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(15) It has been found by Wagner!®! that triplet benzophenone
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solution. Wagner!* estimated that the triplet energy of the
nonvertical transition was approximately 1 kcal less than
triplet energy of benzophenone. From our other work with
P4VBP?® we estimated the triplet-state energy of the biphenyl
pendant group as 67 kcal/mol, or 2 kcal/mol lower than ben-
zophenone. While the benzophenone triplet is a very efficient
sensitizer, the bimolecular rate constant for biphenyl sensiti-
zation is less than diffusion limited.
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ABSTRACT: The theoretical foundation for the interpretation of transient and photostationary fluorescence
experiments in the presence of electronic energy transport is reviewed. Transient trapping experiments are
described for both uniform and nonuniform disordered media by the decay of GP(t), the integrated average
density of donor excitations. Furthermore, the photostationary-state observables are directly related to the
Laplace transform of GP(t). Expressions are collected for GP(t) that can be applied to homogeneous systems
of donors and traps exhibiting direct or migration-assisted trapping. Similarly, transient fluorescence de-
polarization experiments can be described by GS(¢), the ensemble-averaged, initial site excitation probability,
while photostationary depolarization is interpreted in terms of the Laplace transform of G3(¢t). Useful expressions
are obtained for the photostationary-state ratio of trap to donor intensities, a nondiffusive “effective migration
length”, and the steady-state anisotropy. The importance of homogeneity, dimensionality, and proper transition
moment averaging is discussed for polymeric and nonpolymeric systems. Finally, the utility of the theory
reviewed in this paper is illustrated with several sets of trapping and depolarization data found in the polymer

literature.

I. Introduction

The use of fluorescence probes for the characterization
of polymer morphology has become widespread in recent
years.!? The technique of excimer fluorescence provides
direct quantitative information on intra- and intermole-
cular interactions and has proved useful in the analysis of
phase separation and compatibility of solid blends*® and
in the study of segmental rotation in solution.” Sensiti-
zation experiments have been used in polymers and bio-
polymers to measure intramolecular distances and also to
characterize unknown chromophore distributions.?
Fluorescence depolarization experiments yield useful in-
formation on conformational dynamics in solution® and
furnish a measure of overall coil mobility.? Depolarization
studies have also been used to characterize fluorescent
copolymers, and they provide direct evidence for the
presence of electronic energy migration in such sys-
tems.1®17

The transport and trapping of electronic excitations in
polymeric materials is, in general, a very difficult many-
body problem. Chromophores attached to polymer chains
present an inhomogeneous medium for exciton transport
processes. Such systems provide an anisotropic transport
pathway with uncertain dimensionality and possibly a
nonuniform distribution of transition moments. As a re-
sult, care must be taken in the selection of experimental
systems and in the subsequent data analysis.

Recent theoretical advances in the treatment of energy
migration and trapping in disordered, homogeneous sys-
tems have led to the conclusion that these transport pro-
cesses are nondiffusive in nature.'®?® Very accurate
time-dependent solutions to the transport master equation
have been obtained and connections made to experimental

observables. In this paper we will attempt to review the
recent theoretical developments for uniform systems and
demonstrate how they can be applied to the analysis of
experiments on macromolecules.

II. Trapping Theory

Trapping experiments generally involve the excitation
of one type of chromophore, the donor or sensitizer, and
the subsequent observation of the fluorescence from a
second chromophore type, the trap, activator, or acceptor.
The excitation energy can be directly transferred from the
excited donor to a trap by a resonant or exchange mech-
anism® or may migrate via a similar mechanism to other
donors from which direct trapping can take place. The
transient excited donor and trap populations are intimately
related to the distribution and concentration of both
chromophore types and also to the interaction mechanism.
In this paper only excitations that are transferred through
a multipolar resonance mechanism will be considered, and
the traps will be assumed to be “deep” or nondissociative.

The observables in both transient and photostationary
trapping experiments can be directly connected with the
donor excitation function, GP(t), which represents the
probability that an excitation resides on a donor chro-
mophore at time ¢ in the absence of other decay processes.
Since GP(t) is in general a nonexponential function, trap-
ping kinetics cannot be described in terms of a trapping
rate constant. However, a trapping rate function can be
defined as¥

= Yo
k(t) = -7 [In G°(®)] (1)

so that the excited donor population obeys the equation
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The rate constant, kp, reflects the total rate of donor decay
by radiative and nonradiative processes in the absence of
energy transport.

In transient experiments with donors and nondissocia-
tive traps that emit radiatively, the fluorescence intensities
can be expressed in terms of GP(t)¥

ip(t) = grpkp exp(-kpt)GP(t) (3a)

¢ d
iv(t) = gprkr exp(—th)j; dr exp(—kDT)[— a—;GD(T) ]
(3b)

In eq 3, kp and kr are the total rates of radiative and
nonradiative decay of excited donors and traps, while ggp
and gpy are the respective fluorescence quantum efficien-
cies.

