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ABSTRACT: A theoretical analysis of donor fluorescence intensity decay for a system of donor and trap
(acceptor) end-labeled polymers has been developed to account for the effects of Forster nonradiative energy
transfer (NRET) as a function of experimentally important parameters in a monodisperse polymer meit:
polymer molecular weight, ratio of trap to donor concentration, and fraction of unlabeled polymer in the mix.
The model distinguishes between donor- and trap-labeled material and employs intermolecular correlation
functions which have been calculated to describe the chain statistics of a given polymer system. The model
has been extended to describe the effects of NRET in semidilute solutions of end-labeled polymer by accounting
for the swelling of the polymer by solvent and incorporating different chain statistics in the analysis. The
donor fluorescence decay profiles calculated for perfectly labeled polymers employing phenanthrene as donor
and anthracene as trap exhibit dramatic changes as a function of polymer concentration in solution or polymer
molecular weight in bulk polymer. Comparisons of experimental decay profiles for solutions of terminally
phenanthrene- and anthracene-labeled polyisoprene in toluene (with imperfect labeling) were made to
theoretical predictions for this specific system. The good quantitative agreement between theory and
experiment even in this system of low chromophore content suggests that fluorescence techniques may prove
important in the study of correlations and chain statistics in more complicated systems, including blends of

bimodally distributed homopolymers as well as blends of unlike polymers.

Introduction

Fluorescence nonradiative energy transfer has been used
in the study of solution and solid-state polymer systems!-3!
as it can be sensitive to both intramolecular and inter-
molecular interactions. A typical energy transfer exper-
iment in a polymeric system involves labeling a system of
polymer chains with two different chromophores, donors
and acceptors (traps). The different labels may be on the
same chain or different chains in varying positions,
depending on the specific experiment. Absorption of light
by a chromophore results in the promotion of an electron
to an excited singlet state. This energy may be dissipated
through internal conversion, through fluorescence, or
nonradiatively via a mechanism known as Forster energy
transfer. Nonradiative energy transfer (NRET) occurs
through induction of a dipole oscillation in the (unexcited)
acceptor or trap chromophore by the excited-state donor
chromophore. The rate of energy transfer, w(r), between
the chromophores is a function of the distance r of
separation between the donor and the trap. This rate was
first derived by Forster, who described the decay of
fluorescence intensity due to nonradiative energy trans-
fer in the form of a diffusion equation.3? Because of the
length-scale dependence of energy transfer, monitoring
fluorescence intensity in a system of labeled polymers
provides a measure of distances between labels on the
molecular level of the polymer chain?51417 and therefore
can act as a local probe of the macromolecular structure.

NRET studies on polymers have been applied to a
variety of issues with largely qualitative results. Fluo-
rescence spectroscopy has proven to be useful for char-
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acterizing polymer compatibility in blends of polymers
with similar glass transition temperatures,> when dif-
ferential scanning calorimetry provides little sensitivity,
and has also been used to examine compatibility in block
copolymer/homopolymer blends.®* The critical concen-
tration for polymer coil overlap, c*, that marks the transi-
tion between dilute and semidilute solution has been
characterized through monitoring fluorescence and energy
transfer as functions of solution concentration and polymer
molecular weight for polystyrene solutions.¢ Micellar
structure in block copolymer blends’ and solutions,13
morphology of polymer colloids,!¢1¢ and structure of
membrane films!? and polymer blends, including inter-
actions in blends affecting phase separation,!8:28-30 have
also proven to be areas where energy transfer techniques
areapplicable. Morerecently, fluorescence energy transfer
has been expanded to examine diffusion pro-
cesses in polymer melts,'®20 blends,?! and latex films,2223
polymer self-diffusion in solution2¢ and in the bulk, and
small-molecule diffusion in glassy polymers.2® NRET has
also shown sensitivity in measuring end-to-end distance
distributions in flexible oligomers.?’” As fluorescence
studies continue to contribute an increasing understanding
of polymer systems, the capabilities of these techniques
receive more theoretical scrutiny.

The many theoretical proposals as to potential uses for
fluorescence techniques have generally been more quan-
titative in nature but do not always consider experimental
constraints. Several studies have examined the use of
fluorescence to measure the radius of gyration of a polymer
chain.’833 Blend structure,? coil sizes,3® and chain stiff-
ness®® could potentially also be studied with these tech-
niques. Fredrickson®” has proposed that intramolecular
and intermolecular correlations are verifiable through
NRET. Examining a system of end-labeled polymers
where one polymer chain is labeled with a donor chro-
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mophore and n chains (n >» 1) are labeled with traps,
Fredrickson®™ related the donor fluorescence intensity
decay to intermolecular correlations. The basic approach
to this problem involves modifying Férster’s original
expression®2 for energy transfer in a purely random system
of chromophores to take into account the correlations in
a labeled polymer system.

However, to be handled from a practical standpoint,
Fredrickson’s®” arguments must be expanded to consider
a real experimental system with a certain finite ratio of
donor-labeled chains to trap-labeled chains. In thisstudy,
we have constructed such a theoretical model in conjunc-
tion with experiments, allowing a comparison of theory to
experiment on both qualitative and quantitative levels.
While several NRET studies have recently been completed
that combine theoretical analysis and experiments to
provide highly quantitative details on the diffusion of small
molecules?!?2 or polymers?? across polymer interfaces and
on small chain end-to-end distances,”” the present study
is the first to combine theory and NRET experiments
involving donor fluorescence intensity decay measure-
ments to investigate quantitatively correlations in poly-
meric systems.

Background

A. Random System of Chromophores. Following
Férster’s original arguments,3? the decay of fluorescence
intensity through migration of electronic excitation is
expressed in the form of a diffusion equation (1). This
expression describes donor-trap energy transfer as a
function of the lifetime of the donor fluorescence in the
absence of acceptors or traps, 7o, the positions of the traps
relative to the donor, r, and the Férster radius, RoPT, the
critical distance for energy transfer, where H(¢) is the
normalized donor fluorescence intensity decay with time
and nr is the total number of traps.

dH(t) H H
- RDT/r 6 (1)
i TO};{O ¥

This expression is integrated with respect to time to obtain

nr

H) = e-‘/"’ne""’(’k” )
=1

where w(r) = (1/70)(RoPT/r)8, the Forster rate of energy
transfer. Since the positions r of the traps are unknown,
H(t) must be averaged over all possible trap positions using
the probability distribution function P(r) dr:

H(t)=e ’°[ﬁ°e_wm ‘P(r) dr}™® (3)

where R, is the effective range of the donor-trap inter-
action, defined by Férster as V = (4/3)7R.3. If the traps
are randomly distributed, P(r) dr is equal to all possible
positions d9r/V, where d is the dimensionality, and the
quantity is divided by V to maintain the dimensionless
quality of the integral. In the limit of R, — < and n —
«, this integral simplifies to

Ht) = et/ exp{prddr [e™P?-1]} 4)

where pr is the total number density of traps and is the
result of the n1/V term that arises in the expansion of the
expression when nr is large. Equation 4 can be solved in
a straightforward manner, recovering Forster’s result:

Ft) = gt/ exp{—\/‘r—r(RoDT/Re)BnT(t/To)1/2} (5)

Haan and Zwanzig®® describe diffusion-like Forster
energy transfer between randomly distributed chro-
mophores in a system with no trapping sites; energy
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transfer can occur in either direction, from donor to “trap”
orthe reverse. Theargumentsleadingtoeq?5 only consider
the donor-to-trap energy transfer. Equation 5is the exact
probability that one donor chromophore, initially excited
at t = 0, has not transferred its energy to a nearby trap
or returned to its ground state by time t. Subsequently,
an approximate expression®” was derived for the proba-
bility that, in a system of randomly distributed donor
chromophores, the donor chromophore that is excited at
t = 0 is still excited at time ¢:

— ot/ _ 2_t__ 1/2
(H®t)) =e °exp{ [wCT To] } ®

where Crt is a dimensionless chromophore concentration,
assuming an extremely dilute donor concentration such
that donor-donor NRET may be neglected. However,
this expressionis sufficient only to describe energy transfer
among randomly distributed chromophores. In a more
general system, there will be correlations between the
positions of donorsand traps. Inasystem of chromophore-
labeled polymers, correlations due to polymer connectivity
and excluded-volume effects are also important. These
correlations turn the task of finding the average decay
intensity into a many-body problem, but the expression
for the decay can be found in a relatively simple manner
using few approximations.

