. One donor chromophore and an average
of g trap chromophores per Kuhn segment are placed at
random along the contour of the chain. The rate of EET
between the donor and traps is assumed to obey eq 1.1.
The present problem is a special case of the EET problems
considered in ref 5. Because there is no donor-donor
transfer, exp(—t/7)Gy(t), the probability that the donor is
excited at time ¢ is described by eq 2.4. Hence, the various
schemes for approximating G(t) correspond to techniques
for approximating the integral in eq 2.4.

The density expansion appropriate for the present
problem is®

Go(t) =1+ BQ[C‘Tst/T]l/s + Bg[CTst/T]2/3 + .. (A7)
where B, = —4(3'/%)/T'(1/3), B; = 4.3605, and
CT = qu(RODT/a)2 (A.S)

with @ the Kuhn segment length. When the four ap-
proximation schemes are applied® at first order in Cr,
predictions for B; are obtained. These predictions are
summarized in Table II. From the table it is clear that
scheme III is again superior to the other three methods
at this level of approximation. It is interesting that scheme
IV does such a poor job of estimating both A; and B;. This
may suggest that the renormalization of F(1/¢) proposed
by Nieuwoudt and Mukamel is not correct or at least is
not useful at low order for application to energy-transfer
problems.

We note that the calculation of B, requires knowledge
of the two-chromophore correlation function, while cal-
culation of B, requires knowledge of both two- and
three-chromophore correlation functions.® For an ideal
chain, all such functions are known. At lowest order in
Cr the various schemes approximate correlation functions
of order three and higher in terms of the two-chromophore
correlation function. The cumulant approximant, scheme
IT1, appears to do the best job of mimicking the true
structure of the material, based only on knowledge of the
pair correlation function.

D. General Expression for the Cumulant Approx-
imant. We now turn back to the problem of evaluating
eq 2.4 for the case of arbitrary correlations among the
positions of the traps and donor. Because the ideal ex-
perimental situation corresponds to a very small label
concentration,?® we expect that approximations based on
the expansion of memory functions to leading order in
concentration will be adequate. The cumulant approxi-
mant, which was shown to be superior to the other three
schemes for two relevant EET problems, was also dem-
onstrated to be accurate for the problem of donor-donor
energy migration on an ideal chain.” Thus, we expect that
it will provide an accurate approximation to Gy(t) for more
general situations of correlations among chromophores. In
homogeneous, isotropic materials the cumulant approxi-
mant is obtained by inserting the leading term in the
density expansion of F(1/e¢) into the right-hand side of eq
A.4. For the trapping problem discussed in section II, this
procedure leads directly to eq 2.6.
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ABSTRACT: Triplet emission spectra were recorded for solid film samples of poly(N-vinylcarbazole) prepared
by free radical polymerization at temperatures ranging from 2 to 160 °C. The low-temperature polymerizations
were initiated photochemically. The phosphorescence spectra could be resolved by computer methods into
three overlapping Gaussian components exhibiting peak maxima at 477 (+3), 507 (£3), and 542 nm (£3 nm).
Inconsistent results were obtained from attempted two-component fits and it is concluded that there are at
least three emitting triplet excimeric species present. The 477-nm band is believed to be associated with the
half-eclipsed excimer while that at 507 nm is assigned to the normal sandwich excimer. The 542-nm band
is thought to be due to an extended excimer consisting of three properly oriented chromophore groups. Relative
oscillator strengths of these three emissions were determined for all polymer samples. Certain regularities
in these values were found, depending upon polymerization conditions and mode of sample treatment.

Introduction

Poly(N-vinylcarbazole) (PVCA) when subjected to
photoexcitation produces a rich array of photophysical
phenomena, including photoconductivity, fluorescence,
excimer fluorescence, phosphorescence, delayed fluores-
cence, excimer phosphorescence, and delayed excimer
fluorescence. The latter four emissions originate from the
triplet state of PVCA and are the primary focus of the
present work.

In point of fact, the scope of the present study can be
even more narrowly defined since it is only pure solid films
of PVCA that will be considered here. It has been pointed
out in earlier work! that the triplet luminescence of PVCA
is entirely excimeric in character when it is solid films that
are being photoexcited. On the other hand, no emission
due to triplet excimers has been reported from frozen
solutions of PVCA. Thus, a restriction to triplet lu-
minescence from solid films is de facto a restriction to
triplet excimer emission.

The modes of polymerization and sample preparation
studied in this work are associated with effects that are
essentially thermal in character. These may be charac-

terized as (a) effects of polymerization temperature and
(b) effects of thermal treatment of sample films. We
should hasten to remark, at this point, that the polymer-
ization temperature can indeed influence many charac-
teristics of the resulting polymer, not the least of which
is average molecular weight. The influence of average
molecular weight on the-triplet emission spectra of PVCA
and other polymers has already been thoroughly explored
by others,?® however, and, apart from recognizing its in-
fluence on relative emission intensities of delayed
fluorescence and phosphorescence, it is not of primary
interest here.

A concern over the effects that polymerization tem-
perature may have upon triplet luminescence character-
istics of PVCA is prompted by two earlier observations.
It had been noted by Houben and co-workers* that PVCA
prepared by cationic polymerization at —78 °C emitted a
relatively larger proportion of its excimer fluorescence at
a wavelength corresponding to the sandwich type of ex-
cimer rather than the higher energy half-eclipsed excimer.
This latter excimeric species incidentally has been shown
to arise from a half-overlapped orientation of carbazolyl
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