Photostationary-state fluorescence data are often ex-
pressed in terms of the ratio of integrated trap to donor
fluorescence intensities. The ratio is given by*

Ir _ar[1-M
M

I ~ grp

(4)

where 1 — M is the trapping efficiency and M is related to
GP(t) by

M=kg j; “dt exp(~kpt)GP(t) ®)

Since many transport models are formulated in terms of
the Laplace transform of GP(¢), it is useful to note that the
photostationary results can be obtained directly from the
expression

M = kpGP(s = kp) (6)
where the transform is defined by
GD(s) = f “exp(—st)GP(¢) dt ™
0

1t should be emphasized that M is related to the time
average of the nonexponential donor population and thus
cannot be expressed in terms of a ratio of rate constants.?®

The first analysis of the trapping problem was done by
Forster.® An expression was developed for GP(t) when the
excitations cannot be transferred between donors but
when the energy can be directly transferred to a three-
dimensional random distribution of traps by a dipole—
dipole mechanism. The work has been extended to ar-
bitrary dimensions and to isotropic, multipolar transport
rates from donor to trap of the form

v(r) = kp(RPT/ry 8)

The parameter s characterizes the order of the multipolar
interaction, while the donor-trap interaction radius, RPT,
is the distance at which the transport rate equals k. The
donor excitation function for this problem is given by®"3

GP(t) = exp{-C1I'(1 - A/s)(kpt)*/¢), s>A (9

where the dimensionless trap concentration for a number
density of trap chromophores, pt, in A dimensions is de-
fined by

Cr = VA(RPT)4pp (10)

and V, is the volume of a unit sphere in A dimensions.
I'(x) is the usual gamma function.

Equation 9 is applicable over a broad range of times and
concentrations if donor—donor migration is negligible and
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if the surrounding medium is sufficiently nonviscous to
allow transition moment randomization during the resi-
dence time of the excitation on the donor. However, the
medium must also be viscous enough to prevent bulk
chromophore diffusion from taking place on the time scale
of the energy transport process.

In a highly viscous fluid or solid solution the isotropic
rate defined in eq 8 is inappropriate. To determine GP(t)
for such a system, it is necessary to perform a static average
of transition moments for an orientation-dependent rate
mechanism. For the special case of dipole—dipole (s = 6)
transfer from a donor to randomly oriented acceptor di-
poles in a rigid medium, the direct trapping result is

GP(t) = exp{—yaCrI'(1 - A/6)(kpt)*/8} (11)

where the orientation factor is given by

v: =0.8886, 1D (12a)
ve = 0.8468, 2D (12b)
vs = 0.8452,  3-D (12¢)

Since we have not encountered the one- and two-dimen-
sional results in the literature, the derivation of eq 11 is
given in Appendix A. Comparison of eq 9 and 11 indicates
that eq 9 can be taken as the general result for dipolar
interactions if the replacement Cy — v,Cr is made for
viscous media.

The photostationary trapping efficiency for the direct
transport problem in three dimensions can be obtained
from the Laplace transform of eq 11

C ( C)2 /24,
1—M=7r‘Y3TeXp|:ﬂ”Y3T ]erfcl:ﬂ'T’ysT

2 4
(13)

In one and two dimensions, the integration must be carried
out numerically.

The trapping problem becomes considerably more com-
plex if the excitations are allowed to migrate among the
donor chromophores via a resonance interaction, in ad-
dition to the direct transport to traps. Yokota and Tan-
imoto® have formulated an approximate solution to the
direct transport problem when the donors can diffuse
through the medium. However, this solution cannot be
applied when the donor excitations are mobile as a result
of resonance interactions. Such interactions are of a
long-range nature, and when coupled with statistical
fluctuations in chromophore density, they can lead to
highly nondiffusive behavior.

Huber? has formulated an average t-matrix approximate
solution to the transport master equation for interacting
donors on a regular lattice with a small concentration of
randomly placed traps. He has shown that by retaining
only the diagonal elements of the ¢t matrix, an expression
for GP(s) can be obtained that is very similar to the phe-
nomenological hopping model of Burshtein.?®> Huber has
also applied a coherent potential approximation?? to the
trapping problem at high trap concentrations. Both Huber
and Burshtein have demonstrated that for three-dimen-
sional (3-D) disordered systems interacting through di-
pole—dipole mechanisms, the effect of allowing excitations
to migrate between donors is to exponentialize the long-
time decay of GP(t).