B. Correlated System. To include correlations, the
integral in eq 3 is rewritten, replacing the random
distribution P(r) dr with g(r) d3/V, where g(r) is the
correlated distribution. Considering a g(#) that is nor-
malized such that (g(r) d3/V = 1 and defining g(r) in
terms of the correlation function h(r), pg(r) = p + ph(r),
an expression for (H(t)) as a function of the correlation
function can be obtained. This substitution yields

(H(t)) = e't/ro exp{_fd3r 0+ ph(r))(l _ e—w(r) t)}
= e—t/ro exp{_pfdfir 1- e—w(r) t) _
fdsr ph(r)(1 - e H} (7)

The uncorrelated result, when h(r) = 0, is equivalent to
eq 6; when correlations are included through h(r), one
recovers®’

(H®t)) =
exp{— TL - [WCZTLO] v Pfdsr h(r)(1 - ™" t)} ®

0
where C = (4/3)7(RoPT)3 p and p = the total number density
of the chromophores.

Thus, part of the challenge is to use the proper
correlation function in the expression for donor fluores-
cence intensity decay, which can then be compared to
experimental results. In Fredrickson’s analysis,®’ de
Gennes’® correlation function for a melt of end-labeled
deuterated chains was used, and no distinction was made
between donors and traps during the development of the
model. This is not critical for the case Fredrickson®’
considered: a system with one donor and n traps. How-
ever, energy transfer is not readily observable experi-
mentally when the concentration of donors is extremely
dilute. To examine donor fluorescence intensity decay in
a system with finite donor concentration, however, the
possibility of donor—-donor NRET must also be considered.
Therefore, it is necessary to account for donor-donor
spatial correlations as well as donor-trap correlations.

In order to do this properly, the expression for (H(t))
(eq 8) must be modified. Following the results of
Nieuwoudt and Mukamel,*’ who used a cluster expansion
technique?®® and resummation to determine a self-consis-
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tent equation for intensity decay with time, the donor
fluorescence intensity is calculated to first order in donor
and trap concentrations. Equation 7 is rewritten more
accurately as

(H(®)) = &/ expi- [ dr (or + prhpz(rD (L -

o) ’)}exp{— % f d%r (op + pphpp(r))(1 — e72420 z); )

pr and pp are the number densities of traps and donors,
respectively; hpr(t) is the donor-trap correlation function
and hpp(r) is that for donor—donor spatial correlations.
(The second integral in eq 9 has a factor of 2 multiplying
the Forster rate of NRET since donor—donor transfer is
a reversible process. The integral is also divided by 2 to
avoid double-counting donors.) This leads to a final
expression for the donor fluorescence intensity decay that
includes all relevant correlations and interactions:

1/2 1/2
(H@)) = exp{— Tio— [,,cTzfi] - ["CD22L70 } x

0
exp{—prdar hpyp(r)(1 ~ P10 H} x

exp{_'% & hpp(r)(1 - &0 ‘)} (10)

where Ct = (4/3)7(Ro®T)%p7 and Cp = (4/3)7(RoPP)%pp.
The term containing Cp describes the uncorrelated result
for donor-donor NRET and is equivalent to the first-
order term in Fredrickson’s®” density expansion describing
energy transfer among uncorrelated donors.

In our approach, we derive the necessary correlation
functions for a more general end-labeled polymer system
using an expression that distinguishes between donors and
traps, allowing variation of the relative amounts and chain
lengths of donor- and trap-labeled chains. Inthis manner,
the donor—trap and donor—donor correlation functions can
be calculated for a specific experimental system, and the
theoretical results can be eventually compared to those
obtained experimentally. We also calculate (H(t)) in a
gemidilute solution of donor- and trap-labeled chains using
scaling concepts. The aim of thisstudy is to test the scaling
hypothesis in the asymptotic semidilute regime. We find
that predicted behavior of (H(t)) is sensitive to the trap-
to-donor ratio in a system and polymer molecular weight
as well as solution concentration which can be directly
related to the value of the blob size ¢ above which the
chains overlap.

Application

A. Analysis of the Correlation Function. The
correlation function for the melt of end-labeled chains is
calculated using the random-phase approximation (RPA)3
developed by de Gennes for calculating the correlation
function of a melt of end-labeled deuterated chains. The
RPA calculation results in an expression for h(k), the
Fourier transform of h(r). The correlation function h(k)
is equal to the mean-square density fluctuations in the
system: h(k) = {pi'p_t/). The calculation of h(k) involves
constructing the probability, P[{px}1I]xdpx, for the system
including the relevant chain statistics. For a melt of
polymer chains, a Gaussian distribution function is
employed. The donor-trap correlation function for a
monodisperse melt of donor- and trap-labeled chains is
equal to the mean-square density fluctuations for traps
and donors, ¢;T and ¢_P. The expression can also be
written in terms of Debye functions, D(x), and “half-Debye
functions”, DV/2(x), where D(x) = (2N2/x2)(x + e*—1) and
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DY%(x) = (N/x)(1 - e*):

1/2n 1/2
—prppDy / Dy, /
prDr + ppDp

(see Appendix A) where pr and pp are the relative number
densities of traps and donors, respectively, and x = (kR;)?,
where R; is the polymer radius of gyration and N is the
number of repeat units in the polymer chain. If the
molecular weights of the donor- and trap-labeled chains
areequal, then D(x) = Dr(x) = Dp(x) and D'/2(x) = D1}/%(x)
= Dpl/%(x); eq 11 then simplifies to

prop | _(1-e™)’
pr+op/2(1-x -e7)

where the term containing exponential functions is equiv-
alent to the expression for h(k) derived by de Gennes. The
first term containing pr and pp accounts for varying
amounts of traps and donors in the system. Distinguishing
between the donor- and trap-labeled chains and allowing
for variation of molecular weight of the two types of chains
also will enable the study of correlations in, for example,
abimodalblend. Thiswill be discussed in a future paper.4

To find hpr(r), the Fourier transform of hpr(k) given
ineq 12is determined. To simplify the Fourier transform
integral (eq 13), only the magnitude of k is considered and
an approximation for the Debye function*? is used:

1
@2m)®

This approxzimation has been employed previously*242 and
is considered accurate within 15% over the entire range
of k. Substituting eq 12 into eq 13 results in

1( pmop Yo (1-e9% k.,
h = —( ) - k k
1) = A\ or+ p f" 21-x-e%)T sin(kr) d(14)

where A = 27/l. The segment length ! establishes a
minimum size scale for the system,* so A is a natural limit
for the integral with respect to k. When [ is small, A —
= and the integration using the approximation for the
Debye function®? in eq 14 can be done analytically. (See
Appendix B.) The donor—-donor correlation function is
determined in an identical manner. The donor-trap
correlation function (eq 15) describes the deviation from
a purely random system:

=ZL{ PTPD N T ol
hpr(r) = Wzr(pT +pn){2Rf exp(-2 r/R,)} (15)

as hpr(r) = gor(r) — 1, it follows that hpr(r) is negative.
Figure 1 shows the “correlation hole”, exhibiting the
depletion of donor-trap contacts at short distances, due
to screening by other polymer chains. It should be noted
that as the ratio of traps to donors increases, the donor-
trap correlation function approaches zero; donors and traps
are becoming more uncorrelated on all length scales.

