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ABSTRACT: We report energy transfer experiments on poly(butyl methacrylate) (PBMA) latex films
prepared from a 1:1 mixture of donor- and acceptor-labeled latex particles. In one set of samples, the
particles contain low molecular weight polymer (Mw ) 34 000) comparable to the entanglement molecular
weight (Me) of PBMA. For this sample, the extent of mixing fm (defined as the fractional increase in the
energy transfer quantum yield) increased with time as t1/2, consistent with diffusion that follows Fick’s
law. In the second set of experiments, involving polymer with Mw ) 380 000 (Mw > 10Me), we observe a
change in the time dependence of fm. At early times, for values of fm < 0.2, fm scales as t1/2. There is a
sharp crossover to a t1/4 scaling relationship for values of fm > 0.2. The most likely explanation of the
early-time behavior is Fickian diffusion of the lowest molecular weight components of the broadly disperse
polymer (Mw/Mn ) 3). The scaling of fm with t1/4 does not appear to be consistent with the predictions of
the theory of polymer diffusion across interfaces. The parameter fm is a measure of the number of
monomers crossing the interface N(t). For diffusion across a planar interface, N(t) is predicted to increase
as t3/4 if the chain ends are uniform and as t1/2 if they are segregated to the interface.

Introduction

When two pieces of polymer are brought into intimate
contact and heated to a temperature above their glass
transition temperature Tg, the interface between the
polymers gradually disappears, and the strength of the
interface increases. The key characteristic of this weld-
ing process is that the initial interface serves as a
dividing plane, with individual polymer molecules con-
fined to either side of the interface. Annealing promotes
polymer diffusion across the interface, and chains that
span the interface are the source of adhesion.

The healing of latex films represents a special case
of polymer diffusion across interfaces. Here the films
are prepared from polymers in the form of spherical
particles, similar in size, dispersed in water. When the
water dries, the particles are forced into contact. If the
polymer Tg is below ambient temperature, the forces
associated with drying are sufficient to deform the
particles into space-filling polyhedra, with intimate
contact between adjacent cells. As in the welding
experiment described above, the newly formed inter-
faces are weak, and strong adhesion evolves through
polymer diffusion across the intercellular boundaries.
There are two major differences between the welding
of two polymer slabs and the evolution of latex film
properties. The first is that, from the point of view of
an individual cell, polymer diffusion occurs with spheri-
cal symmetry in the latex film. In addition, latex
particles are normally prepared by emulsion polymer-
ization and, as a consequence, contain polymers with
a rather broad distribution of molecular weights
(Mw/Mn ≈ 2-3).

In this paper we report a simple scaling relationship
between the “extent of mixing”, as determined in a
fluorescence energy transfer (FRET) experiment, and

the annealing time for the diffusion of entangled poly-
mers in latex films. This result is important because it
involves the diffusion of polymer molecules across the
intercellular boundaries in the latex film. The result is
unexpected, because it appears from our perspective not
to correspond to any of the predictions of the theory of
polymer diffusion across interfaces. Polymer diffusion
in latex films has also been studied by small-angle
neutron scattering (SANS). While the information avail-
able from SANS is different than that available from
FRET, recent SANS experiments on films prepared from
polystyrene nanospheres are largely consistent with the
predictions of theory. It thus becomes important to try
to understand the differences in the results obtained by
these two techniques.

We begin our report with a brief overview of the
theory of polymer diffusion across interfaces, followed
by a comparison of the information available from SANS
and FRET experiments on latex films. After a brief
Experimental Section, we describe our results and then
comment on the features of our experiment that may
lead to the results we obtain.

Polymer Diffusion across Interfaces. Polymer
diffusion is driven by Brownian motion and consists of
random thermal jumps of segments of polymer chains
between adjacent voids or “free volume elements”. Two
models, the Rouse model1 and the reptation model,2 are
commonly employed to describe self-diffusion of polymer
chains in the melt state. The Rouse model takes account
of the effect of chain connectivity on the friction coef-
ficient of a diffusing chain. This model assumes that
each polymer chain consists of N beads connected by
(N - 1) springs, and each bead feels the same friction f
from the surrounding media. This model provides a
normal-mode description of the polymer dynamics,
characterized by a distribution of relaxation times. The
longest relaxation time τro is often referred to as the
Rouse time. When the molecular weight of polymer is* Corresponding author. E-mail mwinnik@chem.utoronto.ca.
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not too high, M < 2Me (Me is the critical entanglement
molecular weight), the Rouse model can be used to
describe the translational diffusion of polymer mol-
ecules.

