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ABSTRACT: Polymer interdiffusion in a poly(vinyl acetate-co-dibutyl maleate) [poly(VAc-co-DBM)] latex
film containing ca. 50 wt % gel was studied by Forster resonance energy transfer (FRET). The latex
particles were labeled either with an energy donor dye or with an acceptor dye. Films prepared from a
mixture of donor- and acceptor-labeled particles exhibit nonexponential donor fluorescence decay profiles,
which were analyzed in two distinct ways. In a first simplified approach, we calculated the fractional
growth in the quantum efficiency of energy transfer fi,, from which we obtained an apparent diffusion
coefficient, Dypp, which decreases with increasing annealing time. In addition, we developed a new model
for spherical diffusion that accounts for the presence of immobile gel nanodomains within the latex
particles. We calculate the energy transfer from the donors in one particle to the acceptors in another,
taking into account the concentration profile of the polymer arising from diffusion of the un-cross-linked
chains through the gel nanodomains and across the particle boundary. By comparing simulated donor
survival probabilities with experimental decay profiles, we obtained the polymer concentration profiles
at the interface between particles and the corresponding mean cumulative diffusion coefficients D[]
describing diffusion of the mobile polymer fraction, as a function of annealing time for different annealing
temperatures. From the polymer concentration profile, we calculated the roughness of the initial interface
(before any annealing) for gel containing latex particles. This value is much lower than that found for
un-cross-linked samples. A comparison of the two methods of analysis shows that Dy, values are up to
three times larger than [D[) but track the evolution of the “true” diffusion coefficient fairly well. From
the temperature dependence of [D[] we found an effective activation energy for diffusion of 39 kcal/mol.

Introduction

Polymer diffusion is an entropy-driven process by
which macroscopic composition gradients relax in poly-
mer systems.! It is usually referred to as self-diffusion
when the matrix is composed of identical molecules to
the test chain, and interdiffusion when the matrix is
different.? Polymer diffusion has been a subject of
intense interest for many years because it plays an
important role in technological processes such as weld-
ing of polymer slabs, crack healing, sintering of polymer
powders by compression molding, and formation and
aging of latex films. In all these processes, polymer
diffusion occurs across interfaces. Polymers are initially
confined to opposite sides of the interface and diffusion
across the interface generates entanglements, which
increases the strength of adhesion. The thermodynamic
interactions between the polymers govern the rate at
which the macroscopic composition gradients relax and
the width of the interface between the two constituents.3
The properties of a system’s interface, such as resistance
to fracture, are strongly dependent on both of these
quantities.*

For a polymer with an average molecular weight
larger than the entanglement molecular weight (M,),
the diffusion mechanism can be described by combining
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reptation with segmental motion.>® Four regimes are
predicted theoretically for the dynamics of such a chain:
578 At times shorter than the entanglement relaxation
time,7,, relaxation of segments within the entanglement
length occurs. In this case the mean square displace-
ment of the segments is smaller than the tube diameter,
and the chains do not sense topological constraints.
Between 7. and the Rouse relaxation time, 7z, the
motion of a single segment becomes coordinated over
the entire length of the chain, and its dynamics can be
described by Rouse-like diffusion constrained inside the
tube formed by the other chains. Between 7g and the
reptation time, 7,, reptation dominates the chain motion.
At longer times (¢ > 7,) the chain loses the memory of
the original tube and continues the reptation motion in
a new tube. Consequently, successive displacements are
statistically independent, and over large time scales the
dynamics of the polymer is described by the Fickian
motion of its center-of-mass. With all these dynamic
regimens, it is not surprising that the distribution
function of polymer chains at the interface resulting
from both reptation and segmental motion are rather
complex for ¢ < 7,.78 However, for times longer than 7,,
the chain dynamics can be described by the diffusion of
its center-of-mass, and the approximate concentration
profiles across the interface can be obtained from the
solution of Fick’s diffusion equations.

Here, we are interested in interparticle polymer
diffusion occurring during the aging process of latex
films. When a latex film is cast from a dispersion, water
evaporation and drying leads to the formation of a solid
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film. For dispersions of surfactant-free particles with a
narrow size distribution, this film has an ordered
structure corresponding to densely close-packed poly-
hedral cells, as observed by transmission electron
microscopy (TEM)?10 and freeze-fracture transmission
electron microscopy (FF-TEM).1112 These cells are formed
through deformation of the latex particles as the film
dries.!314 The newly formed film is weak, because no
polymer chains bridge the interface between adjacent
cells. The mechanical strength of the film is improved
as polymer molecules diffuse across the interface, lead-
ing to healing of the interface. Particle deformation can
occur only if the system is at a temperature above the
minimum film-forming temperature (MFT), which is
close to the glass transition temperature (T,) of the
polymer in the presence of moisture. Polymer diffusion
is usually very slow at the MFT. It occurs at a reason-
able rate for chains of significant length only at tem-
peratures at least 20—40 °C above T%.

The interdiffusion process in latex films has been
followed at the molecular level by small-angle neutron
scattering (SANS), probing the growth of the radius of
particles labeled with deuterium in a protonated matrix
as the films are annealed.!516 Alternatively, the tech-
nique of nonradiative electronic energy transfer or
Forster resonance energy transfer (FRET), offers several
advantages: high sensitivity; easy labeling of the poly-
mer with the required dyes; less interference in the
polymer intrinsic properties. This is a quantitative
technique based on dynamic fluorescence measure-
ments. In a FRET experiment, one mixes two essentially
identical types of latex particles in dispersion prior to
film formation. Both types of latex particles are co-
valently labeled with about 1 mol % of dye, one with a
fluorescent dye that can act as an electronic energy
donor and the other with a corresponding acceptor
dye.!”18 The donor dye is then selectively excited and
can subsequently fluoresce, or if there is a nearby
acceptor dye, it can transfer energy to the acceptor dye
via a resonant coupling of the transition dipoles.