B. Label Efficiency Effect. The correction term
(p1op/ (pT + pp)) to de Gennes’ correlation function3® has
a clear effect on the depth and width of the correlation
hole for a donor- and trap-end-labeled polymer melt. p7
and pp are defined such that g1 + pp ~ 1/N for the case
of perfect end labeling (one label per chain of N repreat
units). Varying the ratio of traps to donors, p1/pp, Where
p1/pD = A, results in a change in the donor fluorescence
intensity decay profile as seen in Figure 2 where eq 10 has
been used to calculate (H(t)) for an end-labeled polyiso-
prene melt for varying A. A polymer molecular weight of
90 000 has been used, as have the energy transfer param-

hyp(k) = (0,70 °) = (11)

hork) = (o, 0,0) = ( (12)

hpr(r) = thT(k) eFr a3k (13)
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Figure 1. Correlation function calculated for a melt using the
random-phase approximation, distinguishing between trap- and
donor-end-labeled chains. N =1321 (MW = 90 000), p1/pp = A:
(O A=2(0)A=5(0) A = 10.

1.0 ; T T

<H(t)>

0.0 20.0 40.0 60.0 80.0 100.0
time {nanoseconds)

Figure 2. Predicted fluorescence intensity decay with time
calculated for varying trap to donor ratio, A, for an end-labeled
polyisoprene melt, N = 1321 (MW = 90 000), donor = phenan-
threne, trap = anthracene: (—) A =0 (notraps), (—) A =1, ()
A=2,(--YA=5(~--) A =10

eters for a donor/trap system of phenanthrene and
anthracene where the lifetime of the donor of 45.6 ns is
used. Distinguishing between donor-labeled and trap-
labeled chains allows variation in A, a parameter that is
often changed for optimum energy transfer. This dis-
tinction also proves important in describing a system that
contains unlabeled polymer.

The correlation function calculated as outlined in
Appendix A is for a melt where each polymer chain is
end-labeled with a donor or a trap chromophore. By
modifying this approach to account for the presence of
unlabeled polymer, an additional term is added to adjust
for the fact that the chemical procedure used to end-label
isoftennot 100% efficient. The efficiency of end-labeling
polyisoprene with chromophores has been reported as
ranging from 11 to 85%,"® while that of end-labeling
polystyrene has been reported as 13-100% .244-47 For
systems with relatively low labeling, this can be an
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important correction.

The method used to calculate this correlation function
is exactly that used to calculate the correlation function
for a system of donor- and trap-labeled polymer described
in Appendix A, except now there is an additional com-
ponent in the system, unlabeled polymer. Designating
the amount of unlabeled polymer “py”, the result for a
melt of monodisperse polymer is identical to eq 15 with
a correction to the coefficient describing the amount of
donor- and trap-labeled polymer: (sTpop/(pT + pp)) —
(prpp/(pT+ pp+ pu)). (While this correction is essentially
what is expected intuitively, it is nonetheless important
that it can be proved correct mathematically.) This
expression is simplified by letting p1/pp = A and incor-
porating the fractional efficiency of trap-labeling, T, and
donor-labeling, D, into the definitions of pt, pp, and pu.
Now pp ~ (D/(A +1))(1/N), p1 ~ (AT/(A + 1))(1/N),and
pu~ I/NIA-D)+ (1 -T)A)/(A+1). Substituting in,
the donor/trap term can be written ATD/N. Using this
straightforward correction, the parameters of any real
experimental system can be accurately described by the
theoretical model.

C. Semidilute Solution. While the simplest case to
treat theoretically is that of a monodisperse melt, solution
studies are much more accessible experimentally. Solution
studies require that the correlation function calculation
includes the changes in the statistics due to the presence
of the solvent. In a melt, the chains overlap on all length
scales; the chain is modeled as a random walk, In
semidilute solution, the chains interpenetrate up to a
length scale £. For distances smaller than the distance
between contacts, £, excluded-volume effects cause the
chains to swell as compared to random-walk statistics.
Following de Gennes’ arguments,*® the system can be
described as a melt of “blobs” of size £. Inside each blob,
for r < £, excluded-volume effects must be considered and
self-avoiding-walk statistics apply. Onlargerlengthscales,
for r > ¢, the semidilute solution may be considered a
random walk of blobs and described with Gaussian
statistics. In the calculation of hpr(r) and hpp(r), the
Fourier transform integral (eq 13) is split into two parts;
instead of integrating with respect to k from 0 to A, the
integration is done from 0 to 2«/# using the form of the
correlation function derived using Gaussian statistics and
then from 2#/£ to A using the asymptotic form of the
correlation function for a polymer in good solvent.48 (See
Appendix B.)

The resulting expression for the correlation function is
an extension of eq 15, taking into account both the blob
size and the swollen nature of the chain:

27rrR 2[cos 1] }

——(21r)2/§Rg5/3r{£2/3 cos 2?) ) 12/3(cos(27l”’) )}] (16)

If eq 16 is examined in the limit of £ — [, the underlined
terms cancel, and the semidilute solution correlation
function will be equal to that of the melt. (See eq B.3 and
Appendix B.) By using a few simple approximations, an
expression for H(t) can be found, integrating Apr(r) and
hpp(r) over all r as in eq 10. By redefining variables in
terms of volume fraction of polymer in solution, ¢, the
donor fluorescence intensity decay for varying polymer
solution concentrations can be predicted. de Gennes’®
expressions for Rg(¢) and £(¢) are used; for medium to
high molecular weight polymer chains, i.e., for large N, §
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Figure 3. Fluorescence intensity decay with time calculated for
varying volume fraction of polymer in solution, ¢, for an ideal
system with perfect end labeling. N = 1321 (MW = 90 000), A
= 2, donor = phenanthrene, trap = anthracene: (—) ¢ = 1.0, (---)
¢=04,(---) ¢=0.2, (- - -) ¢=0.1. The predicted lifetime 7
is 21.6 ns for ¢ for 1.0 and 42.3 ns for ¢ = 0.1 assuming 74 = 45.6
ns.

is only a function of ¢ and not of molecular weight. The
donor fluorescence intensity decay is predicted to be
affected by solution concentration. (See Figure 3.) As
the concentration of the solution is decreased from ¢ = 1.0
(bulk) to ¢ = 0.1 for solutions of 90 000 MW anthracene-
and phenanthrene-end-labeled polyisoprene, the donor
fluorescence lifetime increases, i.e., the decay is slower,
whichis consistent with reduced energy transfer. A similar
effect is predicted for a melt when the molecular weight
of the polymer is varied. Figure 4 illustrates the change
in the decay profile with molecular weight. Assuming each
chain is labeled with one donor or one acceptor, if the
chain length, N, is reduced, the overall number of
chromophores will increase, leading to increased energy
transfer and a shorter fluorescence lifetime.

Experimental Section

Polyisoprene was synthesized by anionic polymerization in
sealed glass reactor vessels with a N2 atmosphere using HPLC-
grade cyclohexane (Aldrich) as the solvent and sec-butyllithium
asthe initiator. Priorto beingused in synthesis, the cyclohexane
was refluxed under a N; atmosphere for several days and then
refluxed for several more hours after the addition of sec-
butyllithium as a water scavenger. Isoprene monomer (Aldrich)
was treated with dibutylmagnesium and then vacuum-distilled
toremove water and impurities prior to polymerization. Identical
polymerization reactions were carried out in two different sealed
reactor vessels so that material could be easily labeled with either
anthracene or phenanthrene.