The reptation model adds topological (entanglement)
effects to the description of chain dynamics for high-M
polymers, where entanglements influence the polymer
dynamics. In this model, neighboring chains are ob-
stacles, restricting the lateral motion of a polymer chain
and confining the chain to a “tube” where curvilinear,
one-dimensional diffusion occurs along its contour.
Random motion occurs in both directions along the tube.
Memory of the initial chain conformation (tube confor-
mation) is gradually lost because the motion of the chain
ends is random. Finally, after a reptation time Trep, a
chain disengages itself from the initial tube and takes
a new conformation. At times much shorter than Trep,
the Rouse model is employed to describe the relaxation
of the chain confined to its tube.

For polymer diffusion across an interface, one has to
take into account the influence of the interface as a
dividing plane on the initial chain conformation.3-6 Prior
to the onset of diffusion, the conformation of the polymer
chains close to the interface is distorted from the normal
Gaussian distribution of segments typifying polymer
chains in the bulk state. This distortion is referred to
as confinement entropy. The diffusion of polymer mol-
ecules across the interface leads to conformational
randomization and recovery of Gaussian chain statistics.
For short chains, in which translational diffusion can
be described by the Rouse model, the chain relaxation
time at the interface is very short, and polymer diffusion
follows Fick’s6,7 laws. For entangled chains, the process
is substantially more complex. According to the repta-
tion model, the diffusion process is dominated by
segmental motion for times shorter than Trep, whereas
center-of-mass diffusion prevails at longer times.

The theory of polymer diffusion across interfaces for
entangled chains3-6 predicts that the diffusion will
follow Fick’s law when the diffusion time is larger than
the reptation time (Trep). In this case, the mass transfer
scales with time as t1/2. The interesting predictions are
those that pertain to reptation dynamics at t < Trep. The
properties examined include the number of chains
crossing the interface n(t), the number of bridges
crossing the interface p(t), the number of monomers
crossing the interface N(t), and the average monomer
penetration depth X(t).6 Under some circumstances, one
might imagine a tendency for segregation of the chain
ends at the interface. Under these circumstances, the
time evolution of some of these properties (the average
contour length of the chain, the average monomer
penetration distance X(t), and the average bridge length)
are unaffected, whereas the number of chains n(t), the
number of bridges p(t), and the number of monomers
N(t) crossing the interface have different scaling laws.
We are particularly interested in X(t) and N(t). We
summarize the predictions for the time-scaling behavior
of these quantities for times t < Trep and t > Trep in
Table 1.

For the case of a flat distribution of chain ends in the
two polymer slabs brought together to form the inter-
face, the most profound prediction is that the monomer
concentration of chains crossing the interface is discon-
tinuous for healing times shorter than the reptation
time. The gap occurs because there are regions of the
interface plane at t < Trep that have not yet been

threaded by reptating chains. As the number of chains
crossing the interface increases, the gap decreases, and
the discontinuity becomes smaller. The gap is predicted
to disappear at t ) Trep.

The basis for these predictions and a much deeper
analysis of the theory of polymer diffusion across
interfaces is presented in the monograph by Wool.6 A
more complete picture of the evolution of polymer
segment density at the interface has to take into account
contributions of small scale displacements of individual
segments, larger amplitude Rouse-type relaxation of the
polymer backbone between entanglements, the long-
time Rouse relaxation of the polymer chain within the
tube, and finally reptation diffusion. These processes
make their dominant contribution to the diffusion
process at different times. Segmental motion occurs on
the time scale τo of a local jump process and is inde-
pendent of molecular weight. Polymer segments be-
tween entanglements undergo lateral displacements on
a time scale characterized by the Rouse time of the
entanglement length, τe. Over this time period, the
monomer diffusion distance is of the order of the radius
of gyration of the entanglement chain with molecular
weight Me. Both of these processes increase the number
of monomers that cross the interface at early times and
soften the discontinuity in the distribution of monomers
in chains crossing the interface at t , Trep. At longer
times less than Trep, polymer relaxation along the tube
contour is governed by the Rouse relaxation of the chain,
whereas in the lateral direction, the chains cannot
diffuse farther than the tube wall.