Recently, Loring, Andersen, and Fayer!® (LAF) have
obtained a self-consistent solution to the full trapping
problem in random 3-D systems that is accurate over a
broad range of concentrations and times. The solution is
also valid for any ratio of the interaction radii, R°T/RPP,
The solution technique was based on a diagrammatic ex-
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pansion of the Green’s function for the average density of
excitations, similar to the approach taken by Gochanour,
Andersen, and Fayer!® (GAF) for a disordered one-com-
ponent system. Although the trapping problem was ori-
ginally solved for dipolar interactions in 3-D, the technique
was later extended to multipolar interactions in 1-D and
2-D by Loring and Fayer? (LF). For isotropic dipolar
transport rates of the form

RDD 6
w(r) = kg K donor-donor (14a)

RDT 6
v(r) = kp - ) donor-trap (14b)

the two-body approximation of LAF for the Laplace
transform of GP(t) in three dimensions is

[GS(s))?

o
C0 o - aieen e
where
AlGS(s)] = #annlﬂ[é%m/z (15b)
and

= 1
[GS(s)]1/2 = 2_3{_[ ngl/ch + #kDI/ZCD] +

LTI SRVR RN b (15¢)
9D HT T o5 DD S ¢

The dimensionless donor and trap concentrations are de-
fined in accordance with eq 10

Cp = %m(RPP)3pp (16a)
Cr = ¥%m(RPT)%py (16b)

A more accurate three-body approximation to GP(s) that
exhibits an additional dependence on the ratio RPT/RPP
is given by LAF, but for simplicity we omit the expression
here. The transient fluorescence response can be obtained
very efficiently from eq 15 by numerical transform in-
version with the Stehfest algorithm,? while the photo-
stationary results are given directly through eq 6.

As in the direct-trapping problem, it can be shown in
the LAF and LF two-body approximations that for a
viscous solution, the static average of randomly oriented
transition dipoles can be taken into account by the re-
placement (see Appendix B)

CD - YACD (173)
CT - ‘YACT (17b)

It is generally assumed that this substitution will also hold
in the three-body approximation,®” although it has not been
demonstrated rigorously.

LAF have shown that transport in the two-component
system is nondiffusive by observations of the time behavior
of the mean squared displacement and by the fact that the
long-time generalized diffusion coefficient is zero. From
their results, it is easy to formulate an explicit expression
for the Laplace transform of the mean squared displace-
ment in the two-body approximation

(R%(s)) = w(RPP)27V/6Cp + Crk%GS(s) +
27/8x CpCrlGS(9)1V/2[271/%R2 ~ 1]} /{s[GS(s)]1/5(s +
72275/2CpC)} (18)
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Figure 1. Mean squared displacement as calculated from the
LAF model in the two-body approximation, eq 18. (R*t)) reaches
a finite maximum given by eq 20 which is determined by a pair
of reduced donor and trap concentrations, Cp and Cr.

where k = RPT/RPD and GS(s) is given by eq 15c. We have
plotted the inverse transform3® of eq 18 for several donor
and trap concentrations in Figure 1. Classical diffusion
in three dimensions dictates that (R%(t) )4 = 6Dt, but the
curves in Figure 1 do not exhibit this linear behavior. The
maximum that (R%(t)) attains for a given donor and trap
concentration is a measure of the average squared distance
an excitation can migrate nondiffusively before being
trapped. This leads us to define an “effective migration
length” by

I = (R¥(=))1/? (19)

and from eq 18 and the final value theorem for Laplace
transforms we obtain

913413 2(k% — 21/%) |1/
= RDD +
l=R Co yen (20a)
with
A= gCT + 531/;013 (20b)

Equation 20 is the dipole—dipole nondiffusive counter-
part of a classical diffusion length in the presence of sinks.
Expressions similar to eq 20 can be easily developed for
higher order multipole interactions or for systems of lower
dimensionality.

We conclude this section with the comment that the
models considered thus far are for homogeneous, randomly
distributed systems of donors and traps. In contrast,
chromophores attached to a chain in a random coil con-
figuration present an anisotropic energy transport path-
way. In addition to the nonuniformity of the chromophore
distribution, the finite boundaries of an isolated coil may
play an important role in determining the time behavior
of the trapping process.?® As a result, it is necessary to
develop expressions for GP(t) appropriate to the variety
of morphological conditions found in polymeric systems.
Work on this general class of problems is currently in
progress.

III. Fluorescence Depolarization Theory

In this paper we only consider the depolarization of
fluorescence resulting from resonance transfer and not
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from rotational relaxation. Furthermore, the discussion
will be restricted to one-component systems, i.e., donors
in the absence of traps.