When a dispersion containing donor- and acceptor-
labeled particles dries to form a film, initially the donors
and the acceptors are located in different particles, with
FRET occurring only to a small extent across the
particle boundaries. Annealing of the film at tempera-
tures higher than the MFT promotes the interdiffusion
of polymer chains between particles inducing the mixing
of donors and acceptors and the consequent increase in
the extent of FRET. The fluorescence decay curve of the
donor reflects the increase of the energy transfer
processes and depends on the distribution functions of
donors and acceptors, which in turn are linked to the
concentration profiles of the polymer at the interface.
The detailed analysis of FRET in such systems required
the development of energy transfer models that correctly
consider the topological constraints of the medium and
the donor and acceptor distributions arising from poly-
mer diffusion.1920

Most previous experiments on interparticle polymer
diffusion during latex film formation were carried out
on linear polymers, with the intent of understanding
how the properties of the latex polymer evolve.l9723
Recently, we began to examine diffusion in branched
or partially cross-linked polymers, such as poly(vinyl
acetate), PVAc. Homopolymers of VAc and its copoly-
mers are normally extensively branched.?* This intrinsic
branching occurs during the polymerization reaction,
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caused by chain transfer of the highly reactive PVAc
radical in one polymer chain to a methyl side group (by
hydrogen abstraction) of another chain. In copolymers
of PVAc, the comonomer is often the source of reactive
hydrogen atoms along the polymer backbone, usually
causing the copolymers to be more branched than the
PVAc homopolymer. Although branching itself does not
lead to gel formation, these systems are often character-
ized by a significant gel content as a consequence of
termination reactions between growing chains. The gel
domains themselves have diameters that are limited by
the size of the latex particles. Within films formed from
these particles the cross-linked domains are present as
“nanogels” confined to individual polyhedral cells. We
imagine that they undergo very little or very slow
diffusion in these latex films. In addition, some chains
in the system may contain entangled long-chain branches
which can severely suppress chain mobility. These
chains are likely to remain diffusively immobile on a
time scale during which the shorter and less branched
polymers can diffuse across the interface between
particles.

Recently FRET measurements were used to study
polymer diffusion in films of copolymers of vinyl acetate
(VAc) and dibutyl maleate (DBM).2526 One sample,
prepared without chain transfer agent, had a measured
gel content of 50 wt %. We were able to separate and
analyze the sol and gel components of this sample. A
second sample, prepared with a chain transfer agent,
had no detectable gel content and a nominal molecular
weight of ca. 250000. The polymers were labeled either
with 9-methacryloxymethylphenanthrene (PheMMA,
structure I) as a donor dye or with 2'-acryloxy-4'-methyl-
4-(N,N-dimethylamino) benzophenone (NBen, structure
II) as acceptor.
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It turned out that the sol fraction of the first sample
had a GPC trace similar to that of the second sample,
indicating that both components had a similar molec-
ular weight distribution. The polymers in latex films
formed from the two samples, underwent interparticle
polymer diffusion at similar rates, but in the gel-
containing sample only a fraction of the polymer present
in the sample was able to diffuse across these bound-
aries, whereas, in the gel-free sample, most of the
polymer was able to undergo diffusive mixing with the
polymer molecules in neighboring cells. It was concluded
that only the sol component of the gel-containing
polymer was able to diffuse on the time scale of the
experiments, and the diffusion rate of the mobile
component and its temperature dependence in the gel-
containing polymer were comparable to that of the gel
free counterpart.2?

In this paper, we return to these results and attempt
to model the diffusion of the mobile chains in the
presence of gel nanodomains, each occupying one latex
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particle. The challenge is to develop a meaningful model
of polymer diffusion in this system, and then connect
the diffusion of polymers segments across the interpar-
ticle boundaries to the growth in energy transfer in the
system. We based our approach on the previously
reported model for FRET between dyes attached to
linear polymer chains diffusing across the interface
between cells in latex films.1928 Here, we examine the
diffusion of the mobile component and take into con-
sideration the presence of gel nanodomains in the film
that contain covalently bound donor or acceptor dyes,
but are immobile during the diffusion process.

We analyze the FRET data by two methods. In our
traditional simplified approach,?! we fit experimental
donor decays to a stretched exponential function. From
the areas under each fitted donor decay profile, we
calculate the quantum efficiency ®gr of energy transfer.
We use these values to calculate an operational “extent
of mixing” parameter f,, (see below). This parameter
corrects for the small amount of energy transfer across
the interparticle boundaries in the newly formed films
and monitors the fractional growth in ®gr due to
polymer diffusion. To estimate the extent of diffusion
of the mobile polymer chains in the latex films, we
assume that f;, is in fact equal to the fractional mass f;
that has diffused across the initial particle boundaries.
This is a crude approach, but it allows us to calculate
an apparent diffusion coefficient D,p, that, for linear
polymers, approximately follows the “true” average
diffusion coefficient.19:23

We next analyzed the same experimental data using
a more fundamental model that we developed to account
for the effect of the gel nanodomains. This new model
describes the shape of the donor fluorescence decay
profile taking into account the detailed mechanism of
energy transfer from the donor to the acceptor dyes and
the diffusion of the soluble polymer in the presence of
the gel nanodomains in the polymer film. We fit our
experimental donor fluorescence decays using donor
fluorescence survival probability curves simulated with
this model. From the polymer segment density profile
thus obtained, we determine an average diffusion coef-
ficient [DOfor the polymer as a function of annealing
time.