Techniques for Studying Polymer Diffusion
across Interfaces. The most powerful methods for
studying polymer diffusion across interfaces involve
techniques that examine samples with a sandwich
geometry with intimate contact between two thin poly-
mer films. One of the many advantages of these methods
is that these films can be prepared from polymers with
a narrow molecular weight distribution. Thus, molecular
weight relationships predicted by the theory can be
examined. Contrast is obtained by selective deuteration
of one of the films. The dynamic secondary ion mass
spectroscopy (SIMS) experiment has a resolution of
about 10 nm and makes no specific assumptions about
the shape of the monomer concentration profile that
evolves through diffusion.8 Specular neutron reflectivity
(SNR) experiments provide even richer information with
higher resolution, but the data analysis requires one to
assume a shape for the polymer segment density profile
across the interface.9

A number of elegant experiments have been reported
over the past 15 years on such samples.8,9 It is perhaps
not surprising that almost all of the results are for
polystyrene, for which a large range of samples of
different molecular weights are available. The results
of these experiments are in good accord with the

Table 1. Scaling Law Predictions for the Time
Dependence of Polymer Diffusion across an Interface

property
location of
chain ends t < Trep t > Trep

penetration deptha random t1/4 t1/2

interface t1/4 t1/2

no. of monomers N(t) random t3/4 t1/2

interface t1/2 t1/2

a For a planar geometry, the penetration depth is referred to
as X(t); for radial diffusion in a spherical geometry, we use the
term d ) d(t).
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predictions of the theory and provide little evidence for
the idea that the chain ends are enriched in the
interface.

For latex films, diffusion occurs with spherical sym-
metry. For such systems, we have fewer experiments
on fewer well-defined systems, and the range of tech-
niques that one can employ is more limited than for the
study of thin polymer films. While Fick’s laws of
diffusion can easily be evaluated in spherical geometry,
the corresponding laws governing reptative diffusion
across interfaces have not been derived for a spherical
geometry. The two techniques that have been applied
to study diffusion in latex films are SANS and FRET.

Studying Latex Films by Neutrons and Photons.
In a SANS experiment, the major source of contrast is
provided by the difference in scattering cross sections
of protons and deuterons. To study polymer diffusion
in latex films, one prepares films in which a small
fraction of the latex particles contain deuterated poly-
mer. In the FRET experiment, contrast is provided by
the use of two different fluorescent dyes, a donor dye D
and an acceptor dye A. In this experiment, D is
selectively excited with light, and its excited state (D*)
can transfer energy to A through a mechanism involving
resonant coupling of the transition dipoles. The level of
dye incorporation is on the order of 1 mol %. To study
polymer diffusion in latex films, one prepares films in
which some of the latex particles contain polymer
covalently labeled with D, and the rest of the latex
particles contain polymer labeled with A. In a scattering
experiment, one measures the angular dependence of
the scattering intensity Is, and one plots log Is vs the
scattering vector q. In the FRET experiment, one excites
the sample with a short pulse of light and measures the
time dependence of the donor intensity decay ID(t′) and
then plots log ID(t′) vs t′. In describing these experi-
ments, we distinguish the fluorescence decay time t′
from the sample annealing time t.

In both experiments, the latex films are prepared in
a similar way. The two dispersions are mixed, and the
mixture is drawn down to form a film. If the latex
polymers are sufficiently soft, the particles will undergo
deformation into space-filling polyhedral cells during the
drying process. If the particles are too hard to deform
in this way, one obtains a mixed powder that can be
compression molded with the application of heat into
similar films consisting initially of space-filling poly-
hedral cells. One begins by carrying out a measurement
on the nascent film representing the state of intimate
contact between adjacent cells in which little or no
polymer diffusion has taken place. One then anneals
the films for various times to promote polymer diffusion.
The sample is then cooled or frozen to stop diffusion
while the measurement is repeated. The sample is put
back in the oven to continue the annealing process. One
repeats the measurement as a function of annealing
time.