One of the first time-dependent theories of concentration
depolarization was formulated by Hemenger and Pearl-
stein.?® Their theory, however, was based on a density
expansion and thus had the same drawback as earlier
steady-state theories®®# in that the solution failed at high
chromophore concentrations. In contrast, the diagram-
matic expansion of the transport Green’s function by GAF
is accurate over a broad concentration range. Since earlier
studies indicated that the vast majority of the retention
of polarization comes from the fluorescence of molecules
that were initially excited,®*! Gochanour® has related the
parallel and perpendicular fluorescence intensities to the
“self” portion of the full Green’s function

I,(t) = exp(-kpt)(1 + 0.8G5(t)) (21a)
I,(t) = exp(-kpt)(1 - 0.4G5(t)) (21b)

G8(t) represents the configurationally averaged probability
that an excitation resides on its site of origin at time t. For
disordered, 3-D systems with dipolar interactions, the
Laplace transform of G5(t) is given in the three-body ap-
proximation by®’

GS(s) = {(mrysCp)?/H[1 - [1 + (32/(mv5Cp)?) X
(s/kp - 0.1887(y3Cp)H]"/?] + 4(s/kp -
0.1887(v4Cp)?)}/1dkp(s /Bp — 0.1887(v5Cp)?? (22)

The orientation factor, v;, is crucial for the interpretation
of concentration depolarization experiments in rigid media,
so it has been included explicitly.

The most useful transient quantity for theoretical
purposes is the anisotropy, defined by

L) -1,

=z — 23
I(t) + 21, (2) (23)
or in terms of Green’s function
r(t;Cp)
= (S
(0) G3(t) (24)

Equation 24 has been normalized by the zero-concentration
anisotropy since the theoretical maximum of 2/; is seldom
realized in experiments. Transient depolarization exper-
iments provide an excellent test of a transport theory and
can be performed at a single sample concentration. Such
experiments have been used to demonstrate that eq 22 is
very accurate over a significant concentration range.’’

Although time-dependent anisotropy data are more
desirable, the majority of the available depolarization data
for polymeric systems are steady-state measurements of
the inverse polarization

Pl=I,+I)/U-1)) (25)

The connection between P! and GS(t) can be made
through the steady-state anisotropy

r=f “dt re)I@)/ fo “dt 1) (26)

where the total intensity, I(t), is proportional to I (t) +
21, (t). Making use of eq 21 and 24, we obtain

F(Cp)

W‘ = kp,GS(s = kp) @2n
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Figure 2. Steady-state anisotropy for a one-component system
as a function of reduced concentration. The curves were calculated
in the two-body approximation of LAF and LF for transport in
one, two, and three dimensions.

Hemenger® has shown that for excitation by polarized
light, P! is related to 7 by

F= Pt =)t (28)

so that the inverse polarization is

P(Cp) 1( 5 )
Pl0) 6 L+ kpGS(s = kp) (29)

Thus, we find that in both trapping and depolarization
experiments, the transient observables are directly related
to a portion of the full Green’s function (i.e., GP(¢) and
G3(¢)), while the steady-state observables are given in terms
of the Laplace transform of these quantities.

As does GP(t), G5(t) depends strongly on the dimen-
sionality and chromophore distribution of the experimental
system. For one- and two-dimensional disordered one-
component systems with dipolar interactions, we have used
the two-body self-consistent equation of LF? to obtain
algebraic equations for kpG3(s = kp). The solution of these
equations yields an expression for #(Cp)/F(0) in the case
of randomly oriented, fixed dipoles

F(Cp) /F(0) = [g(Cp)]%, 1D (30a)
F(Cp) /F(0) = [h(Cp)]?, 2-D (30b)
where g and h satisfy
g+ [2‘5/6%(71%) ]g -1=0 (30c)
1/3
h3 + [233—/—;’(720[,) ]h -1=0 (30d)

The dimensionless concentrations are defined to be con-
sistent with eq 10

Cp = 2R™p,, 1D (31a)
Cp = 7(RPD)2pp, 2D (31b)

The steady-state anisotropy has been plotted in Figure 2
for 1-D, 2-D, and 3-D random systems in the two-body
approximation as a function of concentration. The 3-D
result compares favorably with earlier models in their range
of applicability, Cp < 1 (cf. Figure 3 of ref 38). The curves
in Figure 2 are extremely useful for experimental analysis
since they are universally applicable to dipolar interactions
in random, rigid media. It is clear that the onset of de-
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Figure 3. Fit of the three-body LAF model to the lifetime
quenching data of Johnson (Macromolecules 1980, 13, 145) for
the NIPC-perylene system. The data were taken from Figure

10 of the paper, and we have corrected the mislabeling of the
ordinate in the original figure.

polarization is considerably more abrupt for 1-D transport
than for 3-D transport. Thus, 7 (or P!) is sensitive to the
dimensionality of energy migration and can be used to
draw qualitative conclusions about the dominant transport
pathway in polymers of unknown morphology. We will
return to this point in section V.