Experimental Part

The Latex Samples. The synthesis and characterization
of PheMMA- and NBen-labeled gel-containing poly(VAc-DBM)
latex samples have been described elsewhere.?® The polymer
was prepared via a conventional batch emulsion polymeriza-
tion process from 4:1 wt ratio (10.6:1 mol ratio) of VAc:DBM
with an uniform composition throughout the polymerization.
The latex polymer has a gel content of ca. 50% and the sol
fraction has M,, = 280000 and M, = 107000, M/M, = 2.6
(GPC, using polystyrene standards). The labeled poly(VAc-
DBM) polymers have uniform dye distribution along the
polymer chains—a characteristic very important for the FRET
study. This pair of latex particles has similar particle size (124
nm) and narrow size distribution. A corresponding unlabeled
poly(VAc-DBM) copolymer has a major glass transition at ca.
24 °C and a minor glass transition at ca. 34 °C.

Fluorescence Measurements. For fluorescence decay
measurements, latex films (prepared as described in ref 25)
were placed in a quartz tube, sealed and degassed by flowing
nitrogen for 3—5 min before and after each measurement.
Fluorescence decay profiles were measured by the time-
correlated single photon timing technique.?® The excitation
wavelength was 300 nm, and emission from the sample was
detected through a combination of a band-pass filter (310—
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400 nm) and a cutoff filter (335 nm) to minimize the amount
of scattered excitation light reaching the detector. In the
absence of NBen, samples containing 1 mol % donor Phe MMA
show decay profiles that can be fitted with only one exponential
function, with a lifetime 7p = 44.6 ns.

Data Analysis

The quantum efficiency of energy transfer ®gr(t) is
defined as

“ Ipa() dt
Pty =1 — —j;)m = 1)
S Iy de

where the integral of Ip(¢) is the area under the donor
decay profile of a film containing only donor. Since the
unquenched donor decay profiles for the phenanthrene
derivatives employed here are exponential, the value
of the integral equals the unquenched donor lifetime 7p.
The integral of Ipa(¢) describes the area under the donor
decay profile of a film containing both donor and
acceptor, annealed for a time ¢4 The quantum ef-
ficiency of energy transfer can then be evaluated as

area(t ;)
Pty =1 — N (2)

In our simplified traditional approach, we obtain the
area for each decay profile by fitting the decay curves
to the empirical eq 3 and then evaluate the integral
analytically from the magnitude of the fitting param-
eters.

I,(t) = A, expl— t/ty, — P(t/tp)"?] + A, exp(— t/tp)
(3)

We then approximate the extent of mixing f;, that occurs
upon annealing a film for a time Z4;7 by the correspond-
ing fractional increase in the quantum efficiency of
energy transfer

®y(0) — Dp(0)  area(0) — area(co)

(4)

where [®gr(tair) — Prr(0)] represents the change in ET
efficiency between the initially prepared film and that
annealed for a time Zgi. The term [Pgr(c0) — Dgr(0)]
represents the maximum change in FRET efficiency,
between the initially prepared film and the fully mixed
film. Within this approximation, the extent of mixing
parameter f;,, can be directly calculated by comparing
the areas under the decay profiles for films annealed
for various times, area(fqip), to that of a film without
annealing, area(0), and to one cast from a solution to
approach the value for full mixing, area(). Conceptu-
ally this is a drastic approximation, but simulations for
one-dimensional diffusion in latex films that satisfy
Fick’s law show that f;, is proportional to the real
fraction of diffusing substance (mass fraction of mixing,
fs), for values of f;, up to ca. 0.7.2° Therefore, f;, is a
convenient parameter to characterize the extent of
polymer diffusion in latex films, since it is simple to
obtain and it approximately follows the evolution of the
mass fraction of mixing with annealing time.

The diffusion coefficient is a fundamental parameter
to characterize the rate of polymer diffusion across the

Fnaig) ~
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latex particle interface. It can be calculated at different
levels of rigor and sophistication.2?=33 In our traditional
approach, apparent diffusion coefficients D,,, were
calculated from f;,, assuming that f,, = f;, where f; is
the real fraction of the mass that has diffused across
the initial boundary, and fitting the data to a spherical
Fickian diffusion model.?* The strengths and weak-
nesses of this analysis have been discussed previously
for latex films consisting of linear polymer.19:23:29 The
apparent mean diffusion coefficient D,,, represent an
average over the broad polymer molecular weight
distribution of the sample and an integration over the
sample history. Therefore, values of D, from different
samples can be compared only at similar values of f,.
The importance of these numbers is that, for samples
with similar degrees of acceptor labeling, changes in
Dy, compared at similar f,, values, closely follow
changes in the true center-of-mass diffusion coefficients
of the polymers.??