The data provided by these two very different experi-
ments have interesting features in common. The plot
of scattering intensity vs scattering vector q, like the
plot of ID(t′) vs t′, represents a snapshot of the system
at a given annealing time. For latex films, both are
monotonic and featureless “decay” profiles. To obtain
the diffusion coefficient characterizing the polymer
diffusion, one has to introduce a theoretical segment
density distribution, based upon a model for the diffu-
sion mechanism, into the analysis of the intensity

profile. It is also possible to analyze the data in a model-
free way. In the SANS experiment, one can calculate
the radius of gyration RG through a Guinier analysis of
the intensity profile. In the ET experiment, one can
calculate the quantum efficiency of energy transfer ΦET
from the integrated donor intensity decay profile. In the
following paragraphs, we describe in more detail these
“minimum-assumption” approaches to analyzing the
experimental data.

When polymer diffusion is studied by SANS, one
examines a film in which isolated cells of deuterated
polymer are encased in a matrix of cells of nondeuter-
ated polymer. A drawing describing the essential fea-
tures of this experiment is shown in Chart 1. The gray
hexagon in the center of the drawing represents a cross
section of a cell formed from a particle consisting of
deuterated polymer. The lines represent the boundaries
of the cells, where polar material (salt, surfactant, polar
groups) from the latex surface tends to be trapped in
the newly formed film. As the film is heated, the
polymer molecules begin to diffuse, and one monitors
the diffusion of the deuterated polymer molecules out
of their initial cell. In the Guinier analysis of the SANS
intensity profile, one determines the growing radius of
gyration of the object defined by the deuterated polymer
as it diffuses away from its initial cell. In principle, one
can continue to obtain information about diffusion in
this experiment until the positions of the individual
polymer molecules become uncorrelated. The informa-
tion one obtains is the average diffusion distance or
penetration depth as a function of annealing time.

The first experiments on latex films involving SANS,
reported by Hahn and Ley,10 examined the diffusion of
deuterated poly(butyl methacrylate) (PBMA-d) in a
matrix of nondeuterated polymer. Sperling and Klein11,12

used SANS to follow polymer diffusion in compression-
molded films prepared from polystyrene latex powder.
Their most impressive results come from studies of
“artificial” latex particles prepared by emulsifying poly-
styrene of narrow molecular weight distribution. They
compared the extent of polymer diffusion with the
growth of tensile strength in latex films. They found
that the mechanical strength of the film increases with
diffusion and reaches a maximum value as the polymer
molecules diffuse a distance equal to one radius of
gyration (Rg) across the interface. More recently,
Joanicot et al.13 have used SANS measurements to
follow polymer diffusion in poly(styrene-co-butyl acryl-
ate) latex films.

In the ET experiment, one monitors the diffusion
across the boundary between donor-labeled cells and
acceptor-labeled cells. A drawing describing the es-
sential features of this experiment is shown in Chart
2. The film consists of a mixture of cells formed from
donor- and acceptor-labeled latex particles. In the initial
film, the D and A groups are confined to their respective
cells. The characteristic distance Ro for ET is on the
order of tens of angstroms, much smaller than the cell
dimensions (typically 50-100 nm). In the newly formed

Chart 1. Monitoring Polymer Diffusion in a SANS
Experiment
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film, one can measure a small amount of ET between
D* groups in one cell and A groups in the adjacent cell.
The extent of the interfacial ET is sensitive to the ratio
of D- and A-labeled particles in the blend. In principle,
the magnitude of the quantum efficiency of ET (ΦET) at
this point measures the amount of interfacial area
between D- and A-labeled cells. As the film is annealed,
polymer diffusion occurs. The polymers carry with them
their covalently bound dyes. When polymer diffusion
occurs across the boundary between a cell consisting of
donor-labeled polymer and that containing acceptor-
labeled polymer, there is an increase in the number of
D and A groups in proximity. As a consequence, the
magnitude of ΦET evolves from its initial value ΦET(0)
to that characteristic of a homogeneously mixed film
ΦET(∞).

The evolution of ΦET as a function of annealing time
t can be used to calculate the extent of mixing of the
two labeled polymers.

where fm is defined in terms of the evolution of the
quantum efficiency of energy transfer. These values of
fm are only indirectly related to the fraction of mass fs
that has diffused across the interface.14-16

For more than a decade, we have employed FRET
experiments to study polymer diffusion in latex films.
Most of the systems we examined involved linear PBMA
and its copolymers. We have employed this techniques
to evaluate the influence of external variables such as
temperature, plasticizers, surfactant, moisture, and
filler particles on the rate of polymer diffusion. The use
of ET to study polymer diffusion in latex films has also
been reported by Boczar et al.17 and by the Lang group18

in France.
In this paper we examine the dependence of fm on

annealing time t for low and high molecular weight
PBMA samples and note that for PBMA Me ≈ 30 000.19