IV. Trapping Experiments in Polymers

As an application of the theory outlined in section II,
we have used the 3-D model of LAF to analyze transient
and photostationary fluorescence data taken by Johnson®?
for N-isopropylcarbazole (NIPC) and perylene in a rigid
polystyrene (PS) glass. In this system NIPC serves as an
energy donor, while perylene is the energy acceptor. Since
the chromophores are not bound to the PS chains, we
might expect that a homogeneous transport and trapping
model is applicable.

In Figure 3 we have reproduced Johnson’s lifetime data
for the NIPC-perylene system. The lifetime, 7, represents
the time for the nonexponential donor intensity to decay
to 1/e of its initial value. The quantity 7, is this same
lifetime when the donor concentration is extrapolated to
zero, and rp is equal to kpl. As a result, an increase in
the quantity 7p/7 — 7p/ 7, with donor concentration in-
dicates the presence of donor—donor energy migration.

It is a simple matter to derive an analytical expression
for 7o from the Forster model. Using eq 11 with A = 3,
we obtain

(1o/7p) = Yl(r(vsCr)? + HV2 = 71/%x3Cr]?  (32)

The observed lifetime, 7, is obtained by numerical Laplace
inversion3 of the two- or three-body expression for GP(s)
and satisfies the equation

eXp(‘T/TD)GD(T/TD;’YaCD;‘YscT;RDT/RDD) =el (33)

From transient data at low donor concentration, Johnson
has found R,PT = 31 A, using a Férster model that differs
from the expression presented in section II by the defi-
nition of the Forster radius. To be consistent with our eq
8 and 11, we require RPT = (2/71/2y,)Y/8RPT, or RPT = 34.1
A. Thus, the only unknown required to specify rp/7 —
p/ 7o at a given donor and trap concentration is RPP, We
have performed a one-parameter fit to the data in Figure
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Figure 4. Calculation of the photostationary trap to donor
fluorescence intensity ratio as a function of trap concentration.
The solid curves were computed with the three-body LAF model
using the parameters of Figure 3. The data shown are taken from
Figure 6 of Johnson.4?
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Figure 5. Calculation of the photostationary trap to donor
fluorescence intensity ratio as a function of donor concentration.
The solid curves were computed with the three-body LAF model
using the parameters of Figure 3. The data shown are taken from
Figure 7 of Johnson.*?

3 with the three-body LAF expression for G°(s) and found
the best-fit parameter to be RPP = 17.8 A. This is in
reasonable agreement with the literature value for carba-
zole to carbazole, R,°C = 18.5 A.4> The three-body pre-
dictions with these parameters are shown as the solid lines
in Figure 3.

Since RPP and RPT are now known for this system, all
the fluorescence observables can be directly computed. In
Figures 4 and 5 we have used the three-body approxima-
tion to GP(s) in conjunction with eq 4 and 6 to calculate
directly the photostationary-state intensity ratio,
Ineryiene/ Inpc. The curves were scaled to fit Johnson’s data
by adjusting the quantum efficiency ratio to gpr/qrp = 1.0.
Figures 4 and 5 demonstrate that the ratio increases
nonlinearly with donor and trap concentration, and that
the model appears to agree with Johnson’s data quite well.
At very high concentrations there is some deviation from
the model, and we hypothesize that this is a result of
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Figure 6. “Effective migration length” plotted against the trap
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Figure 7. “Effective migration length” plotted against the donor
concentration using the parameters of Figure 3 and eq 20.

concentration quenching of the NIPC fluorescence. It is
interesting to note that the intercepts of the curves in
Figure 5 at [NIPC] = 0 are exactly given by the ratio
computed with eq 13. This is a confirmation of the fact
that the LAF, three-body model approaches the Forster
direct-transport model (eq 11) as Cp, — 0 (see Figure 7, ref
19).

It is a trivial exercise to compute the “effective migration
length” for this system as a function of donor and trap
concentration. With the substitution Cp — v3;Cp and Cry
— v3Cr in eq 20 and the same interaction radii, we obtain
the curves of Figures 6 and 7. The length, [, characterizes
the average distance over which an excitation moves in the
absence of lifetime decay before being trapped, and from
Figure 7 is seen to increase in a nonlinear fashion with
donor concentration. Figure 6 demonstrates that [ de-
creases very rapidly with trap concentration and diverges
as Cy — 0.