In our gel-containing sample, the maximum apparent
extent of mixing is only 40% (as calculated from f;,). This
leads to a concern about the validity of the traditional
simplified approach to calculate the diffusion coefficient
(Dopp) and consequently the feasibility of using these
D,pp values to calculate an Arrhenius activation energy
(E,) for polymer diffusion. For the sample in question,
this approach does yield the same temperature depen-
dence of diffusion as obtained from rheology measure-
ments (dynamic moduli G', G"' vs frequency at a series
of fixed temperatures.26 Nevertheless, to understand the
nanometer-scale dynamics of the present system, we
have developed a more sophisticated and hopefully more
general model to simulate the dye-labeled polymer
concentration profiles in the presence of gels, and to
obtain the corresponding fluorescence donor decay
profiles that can later be compared to experimental
curves.

In our new approach, we assume that the gel nan-
odomains occupying each cell do not move during the
experiment, and calculate the donor and acceptor con-
centration profiles generated by the diffusion of the
soluble polymer fraction across the particle interfaces.
These concentration profiles can be directly used to
generate donor survival probabilities using the theory
of energy transfer in restricted geometry.1%2935 For a
O-pulse excitation, the excited donor survival probability
Ip(t) depends on the distribution of both acceptors and
donors??

I@) = exp(— IL)IV Cp(rp)e(t,rprpidr, (5a)
D s

_ 27 el
(p(t,rD)—exp( ) Re{l

rp+r

expl — w(r)tl} [j; L CA(rA)rAdrA]rdr) (5b)

D

In these equations V; is the volume containing
the donors that were initially confined to a donor-
labeled particle, ¢(¢, rp) is the energy transfer prob-
ability from a donor at rp to any of the acceptors
around, Cp(r) and Ca(r) are the concentration pro-
files of donors and acceptors, and the encounter radius
R, is the minimum distance between donor and ac-
ceptor (this is usually considered to be equal to
the sum of the donor and acceptor van der Waals radii).
36 The rate of energy transfer between one donor and
one acceptor for a dipole—dipole coupling mechanism
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at the separation distance r is given by?”

6 2
wr) =% o= 8By«
o 21p

(6)

Here, 7p is the unquenched donor lifetime, «? is a
dimensionless parameter related to the relative orienta-
tion of the donor and acceptor transition dipole moments
(for a random distribution of dipoles, immobile on the
time scale of the donor lifetime &3 = 0.476),3® and R,
is the characteristic (Forster) distance defined as®®

~9000(In 10)x°Q,
1287°Nn*

R’

[T Fyeaitda (1)

where @p is the quantum yield of the donor in the
absence of acceptor, IV is Avogadro’s number, n is the
refractive index of the medium, Fp(4) is the fluorescence
intensity of the donor at wavelength 1 (with the total
intensity normalized to unity), and ea(4) is the extinction
coefficient of the acceptor at the wavelength A.

To analyze experimental data through simulations,
one convolutes the trial decay function Ip*(¢) calculated
from eq 5 using test donor and acceptor concentration
profiles with the experimental lamp profile, and com-
pares the resulting simulated donor decay curve with
the experimental curve. We used a coarse grid mapping
of the parameter space to locate the main minima and
identify the desired parameter range over which the
search should be refined. For each set of input param-
eters in the simulation we calculated the reduced y2.40-41
The best fitting of an experimental decay is character-
ized by random distribution of both the weighted
residuals and the autocorrelation of weighted residuals.

Results and Discussion

Poly(VAc-co-DBM) latex films containing only Phe
exhibit a single-exponential fluorescence decay curve
with a lifetime 7p = 44.6 ns. On the other hand, latex
films prepared from a mixture of Phe- and NBen-labeled
poly(VAc-co-DBM) latex dispersions exhibit nonexpo-
nential donor fluorescence decay profiles due to energy
transfer from the donor to the acceptor dyes. In freshly
prepared films (cast just above the MFT) the efficiency
of energy transfer is low and is related to energy
transfer occurring across the interface. After annealing
at higher temperatures, polymer diffusion across the
intercellular boundaries in the film leads to mixing of
donor- and acceptor-labeled polymer, with a strong
increase in ®zr. When the donor fluorescence decay
curves are fitted with eq 3 and the quantum efficiency
of energy transfer ®gr(tqsr) is calculated from eq 2 for
different annealing temperatures ¢4y, we observe that
there is a large increase in @y at early times, followed
by a smaller increase at longer times (Figure 1). For all
the tested annealing temperatures, the limiting value
of ®g7 is much lower than the value of ®g7 for films
obtained by solvent-casting from a 1:1 mixture of the
soluble fractions of donor- and acceptor-labeled polymer,
Dpr(0) = 0.52.26 This is a consequence of the gel content
of the latex sample, which limits the extent of diffusive
mixing of the non-cross-linked polymers.