For low molecular weight samples, with Mw ≈ Me, fm
has a power law time dependence and scales as t1/2. For
the high molecular weight sample, with Mw > 10Me, we
find that fm increases as t1/4. Closer inspection of the
data reveals that, at early times for these high molec-
ular weight samples, fm increases as t1/2, with a subse-
quent crossover to a t1/4 dependence. Some of the data
we describe were obtained in a series of experiments
intended to examine the influence of small soft cross-
linked polymer particles on the polymer diffusion rate.
These experiments will be described in detail else-
where.20 For the purposes of this paper, we note only
that increasing amounts of soft filler acts to retard the
growth in time of fm. The presence of filler does not seem
to affect the crossover in scaling of fm at fm ≈ 0.2 from
t1/2 to t1/4 scaling. These samples provide additional

examples of this unusual change in the time course of
the intercellular polymer diffusion in latex films.

Experimental Section
Materials. Polymer diffusion experiments were carried out

on dye-labeled PBMA samples of both high molecular weight
(Mw ) 4 × 105) and low molecular weight (Mw ) 3.5 × 104)
PBMA. Both sets of polymers had Mw/Mn ) 2.5-3.5 and a
degree of labeling of 0.9-1.0 mol %. Phenanthrene (Phe)- and
anthracene (An)-labeled PBMA aqueous latex particles with
diameters of ca. 140 nm were prepared at 30 wt % solids by
conventional emulsion polymerization using a procedure simi-
lar to that reported previously.21 Film samples were prepared
from a 1:1 mixture of donor- and acceptor-labeled latex
particles, referred to here as Phe-PBMA and An-PBMA,
respectively. These particles were prepared to be matched as
closely as possible in molecular weight, molecular weight
distribution, and particle size. To help control these features
of the reaction, both semicontinuous emulsion polymerization
reactions were run under strictly identical conditions, using
a common unlabeled seed latex. The recipes employed in the
syntheses of the latex dispersions are presented in Table 2,
and the characteristics of the latex particles are presented in
Table 3. These dispersions were purified by ion exchange (Bio-
Rad, AG-501-X8 mixed bed resin, 3 g of resin per 100 mL of
latex) to remove surfactant and low molecular weight salts
used in the preparation of the latex dispersions. The procedure
was repeated three times.

In some experiments, known aliquots of fully cross-linked
poly(butyl acrylate) (PBA) microgel particles were added to
the dispersion of the mixture of the Phe- and An-labeled latex
particles. The preparation and characterization of these
particles will be reported elsewhere.20 Their characteristics are
also given in Table 3.

Sample Preparation. Latex films were prepared from a
mixed dispersion containing a 1:1 number ratio of Phe- and
An-labeled PBMA particles. The mixtures of latex dispersions

Chart 2. Monitoring Polymer Diffusion in an ET
Experiment

fm )
ΦET(t) - ΦET(0)

ΦET(∞) - ΦET(0)
(1)

Table 2. Recipe for the Preparation of Labeled PBMA
Latex

first stage second stage

BMA (mL) 3.3 BMA (mL) 30
DM (mL) 0 or 0.074a DM (mL) 0 or 0.68a

water (mL) 60 PheMMAb (g) 0.58
KPS (g) 0.066 water (mL) 24
SDS (g) 0.099 KPS (g) 0.06
NaHCO3 (g) 0.066 SDS (g) 0.54
temp (°C) 80 temp (°C) 80
time (h) 1 time (h) 20-24
a For preparation of high M PBMA, no chain transfer agent was

added; for preparation of low-M PBMA, 0.68 mL of n-dodecyl
mercaptan was used. b When using 9-vinyl phenanthrene (V-Phe)
as the dye comonomer, this quantity becomes 0.48 g. For preparing
the An-labeled latex, 0.62 g of (9-anthryl) methacrylate (AnMA)
was used to replace 0.58 g of (9-phenanthryl) methyl methacrylate
(PheMMA).