As a second application of trapping theory we consider
a homogeneous system with excimer traps. Trapping at
excimer-forming sites (EFS) is a dominant photophysical
process in aromatic vinyl polymers, so an understanding
of excimer trapping in a simpler, homogeneous system may
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Figure 8. Fit of the three-body LAF model to the lifetime
quenching data of Johnson (Macromolecules 1980, 13, 839) for
the pyrene monomer /excimer system. The data were reproduced
from Figure 4 of the paper, and the model was applied with the
reported value* of vy = 275 ns.

be useful in the interpretation of experiments with these
polymers. First, it is necessary to relate the bulk number
density of aromatic chromophores, p, to the fraction of
chromophores in excimer-forming sites, fr. For EFS
fractions not in the vicinity of one, it is reasonable to
assume that a linear relationship exists

fr="bp (34)

Furthermore, a “trap” is defined as an EFS chromophore
pair, so if we assume that the energy transport rate to
either member of the pair is the same, the interaction radii
are related by

RDT = 91/6RDD (35)

Thus, for a 3-D system the dimensionless concentrations
are given by
Cp = [%m(RPP)%]p(1 - bp) (36a)
b
Cr= [‘*/3W(RDD)3]2T/2;J2 (36b)

We selected the pyrene—PS system studied by Johnson*
for analysis, since the data quality was superior and be-
cause the system presents a uniform distribution of an
excimer-forming chromophore. The monomer lifetime
data of Johnson’s Figure 4 are shown in our Figure 8.
Using eq 33 and 36, we have fit the data to obtain values
for the two unknown parameters, RPP and &. Our best fit
yields the values RPP = 10 A and b = 1.5 X 10® A% and is
shown as the solid line in Figure 8. The value for r, was
given by Johnson as 275 ns. We found that it was also
possible to describe the data in Figure 8 with the Forster
model, eq 32, which indicates that direct trapping is an
important process in this system. This result is easily
understood, since Ct increases quadratically with pyrene
concentration, while Cp increases in a less than linear
fashion. The small value of RPP will limit exciton migra-
tion until higher concentrations are reached, but concen-
trated systems contain a large number of traps, causing
direct trapping to dominate.

As before, once the unknown transport parameters have
been obtained from transient analysis, all the quantities
of interest may be directly computed. In Figure 9 we have
plotted the ratio of excimer to monomer fluorescence in-
tensities as a function of pyrene concentration. The curve
was scaled to fit the data in Johnson's Figure 2 by the
quantum efficiency ratio gpg/gpm = 0.30. When photo-
stationary results are generated for excimeric systems, it



1204 Fredrickson and Frank

10.3 T
3 ¢
1 .3 .
1 b=15x10%A J
] Qe /Gpy = .30 /
R™m 10A )
103 /
Ie 7
Iy 1 o
g
10 AN
3 y
l/.
e
ot i e
10 10 100

[PYRENE] x 10° moles-cm®

Figure 9. Photostationary-state ratio of excimer to monomer
intensity as a function of bulk pyrene concentration. The solid
curve was computed with the three-body LAF model using the
parameters of Figure 8. The data shown are taken from Figure
2 of Johnson.*
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Figure 10. “Effective migration length” plotted against the bulk
pyrene concentration using the parameters of Figure 8 and eq
20.

is essential to account for direct absorption onto excimer
sites. As a result, eq 6 must be modified to

M = (1 - fg)kpGP(s = kp) (37

In Figure 10 we have plotted the nondiffusive, “effective
migration length” for the pyrene—~PS system as a function
of pyrene concentration. The average distance an exci-
tation can move by a combination of direct transport and
migration is seen to decrease rapidly with an increase in
bulk concentration.

V. Concentration Depolarization Experiments in
Polymers

Although high-resolution transient depolarization studies
yield the most accurate information about transport dy-
namics, very few have been performed on fluorescent
polymers. One interesting application of photostationary
concentration depolarization, however, is the characteri-
zation of copolymers containing both fluorescent and
nonfluorescent monomers.’®” Such experiments are often
done in a low-temperature glass of MTHF, and the po-
larization data are usually presented as plots of P vs. the
mole fraction of aromatic monomer, f,, or vs. the mean
aromatic sequence length, [,. The energy transport
problem for these copolymers is interesting from a fun-
damental standpoint, since the migrative pathway can
exhibit a crossover from three dimensional at low f, to one
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Figure 11. Effect of transport dimensionality on the inverse
polarization. The curves were computed with the two-body ap-
proximation of LAF (3-D) and LF (1-D).

dimensional at high f,. Furthermore, such systems may
be useful for determining whether the dipole-dipole
mechanism is valid for the closely spaced chromophores
found along the chain of an aromatic vinyl polymer.