Apparent Diffusion Coefficients. Using our simple
approach, we evaluate the extent of diffusion in the latex
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Figure 1. Fractional increase in the quantum efficiency of
energy transfer vs annealing time for poly(VAc-co-DBM) latex
films annealed at 55, 65, and 80 °C.
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Figure 2. Values of the apparent diffusion coefficient Dy,
plotted against the apparent extent of mixing f,,. The data
obtained at 80 and 65 °C are also shown after being recalcu-
lated to 55 °C using E, = 37 kcal/mol.

films at the level of the evolution of the energy transfer
quantum efficiency. We approximate the extent of
mixing that occurs upon annealing a sample for a time
tqifr by the parameter f;, characterizing the fractional
evolution of the quantum efficiency of energy transfer,
calculated using eq 4 and with ®gp(w) = 0.52, corre-
sponding to a fully randomized distribution of donors
and acceptors in these films. We consider that f;, is
equal to the true mass fraction of mixing f; and evaluate
the mean apparent diffusion coefficient D, using the
equation for Fickian diffusion in spherical symmetry.34
In this simple model, we did not consider the effect of
gel directly, but we normalized our apparent mixing,
taking into consideration the full amount of mixing that
we would obtain in the absence of gel. While both f,
and the real extent of diffusion increase from 0 to reach
a maximum of 1 (for full mixing in the absence of gel),
they measure different consequences of polymer diffu-
sion. In Figure 2 we plot D, values calculated in this
way against f,,. The tendency for a strong decrease of
Dy, with increasing f,, is attributed to the broad
polydispersity of the polymer chains in latex samples
obtained by emulsion polymerization. We also notice
that these values increase markedly with the annealing
temperature. An Arrhenius plot of Ln(D,,,), at constant
fm, gave an apparent activation energy of ca. 37 kcal/
mol.26

Rate of Polymer Interdiffusion. We have seen
before that the apparent degree of polymer mixing f;,
is a fair approximation of the real fraction of mixing in
latex films for un-cross-linked latex samples.19:23:29
However, f;,, alone is not precise enough to quantify the
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rate of polymer diffusion in an absolute way. The ideal
parameter to characterize the polymer diffusion rate
would be the distribution of center-of-mass diffusion
coefficients. This is a daunting task. A more acces-
sible quantity, for a polydisperse system, is the mean
diffusion coefficient (D[] which characterizes the rate
at which a certain fraction of the mass has diffused
across the intercellular boundary. Since the system is
in reality characterized by a distribution of species with
different diffusivities, the magnitude of [Dwill decrease
with time as the less mobile species diffuse across
the interface. In the past, we have taken several
approaches to simulate FRET experiments on latex
films in terms of an evolving mean polymer diffusion
coefficient.19:23:294243 In our previous work, we have
assumed that the general shape of the polymer segment
distribution can be described by Fickian diffusion for
spherical geometry.3* This yields the following distribu-
tions of the donor and acceptor dyes (gp and g4) in
neighboring particles 1929

o) Y157 et )

fzr'{ exp| — [+ | - exe[ - [ r)z]}) (8a)

8a(r) =gp2 —1") (8b)

where 6 = 2 ((DOty;)V?/R; is a parameter measuring
the extent of diffusion, ¢4y is the diffusion time, [(Dlis
the mean diffusion coefficient, R is the radius of the
particle, and ' = r/R; measures the fractional distance
from the center of a particle. From the distribution
profiles we can calculate the volume fraction of polymer
mixing fs using

fi=1- 3]:)1 4arPgp(r'dr 9

The presence of gel, detected experimentally, requires
a more complex model to describe the distribution
profiles. We have to take into account the effect on the
energy transfer signal of the gel nanodomains and of
the concentration profile generated by the diffusion of
the un-cross-linked chains through the particle bound-
ary. We start by assuming that the gel nanodomains in
poly(VAc-co-DBM) latex films do not move upon anneal-
ing. This assumption is supported by the experimental
results in which we compared the diffusion in gel-
containing and gel-free poly(VAc-co-DBM) latex films:
we found that the sol fraction of the gel-containing
polymer makes the major contribution to the diffusion
in the gel-containing latex film.2> More important, in
neutron reflectometry studies of the interface between
polystyrene networks as reported by Geoghegan et al.,*
it is apparent that the interface width between poly-
styrene networks does not change as a function of
annealing time or temperature.

Another aspect of our samples is that the number-
average molecular weight of the polymer soluble fraction
is about nine times higher than the entanglement
molecular weight of PVAc (M, = 12000).#> Therefore,
even those chains that are not cross-linked or ap-
preciably branched, will present entanglements. The
chains will then diffuse by a mechanism that combines
reptation with segmental motion.? For times shorter
than the reptation time, 7,, reptation dominates the
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chain motion. At longer times, successive displacements
of the chain are statistically independent, and over large
time scales the dynamics of the polymer can be de-
scribed by the Fickian motion of its center-of-mass. In
conclusion, the diffusion of polymer chains across an
interface is very complex for ¢ < 7,,”8 but for times longer
than 7,, we can describe the chain dynamics by the
diffusion of its center-of-mass with the corresponding
concentration profiles given by the solution of Fick’s
equations.

It is therefore important to have an idea of the mean
reptation time for our sample. For linear chains, this
value can be estimated from 7, = R%(3 = D),® where R
is the end-to-end distance of the polymer and D is the
corresponding diffusion coefficient. Following the ap-
proximations used by Wool® to calculate the reptation
time relative to results obtained by Winnik,*6 we first
estimate R ~ 30 nm for the molecular weight corre-
sponding to the weight-average molecular weight of the
soluble polymer fraction in our samples, M,, = 280000.
For this fraction, and using a diffusion coefficient value
corresponding to an intermediate cumulative diffusion
time from our data in Figure 2 (D ~ 0.05 nm?2 s~1), we
obtain 7, = 10 min. This means that for most diffusion
times accessible to our experiments, linear polymer
chains with molecular weight M = 280000 will probably
be well described by a Fickian diffusion profile.