Polyisoprene was terminally labeled with anthracene or
phenanthrene by reacting the living polymer with either 9-(chlo-
romethyl)anthracene (Aldrich) or 9-(bromomethyl)phenanthrene
(Molecular Probes). The desired label compound was placed in
a sealed glass reactor vessel under a N; atmosphere. A small
amount (~30 mL) of purified cyclohexane, treated in the same
manner as that used in synthesis, was added to the reactor vessel
to dissolve the label. After the polymerization reactions had
been allowed to run for 18 h, the terminating solutions were
injected into the reactor vessels containing the living polymer.

Following synthesis, the polyisoprene was precipitated in
acetone. Toremove the unreacted fluorescent label, the polymer
was then cleaned by repeated dissolution in dichloromethane
followed by precipitation in acetone. M, was determined to be
90 000 for both the phenanthrene- and anthracene-labeled
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Figure 4. Fluorescence intensity decay with time calculated for
bulk polymer (¢ = 1.0) for varying N (varying MW) and A = 2;
(0) N = 3000, (O) N = 1500, (©) N = 500. Perfect end labeling
is assumed.

polymers using gel permeation chromatography as compared to
polyisoprene standards (Pressure Chemical). The polydispersity
was <1.2.#% The end-labeling efficiency was determined by UV-
vis absorbance spectroscopy to be 70% for phenanthrene and
50% for anthracene. Absorbance measurements were performed
with an IBM UV-vis 9410 double-beam spectrophotometer on
solutions of labeled polymer in spectrophotometric-grade cy-
clohexane. Extinction coefficients of model compounds, 9-meth-
ylanthracene (es o = 9600 M-! cm?) and 1-methylphenanthrene
(299 nm = 15500 M! ¢cm™!) were used for comparison. The
absorbance spectra of the attached chromophores were red-shifted
by 2-3 nm compared to the small-molecule analogs.

Polymer solutions used for donor fluorescence lifetime mea-
surements were prepared in toluene and allowed to sit for 12-24
h to insure complete mixing and dissolution. The solutions were
then deoxygenated via five freeze—pump-thaw cycles and blan-
keted with N, prior to experimentation. Small-molecule solutions
were prepared and deoxygenated in an identical manner.

Fluorescence lifetimes were measured using time-correlated
single photon counting (TC-SPC) on a Photon Technology Inc.
TC-SPC system. An excitation wavelength of 299 nm was used,
and emission was monitored at 352 nm to measure the phenan-
threne lifetime. This emission wavelength was chosen as there
is negligible anthracene fluorescence at 352 nm observed in steady-
state fluorescence. Data were collected to 10 000 counts in the
peak channel over fluorescence decay times of at least 150 ns and
analyzed using iterative reconvolution and an iterative fitting
procedure to determine the decay profile and the fluorescence
lifetimes. The quality of the fit of the data was determined by
x? (where x? < 1.3 is considered a good fit®), the distribution of
the weighted residuals, the autocorrelation of the residuals, the
Durbin-Watson parameter®®5! and the runs test parameter 25?2
where z > -1.96 is a good fit.

Results and Discussion

A, Photophysics of End-Labeled Polymer. Before
considering the effects of NRET on donor fluorescence
lifetimes, the specific photophysics of the system must be
discussed. The absorbance spectra of the labeled polymer
were red-shifted 2-3 nm compared to the spectra of the
small-molecule analogs. Slightshiftsin fluorescence peaks
are observed in steady-state experiments as well. Since
neither the absorbance nor fluorescence of the attached
donor and trap chromophores are identical to those of the
small-molecule analogs, the value for the Forster radius
for donor-trap NRET, R,PT, was experimentally verified.
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The Foérster radius Ry may be calculated from the
following equation:®

6
0

_ 9000*®, In 10 de(l/)ea(V)
1287°n*N, vt

where » is the wavenumber in cm™!, €(») is the molar
extinction coefficient of the acceptorin M-l em3, Fyis the
fluorescence intensity of the donor normalized to unity
such that [F4q dv = 1, N4 is Avogadro’s number, n is the
refractive index of the solvent, ®; is the fluorescence
quantum yield of the donor, and «? is an orientation factor
assumed to be equal to 2/5. The integral in eq 17 may also
be written in terms of the wavelength, A\, as {Fq(M)e,-
(A)AdA.5

The absorbance of the anthracene-labeled polyisoprene
in a cyclohexane solution was measured as described in
the Experimental Section. The fluorescence intensity of
the phenanthrene-labeled polyisoprene in a cyclohexane
solution was measured via steady-state fluorescence with
a SPEX Fluorolog spectrophotometer in the corrected
mode using an excitation wavelength of 299 nm. Absor-
bance of the anthracene-labeled material and the fluo-
rescence intensity of the phenanthrene-labeled material
were measured over a range of 340-400 nm where
anthracene absorbance and phenanthrene fluorescence
overlap. Calculations of RoPT using data obtained in this
manner yielded a Forster radius of 22.4 A. This is within
3% of the Forster radius reported for phenanthrene and
anthracene® and is considered to be consistent within
experimental error.

Having experimentally verified RoPT for the phenan-
threne- and anthracene-labeled polyisoprene, it is also
necessary to measure the fluorescence lifetime of the
phenanthryl label when it is attached to the end of the
polymer chain. The comparison of lifetimes reported for
small-molecule phenanthrene of 56-57.5%5% to 44-45.5
ns!522.2346 reported for randomly phenanthrene-labeled
polymer and phenanthrene-labeled block copolymer sug-
gests that chemical attachments can affect the decay
behavior of the chromophore. While single-exponential
decay behavior has been observed for randomly phenan-
threne-labeled poly(butyl methacrylate)? and poly(methyl
methacrylate),?? experimentally measured donor fluores-
cence intensity decays for phenanthrene-end-labeled
polyisoprene (PI-P) solutions in toluene in the absence of
trap in this study did not give a good fit to a single ex-
ponential. This is consistent with non-single-exponential
decay behavior observed in a variety of end-labeled
polymer solutions’ and films?!® and is likely to be associated
with differences in the synthetic procedures for chro-
mophore attachment. It may also be associated with a
very small amount of higher molecular weight coupled
material present in the system*® as well as the lower label
content in end-labeled systems as compared to randomly-
labeled systems. (Decays measured on dilute solutions of
1-methylphenanthrene in toluene at concentrations <5 X
10~ mol/L generally cannot be fit successfully to a single
exponential.) Fluorescence intensity decay measurements
of 1-methylphenanthrene and phenanthrene end-labeled
polyisoprene in toluene can be seen in Figures 5 and 6.
The lifetime of 1-methylphenanthrene was determined to
be 46.0 ns. While the decay behavior observed from PI-P
could not be adequately fit to a single exponential, a
biexponential fit yielded a long component lifetime 7, of
45.6 ns which is in excellent agreement with 7’s reported
for labeled polymer.15222346 Because of this agreement
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Figure5. Experimental decay curve for 1-methylphenanthrene
in toluene, log (intensity decay) vs time for conc = 5 X 10~ mol/
L: o1 = 1.000 £ 0.054, 7, = 46.138 = 0.090. x2? = 1,120, DW =
2.127, z = 0.011. Measurement taken using TC-SPC, A, = 299,
Aem = 352.
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Figure 6. Experimental decay curve for PI-P in toluene, log
(intensity decay) vs time for ¢ = 0.253: a; = 0.440 £ 0.002, 7,
= 45.613 £ 0.102; oz = 0.560 £ 0.010, 72 = 4.854 £ 0.108, x?=
1.181, DW = 1.973, z = -1.216. Measurement taken using TC-
SPC, Ax = 299, Aem = 352.