In section III we demonstrated that P is simply related
to the Laplace transform of G3(t) for a one-component
system. Unfortunately, many of the copolymers studied
are capable of forming intramolecular excimer traps be-
tween adjacent rings. This enhances the decay of GS(t)
in an unpredictable manner because the excimer trap
concentration is usually not known.

I,(t) = exp(-kpt)GP(t)(1 + 0.8G5(t)) (38a)
1,(t) = exp(-kpt)GP(H)(1 - 0.4G5(t)) (38b)

For simplicity we will restrict our consideration to co-
polymers that are either incapable of excimer formation
or have such a low aromatic fraction that excimer forma-
tion is very unlikely.

In addition to the dimensional anisotropy induced by
the presence of connecting backbone bonds, there is a
nonuniform chromophore distribution along the copolymer
chain that is determined by the reactivity ratios and feed
concentrations of the two monomers. A model for 1-D
energy migration on such a chain must account for this
distribution. However, for the purpose of making quali-
tative arguments, we will assume equal reactivity ratios,
so that the 1-D, LF model can be applied as the disordered,
continuum limit of a Bernoullian lattice of chromophores.
In Figure 11 we have recast the 1-D and 3-D F curves of
Figure 2 on a linear Cp, scale in terms of the inverse po-
larization. The figure indicates that P! diverges rapidly
beyond Cp = 3.0 for 1-D migration, while the onset of
depolarization in 3-D is much more gradual. Thus, it might
be expected that P! data plotted vs. f, will exhibit a
gradual rise for the 3-D migration present at low f, and
then show an abrupt increase when the 1-D concentration
rises to about 3. This corresponds to an aromatic mole

fraction of
3f a
fa= E(R_—DD) (39)

where a is the average length of a monomer repeat unit.
Thus, polymers with large values of the ratio a/RPP may
never exhibit the rapid onset of depolarization.

In Figure 12 we have reproduced the P! data in Table
I of David!! for styrene-methyl acrylate, styrene—methyl
methacrylate, and vinylbenzophenone—styrene copolymers.



Macromolecules, Vol. 16, No. 7, 1983

100

75}

p!

50 ®
. ./

25 _// N

PSS o SIS S
0 -
0 2 4 8 8 10

fa
Figure 12. Inverse polarization as a function of the mole fraction
of aromatic monomer for copolymers of (®) styrene-methyl
acrylate (\,, = 2600 A), (A) styrene—methyl methacrylate (A, =
2600 A), and (m) vmylbenzophenone—styrene (Aex = 3700 A). The
data are from Table I of David.!
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Figure 13. Inverse polarization as a function of the mole fraction
of aromatic monomer for the PAMMA-MMA copolymer. The
solid curve corresponds to the two-body GAF model for G3(t) with
v3Cp = 8fpramma. The data are from Figure 5 of Ng and Guillet.*
P1(0) was taken as the extrapolated value of 8.0.%

These systems show abrupt depolarization at aromatic
mole fractions between 0.60 and 0.80. However, this be-
havior is difficult to quantify since these polymers do
contain excimer traps. A system that is void of excimers
is the copolymer of (9-phenanthryl)methyl methacrylate
(PhMMA) with methyl methacrylate (MMA), studied by
Ng and Guillet.** In Figure 13 we have reproduced their
P! data, given for aromatic fractions up to 0.30. If RPP
is taken to be the literature value of 8.77 A*® and P1(0)
is assigned the extrapolated value of 8.0,% it is not possible
to reproduce the magnitude of depolarization exhibited
by the data using the 1-D LF model. Thus, it is reasonable
to assume that for this low fpyyma data, the migrative
pathway is esentially 3-D. The solid curve in Figure 13
corresponds to the two-body, 3-D GAF result for v;Cp =
8.0fphvma. With RPD = 8,77 A, this corresponds to a local
chromophore density of pp = 3.35 X 10 %fpynma A

VI. Discussion and Conclusions

The excitation dynamics for homogeneous systems of
randomly distributed chromophores with well-character-
ized transport dimensionalities can be adequately modeled
by the existing theories of migration and trapping. In
polymeric systems with nonuniform chromophore distri-
butions the connection with experimental observables is
still made through the quantities G3(¢) and GP(¢), but
accurate expressions for the Green’s function in nonho-
mogeneous media are not available. Theoretical analysis
should be directed toward obtaining solutions of the Pauli
master equation for fundamental morphologies such as
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isolated coils or concentrated miscible blends. The solu-
tions should be formulated in terms of the full Green’s
function for the average density of excitations, from which
all the transport properties such as (R%(t)) can be obtained.
Furthermore, experimental trapping and depolarization
studies should be performed on well-characterized systems
of a known morphology. Solid solutions or blends are
preferable, since they eliminate the additional problem of
chromophore diffusion. High-resolution transient exper-
iments yield the most accurate and complete information
about excitation dynamics, while photostationary analysis
is useful for verifying transport parameters. We anticipate
that future improvements in transient apparatus and
theoretical developments will make electronic excitation
transport an invaluable tool as a quantitative probe of
polymer morphology.
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Appendix A