However, our PVAc samples consist mainly of branched
polymer chains. The effects of branching on the polymer
diffusion mechanism and on the reptation time are not
yet well described experimentally. Theoretically, the
reptation time increases exponentially with the length
of the branches, with diffusion being severely decreased
or even completely suppressed in polymers with long
polymer branches.? Therefore, diffusion coefficients are
much smaller in a branched polymer than in its linear
counterpart of the same molecular weight.> In our
sample, we expect that the number and molecular
weight of the branches increases with chain molecular
weight so that, in smaller chains the effect of branching
in diffusion will be minimal, while the larger chains will
be practically immobile. In our approach, we will
consider that the smaller chains will have reptation
times short enough for their diffusion to be described
by a Fickian profile for all accessible diffusion times.
On the other hand, the highly branched larger chains,
having arms that are long enough for reptation to
impair diffusion through the film, will be considered as
part of the immobile gel fraction of the polymer. This is
a reasonable approximation in view of earlier results
by Antonietti and Sillesco,*” regarding the diffusion of
linear polystyrene (PS) chains with molecular weights
from M, to 5M. into model PS networks. They showed
that the diffusion coefficients of the linear chains where
approximately the same for the diffusion into cross-
linked networks or into matrices of linear entangled
chains of My, = 6 M..

The concentration profile of the polymer initially
contained in a particle is therefore described as a
function of the amount of gel and the extent of mixing
between the polymer chains from neighboring particles.
As discussed above, we will assume that the general
shape of the polymer segment distribution can be
described by the superposition of an immobile gel phase
distribution and a Fickian 3¢ diffusion profile. The
distributions of the donor and acceptor dyes (gp and g4)
from two neighboring particles are then given by
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o) = L H(L = ) + 0.5(1 — ) x (erf(l -

o5+ el - 5] -

exp| - (4 p r)z]}) (10a)

8ar') =gp2 —71') (10b)

J+

where 6 and ' have the same meaning as in eqs 8. The
function H is the unit step function, and fg is the gel
fraction of the sample. In Figure 3 (top), we show the
distribution functions for film with gel content of 50%
and increasing diffusion times (increasing 6 values).
From the distribution profiles we can calculate the
volume fraction of polymer mixing (f;) using eq 9. This
parameter increases almost linearly with 6 within the
range of values shown (Figure 3, bottom).

The [Dvalues recovered from 6, (DO= (6 Ry/2)*/tq;s,
describe the mean cumulative diffusion coefficient. The
evolution of these values with diffusion time reflects the
complex composition of the system. The species with
lower molecular weight are less branched and more
mobile, making the major contribution to the early mean
cumulative diffusion coefficient. On the other hand,
higher molecular weight species will move slower,
making a larger contribution to the mean cumulative
diffusion coefficient at longer diffusion times. As previ-
ously discussed, there is probably a fraction of high
molecular weight chains with long-chain branches that
are practically immobile for the experimentally acces-
sible diffusion times.

Mean Cumulative Diffusion Coefficients. When
we describe our gel-containing poly(VAc-co-DBM) sys-
tem using eq 10, the final concentration profile is a
combination of the gel and sol fraction contributions.
Since we assume that gel domains do not diffuse during
the experiments, the number of variables in the new
model is not increased compared to eq 8 because the
gel fraction was measured experimentally. We next
relate the shape of the concentration profile of the
polymer initially contained in a particle, to the donor
fluorescence decay profile for energy transfer between
dyes attached to polymer chains in neighboring latex
particles forming a solid film. The donor and acceptor
dyes are assumed to be attached at random to the
polymer chains, so that the spatial distribution of dyes
follows the segment distribution of the individual
polymer chains. The dyes attached to polymer in the
gel phase cannot leave the initial particle boundaries.
As the other polymer chains (forming the sol phase)
diffuse across the interface between particles, donor and
acceptor dyes come into close proximity and the energy
transfer efficiency increases (Figure 4). This increase
is used to determine the concentration profile of the
polymer.

Since the donor and acceptor dyes are randomly
attached to the polymer chains, the concentration
profiles of donors and acceptors that appear in eq 5, Cp-
(r) and Ca(r), are related to the polymer concentration
profiles of eq 10: we consider Cp(r) = gp(r) and Ca(r) =
C% ga(r), with C% being the initial average number
density of acceptors in the acceptor labeled particles.

To evaluate eq 5 using the distribution functions of
eq 10, we calculate all the integrals using a simple
trapezoidal rule because adaptive quadrature routines
are not stable in the evaluation of multiple integrals.*8
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Figure 3. Polymer density distribution functions (top) in a
spherical cell of radius R; with gel content of 50%, calculated
according to eq 11 for 6 = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6. The
volume fraction of mixture f; (bottom, dotted line) increases
almost linearly with 6 (the solid line represents a linear
relation.
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Figure 4. Donor and acceptor dyes are randomly attached
to the polymer chains in the gel and the mobile components
(top). The dyes attached to the polymer composing the gel
phase cannot leave the initial particle boundaries. As the
mobile polymer chains diffuse across the interface between
cells in the latex film (bottom), donor and acceptor dyes come
into close proximity and the extent of energy transfer is
increased.

Also, since w(r) is a very sharply peaked function of r
for all accessible experimental times, the integration
over r was evaluated only from R, to 3Ry.