among the long component of the lifetime 71, the lifetime
of the small-molecule analog, and the lifetimes observed
for other labelled polymer systems, 1222346 we believe that
it is this long component lifetime that is of physical
significance. Theoretical predictions for specific exper-
imental systems will be compared to experimentally
measured 7;’s in the next section.
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B. NRET and Fluorescence Lifetimes. The effects
of NRET between the donor and trap are evident in donor
fluorescence lifetime measurements as a reduction in the
lifetime of the donor, 74, compared to that in the absence
of acceptors or traps, ro; the donor is losing some of its
excited-state energy through nonradiative energy transfer
to the trap rather than returning to the ground state
through fluorescence. Experimentally, this is evident in
both solutions of unattached donor and trap chromophores
and donor- and trap-labeled polymer systems, regardless
of labeling geometry. The theoretical predictions of the
model are qualitatively consistent with this effect as is
illustrated in Figures 2-4. Inordertomore easily facilitate
simple, quantitative comparisons of theory to experiment,
it is useful to approximate the theoretically predicted
normalized donor fluorescence intensity, (H(f)), as a
single-exponential decay, resulting in an approximate,
corresponding predicted donor fluorescence lifetime, 7preg.
The theoretical decays in Figure 3 were calculated for
various volume fractions of polymer in solution, ¢,
assuming a system of 90 K polyisoprene (N = 1321) end-
labeled with anthracene as the trap and phenanthrene as
the donor. On the basis of donor fluorescence lifetime of
70 = 45.6 ns, Forster radii of R,°T = 22.4 A and R,°P = 8,77
A,%2 and a fixed trap-to-donor ratio A = 2 and assuming
the ideal case of perfect donor and trap-labeling, the donor
lifetime is predicted to decrease from 42.3 ns for ¢ = 0.1
to 33.7 ns for ¢ = 0.4 and then drop further to 21.6 ns for
¢ = 1.0 (bulk). As the concentration of the solution
increases, the donor-trap correlations change due to
increased interactions between the polymer chains as well
as an increased amount of chromophores in the system.
The change in 754 reflects increased energy transfer due
to changes in the system.

For the case of ¢ = 0.1 depicted in Figure 3, assuming
asolution of perfectly end-labeled material with a 2:1 trap-
to-donor ratio, it is significant that only a small reduction
in the donor lifetime is predicted. While 7o, the lifetime
of donor in the absence of any trap, is assumed to be 45.6
ns, Tpred for ¢ = 0.1 is calculated to be 42.3 ns, a 7%
reduction, even though this solution is well within the
semidilute regime. A change of this magnitude allows us
to quantify more accurately the limitations of the model.
Obviously, NRET is very sensitive to the amount of label
present in the system. A system of end-labeled polymer
is, by definition, fairly dilute in chromophore content since
there is only one label per N monomers. Therefore, ef-
ficient labeling is crucial for experimentation on higher
molecular weight polymers. Lower molecular weight end-
labeled polymer systems will exhibit much more significant
reductions in donor fluorescence lifetimes than higher
molecular weight end-labeled polymer systems at the same
concentrations. This effect is observed in Figure 4 which
shows the donor fluorescence intensity decay profiles for
homopolymer melts of varying molecular weights using a
fixed trap/donor ratio (A = 2) and using 7¢ = 45.6 ns. The
donor fluorescence lifetime is expected to decrease from
32.5 to 23.3 to 6.7 ns as the number of repeat units is
decreased from N = 3000 to 1500 to 500, consistent with
increased energy transfer due to an increased number of
chromophores in the system. However, the smaller
changes in donor fluorescence lifetimes predicted as a
function of solution concentration necessitate precise
measurements of the donor fluorescence intensity decay.

The donor fluorescence intensity decays for mixed PI-P
and PI-A solutions were measured as a function of polymer
concentration and trap-to-donor ratio for five different
solutions. Eachsolution contained a fixed volume fraction
of PI-P where ¢pr.p = 0.253 so that, as PI-A was added,
the solution concentration and the trap-to-donor ratio
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Figure 7. Experimental decay curves for PI-P and PI-A in
toluene, log (intensity decay) vs time, ¢p1p held constant at prp
=0.253: (top decay) measured for ¢ = 0.425, A = 0.47, a; = 0.458
+ 0.014, 7, = 42.023 £ 0.166; oz = 0.542 £ 0.083, 72 = 7.886 £
0.322,x%=0.961,DW = 1.791, z = 0.665; (middle decay) measured
for ¢ = 0.5, A = 0.7, a; = 0.347 £ 0.008, 7; = 40.392 £ 0.159; ay
= 0.653 + 0.092, 7, = 7.028 £ 0.302, x? = 1.060, DW = 1.887, 2z
= ~0.679; (bottom decay) measured for ¢ = 0.55, 4 = 0.84, a; =
0.372 £ 0.013, 7, = 38.831 £ 0.197; a2 = 0.628 £ 0.041, 72 = 10.144
+ 0.335, x? = 1.148, DW = 2.050, z = 1.696. Distribution of the
weighted residuals and autocorrelation of the residuals shown is
for the ¢ = 0.425 curve. Measurements taken using TC-SPC are
Aex = 299 and Aem = 352.

increased. In each case, the decay could be fit to a
biexponential form; however, as with the decay for PI-P,
there is no reason to believe that a double-exponential fit
has any particular photophysical significance. Assolution
concentration and trap-to-donor ratios were increased, the
long component of the lifetime 7, steadily decreased,
consistent with the effects of NRET and with the
predictions of the model.5” Representative experimental
decay curves are given in Figure 7. For purposes of
comparison of experiment to theory, normalized donor
fluorescence intensity decays, (H(t) ), were calculated using
the parameters of the experimental system including
polymer molecular weight (for 90 000 polyisoprene, N =
1321), donor and trap label content (including label
efficiency), volume fraction of polymer in solution, and
the experimentally measured 7, for PI-P = 45.6 ns. A
comparison of the predicted lifetimes 7yeq and the
experimentally measured 71’sis given in Table I. Clearly,
the results for 7} yp) are in excellent quantitative agreement
with the values determined by the model. Whereas the
overall experimental changes in solution concentration
and in the trap/donor ratio are not dramatic and lead to
predictions of relatively small reductions in donor lifetime,
the technique has proved sensitive to changes of this
magnitude. The ability to measure these lifetimes pre-
cisely is still crucial, especially when only small changes
are expected, but the sensitivity of the TC-SPC technique
and the theoretical model to specific experimental pa-
rameters demonstrated here is an important step in using
fluorescence NRET techniques in a more quantitative
manner.
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Table I. Predicted and Experimental Excited-State Donor

Lifetimes®
¢ nr/np Tpred (N8) Ti(exp) (N8)
0.300 0.133 44.32 44.39 £ 0.14
0.350 0.275 43.32 43.26 £ 0.14
0.425 0.470 41.87 42.02 £ 0.17
0.500 0.700 40.26 40.39 £ 0.16
0.550 0.840 39.25 38.83 £ 0.20

¢ Results are for solutions of PI-A (50% labeling) and PI-P (70%
labeling) in toluene, MW = 90 000 (N = 1321), 71(exp) = 45.6 1S, Tpred
was determined by approximating calculated (H(t)) for each system
as a single-exponential decay. Experimental donor fluorescence
decays measured using TC-SPC.