To compute the orientation factor v, for random dipoles
in a viscous media, we use the result of Blumen*® to write
the exact donor decay law for direct transport to randomly
oriented acceptors

N 7172 erf [f(0)]
D(+) = _ -
Go) E[l p(l o T )] (A1)

fi®) = (okpt)2RPT /r)3(1 + 3 cos? ¢,)1/?

Here, y; is a function that depends only on the direction
of the transition dipole of the donor and of the donor-
acceptor position. The index i goes over the N lattice sites
that the acceptors may occupy with probability p, and r;
represents the distance of separation between the donor
and trap i. Equation Al can be rewritten as*®

@ S,(t)
GP(t) =exp(—k§1(pk kk )) (A2)

f
8.0 = }»5(1 i [f,(t)]) (43)

where

where

i=1 2 fl(t)

The summation in eq A3 is replaced by radial and angular
integrals in the continuum approximation to yield an ex-
pression for S,(t) in one, two, and three dimensions

I w12 ext [f0)] |*
—2pj;dxj;dR[1—Tf(—t)] (Ad)

/2 erf [f©)] |
sk2=2,rpfdxf RdR[ T ] (A5)

wl/2 f[f(t)]
47rpf dxf R? dR [ & e ] (A6)
with
f(t) = Ghkpt)/2(RPT/R)3(1 + 3x2)1/2 (A7)

In eq A4-A6, b is a cutoff on the order of the lattice
spacing, and p is the density of lattice points in the proper
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dimension. If the R integration is transformed to inte-
gration over y = {(3/,kpt)/2(RPT)3(1 + 3x2)/3R3, we can
take the upper limit on y to infinity in the Forster
limit—long times and small b. The result is

2 3, Y (1 4
Sptt) = ?pRDT( Eth) Il('é)le(g) (A8)
2 3\ (1 5
S,2(t) = —Z,:‘E(RDT)Q(ngt) Il(g)lﬁ(g) (A9)

4 /
S,3(t) = —g’—’mm)a(gkpt)l 211(3)1,3(2) (A10)

where the integrals I; and I, are defined by

= ! 2)q

I(g) = j; dx (1 + 3x2) (A11)
- 172 erf (y) \*
2 = —q - L

Ii*(q) j; dy y (1 5 5 ) (A12)

I; can be integrated numerically to yield
I,(1/6) = 1.10733 (A13)
I,(1/3) = 1.23288 (A14)
I,(1/2) = 1.38017 (A15)

and for k = 1, I,? is easily evaluated by two partial inte-

grations
1(2) - 51(2) e
9

Iﬁ(g) = EF(%) (A17)
1

1
5 (5) (A18)

Thus, by combining eq A8-A18 and retaining only the k&
= 1 term in eq A2, one can obtain the expressions for v,
by comparison with eq 9

I12(2) =

v1 = 0.8886 (A19)
vy = 0.8468 (A20)
vs = 0.8452 (A21)

It is interesting to note that if the orientation factor, K2,
in the dipolar rate expression*®

v(F,Q) = %K*(Q)kp(RPT /1) (A22)
is expressed in Blumen’s notation as
K2(0) = (1 + 3 cos? ) cos? f (A23)

then v in A dimensions can be generated from

¥a = [O*91Y [y sin v "0 sin 01K (6))° =
CR)*/E((KD)5) (A24)

Appendix B

Equation A24 can also be obtained very easily in the
two-body approximations of GAF,'® LAF,' or LF? if one
recognizes that the inclusion of an independent orientation
average for each particle does not affect the diagrammatic
algebra. We next observe that the two-body self-energy
quantities 3°, A, and I' in A dimensions are proportional
to kp/® for dipolar interactions!®% and that the replace-
ment of the isotropic rate, eq 14, by the oriented rate, eq
A22, corresponds to the substitution kp — ¥/,kpK2(Q).
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Thus, after both particles are orientation averaged, the
self-energy terms are modified by a factor v, = (3/,)2/¢
((K%2/8)y, Each self-energy quantity is proportional to a
dimensionless concentration Cp, or Cy and is related to all
the fluorescence observables through the self-consistent
equation. Thus, the overall effect of including static
orientation averaging in the two-body approximation is the
replacement

Cp = vaCp (B1)
CT - ’YACT (B2)

in the expressions for an observable calculated with the
isotropic rate, eq 14.
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