We start by simulating a series of donor fluorescence
decay functions calculated using eqs 5 and 10, for 6 =
0 to 0.6, using «? = 0.476, Ry = 2.51 nm, 7p = 44.6 ns
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Figure 5. Donor fluorescence decay profiles (top) of a poly-
(VAc-co-DBM) film labeled with donor only (1), a nascent film
formed at room temperature, prepared from a 1:1 ratio of
PheMMA-labeled poly(VAc-co-DBM) and NBen-labeled poly-
(VAc-co-DBM) latex particles (2), a similar film annealed at
100°C for 2 h (3), and a film formed from the isolated sol
fraction of the poly(VAc-DBM) and then cast from 1,4-dioxane
solution (4). This film consists of a 1:1 ratio of donor-labeled-
and acceptor-labeled polymer. Simulated donor survival prob-
ability curves (bottom) for & = 0 to 0.6, calculated using eqs 5,
11 with « 2 = 0.476, Ry = 2.51 nm, 7p = 44.6 ns, R. = 0.5 nm
and an initial average concentration of acceptor Cxo = 0.03
M.

and a cutoff distance R, = 0.5 nm (parameters for the
Phe-NBen donor—acceptor pair). From independent
experimental data we know that the donor-labeled
particle has a radius R; = 62 nm (dynamic light
scattering),* a gel content fz,; = 0.5 (solvent extraction),
and an average acceptor concentration in the film C%
= 0.03 M. In Figure 5, we show both the experimental
donor decay profiles (Figure 5, top), and the simulated
donor survival probability curves for 0 = 0 to 0.6 (Figure
5, bottom), which correspond to the donor distribution
profiles shown in Figure 3. We note that, as the amount
of mixing increases, more donors and acceptors come
into proximity, energy transfer efficiency increases, and
the donor decays faster. We also point out that for 6 =
0 nm the donor fluorescence survival probability rep-
resents the amount of energy transfer taking place
across a perfectly sharp spherical interface. The maxi-
mum amount of mixing in both cases is much lower than
the complete mixing obtained in a film prepared by
solvent casting the sol fraction of donor and acceptor
labeled poly(VAc-co-DBM).

To analyze experimental data using the curves simu-
lated with the new model, we convolute the simulated
trial decay function I*p(¢) with an experimental instru-
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Figure 6. Experimental instrument response function and
experimental donor decay profile measured for a film of poly-
(VAc-co-DBM) (bottom), dried at room temperature and fitted
to a decay simulated with 8 = 0.07. The solid line represents
the fitted decay and the dotted line the experimental decay;
Autocorrelation function plots (top) for the fitting of the
experimental curves of the dried film ({54 = 0) and films
annealed for 15, 35, and 75 min at 80 °C, to curves simulated
with 6 = 0.27, 0.30, and 0.34.

ment response function (or lamp profile), L(¢), obtained
from the experimental excitation source

15" = [ L)yt — 5) ds (11)

Then we compare the resulting simulated fluorescence
decay curve with the experimental decay curves using
a linear fitting algorithm where the fitting parameters
are the normalization factor of the decay intensity ay,
and the light scattering correction ay, 5!

I5™@) = a;L@) + apl 5" (R,,¢) (12)

Modifying the input parameters of the simulation, we
can obtain the best fit as determined by minimization
of the y? parameter. Good fits are characterized by a
random distribution of both the weighted residuals and
the autocorrelation of weighted residuals.

In Figure 6, we show the experimental donor decay
profile measured for a film of poly(VAc-co-DBM) freshly
dried at room temperature (bottom) and its best fitting
to the theoretical model, which is obtained for a decay
simulated with 6§ = 0.07. The autocorrelation function
plots (top) for the best fittings of the experimental
curves of films, immediately after drying (¢4;# = 0) and
subsequently annealed for 15, 35, and 75 min at 80 °C,
indicate good agreement between the new model and
the experimental decays. The best fitting results for
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Figure 7. Variation in the reduced y? parameter (top) in the
analysis of an experimental donor decay profile measured for
a film of poly(VAc-co-DBM) freshly dried at room temperature
(tair = 0) using curves simulated with different values of 6.
The autocorrelation of weighted residuals (bottom) obtained
for the fitting with a curve simulated for 0.07 (dark line) shows
a better distribution than for & = 0.05 (thin line) and 0.09
(broken line).

decays measured at ¢z = 0, 15, 35, and 75 min are
obtained for curves simulated with 6 = 0.07, 0.27, 0.30,
and 0.34. Here, we fit the experimental donor decay
profiles starting before the maximum of the excitation
profile and obtain well-distributed autocorrelation plots
of the weighted residuals. The parameters ay and ay,
(the decay-intensity-normalization and the light-scat-
tering-correction respectively) obtained for the best
fitting of the experimental data, do not change signifi-
cantly with annealing temperature or diffusion time.

To establish the accuracy in the values of 6 recovered
from our analysis, in Figure 7 (top) we show the
variation in the reduced y? parameter with 6 for the
analysis of an experimental donor decay profile mea-
sured for a film of poly(VAc-co-DBM) freshly dried at
room temperature (¢4;¢ = 0). This gives us an indication
that the accuracy in the determination of 6 is of the
order of 0.02, with the best result corresponding to 6 =
0.07. This is further confirmed by comparing the plots
of the autocorrelation of weighted residuals (Figure 7,
bottom) obtained for the fitting of the same experimen-
tal decay to curves simulated with 6 = 0.05, 0.07, and
0.09. We can then conclude that the uncertainty in the
determination of [Dis lower than 10—15% for typical
values of 6 around 0.3.