Conclusions

A relationship between donor fluorescence intensity
decay and the donor-trap correlation function in a melt
of end-labeled monodisperse polymer has been determined.
Relevant chain statistics and intermolecular interactions
have been included in the model. The arguments have
been extended to describe donor fluorescence intensity
decay in semidilute solutions. While the problems of the
polymer melt and the solution are treated in a self-
consistent manner, the swollen nature of the chain in
solution is accounted for in the determination of the
correlation function rather than merely incorporating
solution concentration into the final expression for (H(t) ).
The model has been further extended to describe a real
experimental donor- and trap-end-labeled system where
end labelingisnotideal. Suchamodel should be accessible
to experimentalists since it includes all relevant experi-
mental parameters.

Theoretical predictions for a semidilute solution indicate
that the normalized donor fluorescence intensity decay
(H(t)) should scale with the polymer volume fraction in
solution, ¢. Experimental results from fluorescence life-
time measurements are in good agreement with the theory
even in the limiting case of low label content polymer in
a semidilute solution. Since ¢ is a function of blob size
£, 1t is possible that fluorescence technigues could be used
to investigate the blob size in solution and perhaps also
chain statistics in other systems.

This is the first study to make a direct quantitative
comparison between a theoretical model including cor-
relations in solution and fluorescence lifetime measure-
ments. Although relatively simple systems have been
examined here, this model provides a base on which to
study systems with more complicated statistics. Work is
currently underway investigating bimodal blends where
the donor- and trap-labeled chains are chemically identical
but of different molecular weights.*! For sufficiently short
lower molecular weight chains, the higher molecular weight
chains in a bimodal blend have been shown to be expanded
relative to random-walk statistics even in the melt state.585°
Further, while the work described here has assumed that
all interaction terms are zero, x terms have been included
inthe calculation of the correlation function (see Appendix
A). Thus, through appropriate inclusion of interaction
terms, this model could be applied to miscible blends of
unlike polymer.®” While the present study has demon-
strated that correlations in monodisperse polymer solu-
tions can be investigated by quantitative comparison of
fluorescence theory and experiments, extensions of the
model to polydisperse or blend systems could make
fluorescence a competitive alternative to scattering tech-
niques generally used to study chain statistics.
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Appendix A: Calculation of the Correlation
Function

In order to find the Fourier transform of the correlation
function h(r) = (px'p_4’), the probability functional P[{px}]
must be constructed. The basic procedure to obtain the
probability functional is the same as that used by Olvera
de la Cruz, Edwards, and Sanchez®® to calculate the
probability functional for a monodisperse blend of poly-
mers A and B. To extend their arguments to the case of
a system of donor- and trap-labeled polymer, we impose
the additional constraint that the chains of A and B are
chemically linked. This is the same constraint used to
determine the probability functional for a block copolymer.
Next, the A-B chain is examined in the limit where one
of the blocks is only one unit long. This is the case of
end-labeled homopolymer.

The partition function for a polymer blend contains a
(Gaussian distribution of A monomers for each A chain, a
Gaussian distribution of B monomers for each B chain,
the thermodynamic interactions between A chains and B
chains, and the constraint of incompressibility (there are
no “holes” in the melt). Following the notation and
arguments used by Olverade la Cruz et al.,*3 the probability
distribution is

PR J1 =
dR

2
exp Z(%)Z {as, (_ds_) exp[~UT(R, }1/kT]

)
(A1)
where the first exponential term describes Gaussian

statistics and the second term includes the short-range
interactions, w;j, between monomers:

ds,, dsaj
R = ST T R -
oo af i )
R, ()1 w; [ o) o)) &r (A2)
iJ

where p;(r) is the microscopic density of monomers

n; dsw
dm =Y | T w-R)I=AB (A

@ 1

The partition function, Z, is then obtained by integrating
P[{R,}]1 over all possible configurations, using the incom-
pressibility constraint:

z= ] ST]oR., PUR.} btes®) + 50 -1 (A4)

i=AB a;

where the incompressibility constraint is ga(r) + ¢s(r) =
1, rewritten in the form of a delta function. Using the
definition of the mean density,

oo = 5 fdr 5(0) = 0NV (A5)
we can rewrite ¢a(r) and ¢p(r) in terms of pi(r):

ealr) = p*(®)/p,  eg(®) = pB(®)/p (A.6)

where p = pg® + po® = total mean density.
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To calculate the effect of concentration fluctuations,
the probability distribution is expressed in terms of the
Fourier components of p*(r):

ni

(A7)

po' is the average density of the ith component, so p’ for
k # 0 denotes local concentration fluctuations. Using the
Fourier components, the incompressibility constraint may
be rewrittenﬁ;e =0 5(pkA+pkB) 8(po™+poB —p) ascanthe energy

term in eq A.2: Ul{ps'})/RT = Z,J 2kTka ‘py’* where

pi'* = p_i’ (the complex conjugate).

To rewrite the probability functional in terms of the
local fluctuations py’, Z must be multiplied by the Jacobian
of the transformation:

n; ds“.‘
IS oo 25 et

i=AB

(Jacobian)
or equivalently

dy I
T o] -
Vf: f — explik-R, s, )]}] (A.8)

The entire partition function is then expressed by sub-
stituting eqs A.1 and A.2 into eq A.4, using the incom-
pressibility constraint in terms of p)‘, and the Jacobian in
the parametrized form (eq A.8). (See eq 23, ref 43.)

From this point, the partition function is simplified by
integrating the Gaussian distribution terms, and Z is
rewritten using matrices, where Z, contains all the 2 = 0
terms:

z=2,T]4 N o ) B)A(x_,;*)+
= —expy—
0 il;]’; Pr 9 P ZV;, & M 7\—kB
ALt .
L'Z(p,;‘pf)(k ke )}expt-vup;}]/kﬂ (0 +0,2)
10 -k

(A.9)

where A is a 2 X 2 matrix equal to

n AD A(k) 0 ]
A= [ ngDy(k) n,,ng = no. of A, B chains
Di(k) is a Debye function, which is the result of an integral
of the form

Di(k) = Elafdsfds’ exp [— %lzls - s’|] i=AB (A.10)

Dix) = @N*/xD)[x; + e + 1]

where x; = k?R,;? and R,; is the radius of gyration of the
polymer chain, R,;? = Ni;%/6.

From eq A.9, the integration with respect to d\;! can be
performed. Inmatrix form the resultis expressed in terms
of the inverse of A, A-1 (Z, now contains all £ = 0 terms
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as well as all constants):

Z=12, f ndpk" dp,” 80, +0,") X
0

-1 A By, a-l (P-k )
- z AT+ W (A1l
exp{2V #o(pk PN ) Py ‘

where W is a 2 X 2 matrix that consists of the interaction
terms:

o1 |waa wAB]
w ETLw,g  Wgp

Integrating over dp:B, the final result is the simplified
partition function:

z=2,{ []dos* Pitp1 =

B0
Pk Pr
ST dos* ex { } (A.12)
%0 2V Sk)
where S(k) = (pr*p_s*) = 1/(1/naDa + 1/ngDp - 2x) and
x is the Flory-Huggins interaction parameter, x = [wap
- (1/2)(waa + wep)l/RT.

Following the same mathematical procedure, the par-
tition function for a melt of AB diblock copolymers can
be calculated starting from the same point (eqs A.1, A.2,
and A.4) with one additional constraint. For a diblock,
the A and B chains are chemically linked. Thisisexpressed
mathematically with the condition that the end point of
the A block is the same as the initial point of the B block,
or ra(L) = rg(0). Interms of a delta function, this condi-
tion becomes 6(ra(L)-rg(0)). The same procedure is then
followed to simplify the partition function.

In the case of a diblock copolymer, the thermodynamic
interactions, described by W, are identical. The matrix
A that is the result of integrating over the Gaussian part
of the chain coupled with the field (see eqs A.9 and A.10),
is now different. The off-diagonal terms in A are now
nonzero as the result of the connectivity of the blocks. In
the partition function for a diblock copolymer,

[nDA nD 1/2D 1/2]

nD 1/2D 1/2 nDB

where Dj and Dy are the Debye functions from eq A.10,
n is the number of polymer chains, and D,!/2 and Dg!/?
are what we call “half-Debye functions”. The subscripts
A and B refer to the A and B blocks, respectively. These
functions result from an integral of the type:

D} = f de exp[ il2is s’[] f(l—e"‘)

where x; = k?R;;? as before.

For the case of end-labeled polymer chains, the D/2
and the D term for the “label block” are equal to unity,
since we are only integrating over one unit, instead of the
whole chain. The matrix A, describing the connectivity
in the system, now reduces to

nD nDl/Z
A= [nD”2 n ]

The results obtained for (pz'p_:!), where 1 refers to “label”,
using this value of A and the partition function described
above are essentially equivalent to that of de Gennes.®
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For the donor- and trap-labeled polymer system, the
distinction between the traps and the donors, and also
between the linear chain labeled with traps and the linear
chainlabeled with donors, must bemade. A and W become
4 X 4 matrices, and the partition function becomes a
slightly more complicated version of eq A.9 (see eq A.13
below). piT and p;P refer to the concentration of the
linear portion of the trap- and donor-labeled chains,
respectively; ¢,T and ¢:P refer to the labels.

dAk
zZ= Zf dpk dak—x
7T'
Ak
-1 AP
Ty Dy Ty D Ik
exp { — Y (A A AL A DA
2V;) e A M M )\_kT
Al
T
Lk
A kD
iZ(szTszDUkT‘TkD) A—T X
#0 -k
AP

exp[-U [{PtkszkD"kTUkD}]/ kT]‘s(PlkT‘*'szD"' o kT+“ kD)

(A.13)
For this system
nDr 0 ngDg% 0
Ao 0 npDp 0 npDp?
n’T'DTI/Z 0 ne 0
0 npDp? 0 np

and

Wy, Wpp Wyr Wip

W = Wy Wpp Wyr Wip

Wyr Wrp Wrpr Wpp

Wip Wrp Wrp Wpp
where the subscripts in the interaction matrix, L, T, and
D, refer to “linear” polymer, trap, and donor, respectively.

The partition function is then integrated and simplified
in much the same manner as the others described above.
We have also made one additional assumption that the
concentrations of the donors and traps themselves are very
small compared to the concentration of the linear part of
the polymer chains; therefore, the incompressibility con-
straint will reduce to (o T+piL). Thisassumption allows
us to simply further the 4 X 4 matrix B in the partition
function, where B = A-1 + W, to a 3 X 3 matrix C, where
X =Dy - (DyV/?2 and Y = Dp —~ (Dpl/2)2:

1,1 -Di? Dy
np X npY npX npY
-D}? Dy

C= — ), w

nTX nTX TT ™

DDI/Z DD
w —Stw
. TD npy T oD
e L

(A.14)

In doing this, it becomes apparent that the thermodynamic
interactions that are relevant are those between the donors
and the traps; effectively the system seems to act like a
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gas of labels. In most end-labeled systems, however, the
concentration of labels is sufficiently low compared to the
concentration of monomers that the thermodynamic
interactions between labels can be considered negligible.

The correlation function between donors and traps is
then calculated, assuming wrr = wpp = wp = 0, where
prand pp refer to the number density of trap-labeled chains
and donor-labeled chains, respectively:

(0,70 D) = 202D Do
B N o i
3z ppDp + p’I‘DT

Thisis obtained from eq A.13and C-1(eq A.16), the inverse
of C, which contains all the correlation functions in the
system. (oxPo_xP),the donor-donor correlation function,
is equal to c357! and the trap-trap correlation function is
given by coo7l.

(A.15)

c'= (nDDD‘];' nTDT) X

nenpDrDp  nqgnpDpDp'®  -nqnpDypDp'?
1/2 2 1/2 1/2
npnpDpDet?  nonpDp + np?X —nonp Do D]g /
1/2 1/2 1/2
~npnpDDp'? —npnpDp2Dp? nonpDp + npY

(A.16)

Appendix B: Self-Consistent Calculation of
hpr(r) for Melt and Semidilute Solutions

Since physical interactions for distances » < { (or in
Fourier space, k& > 27/l) are generally not considered, we
can change the limits of integration on eq 14, the correlation
function for the melt. Instead of integrating from 0 to «,
the limits of integration are 0 to A = 2x/l. Thisis consistent
with the manner in which the correlation function for a
semidilute solution was calculated. Incorporating the
approximation for the Debye function,*? the integral then

becomes
PTPD ) A ksin(kr)
dt¢ (B.1
(pT+pD Js 2+ (kR ®D

We can solve this integral by considering that eq B.1 is
equal to
PTPD = k sin(kr)
dk -
(PT + pn){f" 2+ (kR
dk} B.2)

fm k sin(kr)

L@+ (kRYH
The first integral is equivalent to eq 14, employing the
approximation for the Debye function.*2 Assuming that
(BRg)? >» 2, the second integral is equivalent to the sine
integral,! si(y), where si(y) = —f{(sin t)/t dt = -x/2 +
Si(sin t)/t dt. If y — «, then si(y) = O since [ (sin ¢)/t dt
= /2. Ineq B.2 this is when ! — 0; and eq B.1 will equal
eq 14. Forl> 0,si(y) can be approximated as a convergent
infinite series which in turn can be approximated as an
analytic function of y. The result of integrating eq B.2 is
then

hpy(r) = —l(ﬂl){zfé[exm—wﬂ&n +
|4

el

hpr(r) =

hpr(r) =
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For{—0

hayn(r) -i(p:Tf’; ){ o2 R, )]}

recovering the correlation function for the melt. Forlarger
l, using the approximation for si(y),

(-ﬂ’l){—-‘”—z[exp(—fﬂr/RE) -1]~

pr+pp
21rr1R 2[c° (27" 1]} B

This is consistent with the manner in which the correlation
function for the semidilute solution has been calculated.
The integral for hpr(r) for the semidilute solution is split
considering Gaussian statistics (RW) outside the bloband
self-avoiding walk (SAW) statistics inside the blob: A(r)

hpr(r) =

= [*HRW + 3 .SAW where {3, SAW = [ SAW -

S3iSAW. The resulting correlation function can be again
written in terms of si(2xr/£) and si(2x7/l). In the limit of
¢ — 1, eq B.3 is recovered, and for ! — 0, the correlation
function for the melt is recovered. The donor-donor
correlation function is treated in an identical manner.

References and Notes

(1) Amrani, F.; Hung, J. M.; Morawetz, H. Macromolecules 1980,
13, 649.

(2) Albert, B.; Jerome, R.; Teyssié, P.; Smyth, G.; Boyle, N. G.;
McBrierty, V. J. Macromolecules 1985, 18, 388.

(3) Mikes, F.; Morawetz, H.; Dennis, K. S. Macromolecules 1984,
17, 16.

(4) Albert, B.;Jerome, R.; Teyssié, P.J. Polym. Sci., Polym. Chem.
Ed. 1987, 24, 2577.

(5) Chang, L. P.; Morawetz, H. Macromolecules 1987, 20, 428.

(6) Torkelson, J. M.; Gilbert, S. R. Macromolecules 1987, 20, 1860.

(7) Major, M. D.; Torkelson, J. M.; Brearley, A. M. Macromolecules
1990, 23, 1711,

(8) Major, M. D.; Torkelson, J. M.; Brearley, A. M. Macromolecules
1990, 23, 1700.