In Figure 8 (top), we show the volume fraction of
mixing f; calculated from the best-fit 6 values obtained
for poly(VAc-co-DBM) films annealed at 55, 65, and 80
°C. As expected, the amount of mixing increases faster
for higher annealing temperatures due to faster diffu-
sion.

For the films dried at room temperature, we calculate
that there is about 3% of mixing between donor and
acceptor labeled chains before any annealing. This
initial mixing is much lower than that found for un-
cross-linked PBMA samples,where about 8% of initial
mixing was found using a similar method of analysis.2?
The value obtained in the present work is related to the
very small amount of mixing between particles that
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Figure 8. Volume fraction of mixing (top) obtained for films

annealed at 55 (W), 65 (a), and 80 °C (@), and diffusion
coefficients corresponding to the fitted 6 values (bottom).

takes place during film drying, caused by the polymer
chain ends close to the interface or the diffusion of low
molecular weight component of the latex. This effect is
neatly explained in terms of the roughness of the
particle surface, which leads to a waviness of the
interface between adjacent cells in the film.52? Indeed,
neutron reflectometry measurements of the interface
between polystyrene (PS) networks conducted by Geoghe-
gan showed that the interface between two networks
could be described by a Gaussian roughness profile.4*
Possible origins of this roughness are as follows: (i)
chain interpenetration across the interface due to the
swelling effect of solvent trapped in the network; (ii)
dangling chain ends in the network that can stretch
across the interface; (iii) network heterogeneities with
regions of lower cross-linking density; (iv) an entropic
effect that leads the contacting networks to stretch and
contract in order to substitute an undesirable sharp
contact surface by a bumpy interface.*4

The average diffusion coefficient [(DO= (OR/2)%*/tais
calculated from the best-fit 0 values, decrease with
increasing annealing time (Figure 8, bottom) reflecting
the contribution of higher molar mass polymers (with
lower diffusivities) to the growth in FRET for longer
annealing times.

The initially high average diffusion coefficient can also
have a contribution from the initial rapid partial inter-
digitation of the free chain ends of highly branched and
cross-linked chains that are anchored to the gel network
of one particle into a neighboring particle. These can
only stretch for a limited distance into the gel network
of a neighbor particle and so would only contribute to
the growth in energy transfer at shorter annealing
times. This effect was described by Geoghegan for the
penetration of grafted PS chains into PS networks.?? In
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Figure 9. Multilinear fit of the data points in Figure 7, for
55 (W), 65 (a), and 80 °C (@), yields a diffusion activation
energy of 39 kcal/mol.

these experiments there is an initial rapid partial
interdigitation of the grafted chains into the network,
followed by a very slow relaxation to form the equilib-
rium interface.

In Figure 8 (bottom), we also note that the [D(values
increase with increasing temperature. If we plot the
diffusion coefficients [DUas a function of the extent of
mixing f;, we can access the effect of temperature on
diffusion at comparable extents of mixing (Figure 9).
Fitting these data to three parallel lines (in a multilin-
ear fitting procedure) and analyzing the result in an
Arrhenius fashion, we obtain an effective activation
energy for diffusion of 39 + 5 kcal/mol. This result is in
good agreements with rheological measurements on the
same sample, performed at different temperatures to
follow the response of the dynamic moduli (G', G"") with
respect to the frequency.?8

Conclusions

We reexamined experiments reported by Wu et al.
which employed Forster resonance energy transfer
(FRET) measurements to follow polymer interdiffusion
in films cast from gel containing, dye labeled, poly(VAc-
co-DBM) latex dispersions. The data were analyzed in
two distinct ways. Using a simplified approach, we
calculated f,, values from the quantum efficiency of
energy transfer and obtained the apparent diffusion
coefficient values by making rather severe assumptions
about f;,. In addition, we carried out mathematical
simulations of diffusion satisfying Fick’s law in a
spherical geometry, taking into account the gel content
of the particles. The concentration profiles of donor and
acceptor groups, which follow the segment density
profile of the polymer, were introduced into equations
describing the rate of FRET in spherical systems, and
the donor decay profiles were simulated. By comparing
simulated and experimental decay profiles as a function
of annealing time and temperature, the concentration
profiles across the interface and corresponding mean
cumulative diffusion coefficients [DOwere obtained. This
model can be used to describe the effect of diffusion on
FRET in different samples containing a diffusive com-
ponent and an immobile fraction.

The mean cumulative diffusion coefficient [DOwas
found to decrease with annealing time as a result of the
polymer polydispersity and possibly initial rapid inter-
digitation of the chain ends of highly branched/cross-
linked chains that are anchored to the gel network. We
also noticed that the mixing between polymer from
different particles taking place before annealing is much
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lower for gel containing latex particles than that found
for un-cross-linked samples.

A comparison of the two different methods showed
that Dqyp, values are up to three times larger than D[]
but track the evolution of [Dfairly well for the level of
precision usually needed in these experiments. From the
temperature dependence of the diffusion coefficients, we
found an effective activation energy for diffusion of E,
= 37 kcal/mol for D,pp and 39 kcal/mol for DL which
are also in good agreement with the value obtained by
rheology measurements on the same sample.26 We
conclude that, despite its severe assumptions the
simplified approach, where we calculate f,, values from
the quantum efficiency of energy transfer, can track the
effect of temperature on diffusion for gel-containing-
latex film formation. These results extend the range of
application of the simplified model, which had been
previously tested for un-cross-linked and unbranched
latex particles, both experimentally?® and by simula-
tion.??
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