(9) Prochézka, K.; Bednér, B.; Mukhtar, E.; Svoboda, P.; Trnen4,
J.; Almgren, M. J. Phys. Chem. 1991, 95, 4563.

(10) Wilhelm, M.; Zhao, C.; Wang, Y.; Xu, R.; Winnik, M. A,; Mura,
J.; Riess, G.; Croucher, M. D. Macromolecules 1991, 24, 1033.

(11) Cao, T.; Munk, P.; Ramireddy, C.; Tuzar, Z.; Webber, S. E.
Macromolecules 1991, 24, 6300.

(12) Kiserow, D.; Chan, J.; Ramireddy, C.; Munk, P.; Webber, S. E.
Macromolecules 1992, 25, 5338.

(13) Prochézka, K.; Kiserow, D.; Ramireddy, C.; Tuzar, Z.; Munk,
P.; Webber, S. E. Macromolecules 1992, 25, 454.

(14) Winnik, M. A.; Pekcan, O.; Chen, L.; Croucher, M. D. Mac-
romolecules 1988, 21, 55.

(15) Winnik, M. A.; Disanayaka, B.; Pekcan, O.; Croucher, M. D. J.
Colloid Interface Sci. 1990, 139, 251.

(16) Pekcan, O.; Egan, L.; Winnik, M. A,; Croucher, M. D. Mac-
romolecules 1990, 23, 2210.

(17) Pekcan, O.; Winnik, M. A.; Croucher, M. D. Chem. Phys. 1990,
146, 283.

(18) Ediger, M. D.; Domingue, R. P.; Peterson, K. A.; Fayer, M. D.
Macromolecules 1985, 18, 1182,

(19) Liu, C.; Morawetz, H. Macromolecules 1988, 21, 515.

(20) Vyprachticky, D.; Morawetz, H.; Fainzilberg, V. Macromolecules
1993, 26, 339.

(21) (a) Spangler, L. L.; Torkelson, J. M., submitted for publication.
(b) Spangler, L. L. Ph.D. Thesis, Department of Chemical
Engineering, Northwestern University, 1992,

(22) Wang, Y.; Zhao, C.; Winnik, M. A. J. Chem. Phys. 1991, 95,
2143.

Correlations in Polymer Melts and Solutions 6799

(28) Pekcan, O.; Winnik, M. A,; Croucher, M. D. Macromolecules
1990, 23, 2673.

(24) (@) Gebert, M. S, Ph.D. Thesis, Department of Chemical
Engineering, Northwestern University, 1991. (b) Gebert, M.
S.; Torkelson, J. M. Polymer 1990, 21, 2402. (c) Gebert, M. S.;
Yu, D. H.-S.; Torkelson, J. M. Macromolecules 1992, 25, 4160,

(25) Shiah, T. Y.; Morawetz, H. Macromolecules 1984, 17, 792.

(26) Spangler, L. L.; Torkelson, J. M., submitted for publication.

(27) Lakowicz,d.R.; Wiczk, W.; Gryczynski, I; Fishman, M.; Johnson,
M. L. Macromolecules 1993, 26, 349.

(28) Henrioulle-Granville, M.; Kyuda, K.; Jéréme, R.; Teyssié, P.;
De Schryver, F. C. Macromolecules 1990, 23, 1202,

(29) Chen, C. T.; Morawetz, H. Macromolecules 1989, 22, 159,

(30) Jiang, M.; Chen, W.; Yu, T. Polymer 1991, 32, 984.

(31) Pekcan, O.; Winnik, M. A.; Egan, L.; Croucher, M. D. Mac-
romolecules 1983, 16, 699.

(32) Forster, T. Z. Naturforsch., A: Astrophys., Phys. Phys. Chem.
1949, 4, 321.

(33) Ohmme,I Silbey, R.; Deutch, J. M. Macromolecules 1977, 10,

(34) Edlger, M. D.; Fayer, M. D. Macromolecules 1983, 16, 1839.

(35) Peterson, K. A Fayer, M. D. J. Chem. Phys. 1986 85, 4703.

(36) Fredrickson, G. H.; Anderson, H. C.; Frank, C. W. Macromol-
ecules 1984, 17, 1496.

(37) Fredrickson, G. H. Macromolecules 1986, 19, 441.

(38) Haan, S. W.; Zwanzig, R. J. Chem. Phys. 1978, 68, 1879.

(39) de Gennes, P.-G. J. Phys. (Paris) 1970, 31, 235.

(40) Nieuwoudt, J.; Mukamel, S. Phys. Rev. B 1984, 30, 4426.

(41) Mendelsohn, A. S.; Olvera de la Cruz, M., to be submitted for
publication.

(42) Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics;
Clarendon Press: Ozxford, U.K., 1986.

(43) Olvera de la Cruz, M.; Edwards, S. F.; Sanchez, I. C. J. Chem.
Phys. 1988, 89, 1704,

(44) Tang, W. T.; Hadziioannou, G.; Smith, B. A.; Frank, C. W.
Polymer 1988, 29, 1718.

(45) Quirk, R. P.; Schock, L. E. Macromolecules 1991, 24, 1237.

(46) Ni, S.; Juhué, D.; Moselhy, J.; Wang, Y.; Winnik, M. A,
Macromolecules 1992, 25, 496.

(47) Mita, L; Horie, K.; Takeda, M. Macromolecules 1981, 14,1428,

(48) de Gennes, P.-G. Scaling Conceptsin Polymer Physics; Cornell
University Press: Ithaca, NY, 1979.

(49) The gel permeation chromatograms for the end-labeled poly-
isoprenes synthesized here exhibit very small high molecular
weight shoulders. Withoutthese shoulders, the polydispersities
measured are <1.1 This phenomenon has also been observed
for end-labeled polystyrenes and block copolymers synthesized
in our laboratory. We believe this shoulder may be indicative
of a very small degree of coupling between living polymer chains
upon the addition of the reactive label compound.

(50) O’Connor, D. V.; Phillips, D. Time-Correlated Single Photon
Counting; Academic Press: London, 1984,

(51) According to ref 50, if the Durbin—Watson parameter, DW, is
greater than 1.7 or 1.75 for a single- or double-exponential decay,
respectively, then a good fit has been achieved.

(52) Hamburg, M. Basic Statistics; Brace Harcourt Jovanovich:
Kent, UK., 1985.

(563) Berlman, I. B. Energy Transfer Parameters of Aromatic
Compounds; Academic Press: New York, 1973.

(54) Lakowicz, J. R. Principles of Fluorescence Spectroscopy;
Plenum Press: New York, 1983,

(55) Berlman, I. B. Handbook of Fluorescence Spectra of Aromatic
Molecules; Academic Press: New York, 1971.

(56) Birks, J. B. Photophysics of Aromatic Molecules; Wiley-
Interscience: New York, 1970.

(57) The short component of the lifetime, g, varied from 6.4 to 10.1
ns for the PI-P/PI-A mixed solutions. There was no consistent
trend to this variation. In all cases, the fractional intensity
associated with the long lifetime, 71, was at least 70% and was
generally above 80%.

(58) Joanny, J. F.; Grant, P.; Turkevich, L. A.; Pincus, P. J. Phys.
(Paris) 1981, 42, 1045.

(59) Kirste, R. G.; Lehnen, B. R. Makromol. Chem. 1976, 177, 1137.

(60) Mendelsohn, A. S.; Olvera de la Cruz, M., to be submitted for
publication.

(61) Gradshteyn, L.; Ryzhik, I. M. In Table of Integrals, Series, and
Products; Jeffrey, A., Ed.; Academic Press: New York, 1980.