Table 3. Characteristics of the Latex Particles

high Ma
Mw

(g/mol)
Mn

(g/mol) d (nm)
Tg

(°C)

dye
content
(mol %)

Phe-PBMA 380 000 130 000 124 (0.034)b 34 0.9
An-PBMA 420 000 130 000 132 (0.024)b 34 0.9
low Ma

Phe-PBMA 35 000 16 000 120 (0.028)b 21 0.9
An-PBMA 34 000 17 000 120 (0.032)b 21 1.0
PBA microgel
particlesc

56 -43

a For all PBMA samples the molecular weights were determined
by gel permeation chromatography (GPC, with poly(methyl meth-
acrylate) standards). b Size polydispersity. c 1,6-Hexanediol dia-
crylate (3.75 wt % based on BA monomer weight) was used as a
cross-linking agent.
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were gently shaken for 10 min and then cast onto quartz slides.
The plates were covered with an inverted Petri dish and placed
in an oven for about 4 h to form dry, crack-free, and transpar-
ent films. The film formation temperature was 34 °C for the
high-M PBMA samples and 22 °C for the low-M PBMA. After
the films were dry, they were annealed at 55 °C (low-M PBMA)
and at 70 and 76 °C (high-M PBMA). The thickness of the films
was in the range 30-50 µm.

Some PBMA films contained fully cross-linked poly(butyl
acrylate) (PBA) latex particles as a filler with the volume ratio
of 10, 30, and 60% PBA. In this case PBA particles were added
to PBMA latex dispersion. The mixtures of latex dispersions
were gently shaken for 10 min and then cast onto quartz plates
and allowed to dry as described above.

Fluorescence Decay Measurements. All fluorescence
decay profiles were measured by the time-correlated single-
photon counting technique.22 The measurements were con-
ducted at room temperature. The donor phenanthrene was
excited at 296 nm, and its emission was recorded at 350-360
nm. A band-pass filter (320-390 nm) was mounted in the front
of the photomultiplier tube detector to minimize the interfer-
ence due scattered light and from the fluorescence of excited
acceptors. For fluorescence decay measurements, each sample
was placed in a small quartz test tube and kept under a
nitrogen atmosphere during the measurement. In the case of
annealed samples, before measurements, they were removed
from the oven and cooled to room temperatures. Finally, the
fluorescence decay profiles were measured, and the areas
under each decay curve were integrated and analyzed as
described below.

A useful measure of the extent of energy transfer (ET) in
the system is the quantum efficiency of energy transfer ΦET,
which we calculate from the donor fluorescence decay profiles
ID(t′) for films in the presence and absence of acceptor.

The middle term represents the definition of the energy
transfer efficiency in terms of the integrated intensity decays
profiles, where ID

0 (t′) is the donor decay profile in the absence
of acceptor. For latex films containing phenanthrene as the
donor, ID

0 (t′) is always exponential. Area(t) represents the
integrated area under the fluorescence decay profile of a latex
film sample annealed for a time t, and Area([An] ) 0) refers
to the area under the decay profile of a film containing only
donor. To calculate these areas, nonexponential decay profiles
are fitted to the stretched exponential in eq 3.

The fitting parameters B1, B2, and P in eq 3 obtained from
each profile are useful for area integration, but their physical
meaning is not important here. These integrated areas have
dimensions of time and define an average decay time 〈τD〉 for
the sample. We note that the characteristic (Förster) energy
transfer distance for Phe and An in PBMA films is 23 Å.23

Results and Discussion
A PBMA latex film containing only phenanthrene

(Phe) exhibits an exponential fluorescence decay with
a lifetime τD of 45 ns. Latex films prepared from a 1:1
mixture of donor- and acceptor-labeled PBMA latex,
with Phe as the donor and anthracene (An) as the
acceptor, show small deviations from a strictly expo-
nential decay profile. The integrated area under this
decay gives a mean decay time 〈τD〉 ) 42 ns, correspond-
ing to ΦET(0) ) 0.07. Since little or no polymer diffusion
takes place at room temperature in our samples, we
attribute this difference to trans-boundary energy trans-

fer prior to the onset of polymer diffusion.24,25 When
these films are heated for various periods of time, cooled
to room temperature, and reexamined, the samples
exhibit nonexponential donor fluorescence decay profiles
because of direct nonradiative energy transfer from Phe
to An in the films. These decay profiles were fitted to
eq 3 and then integrated to obtain the areas corre-
sponding to the different annealing time. Energy trans-
fer efficiencies were calculated, eq 2, and from these,
values of fm, eq 1, were evaluated. Examples of various
decay curves are shown in Figure 1.

FRET Experiments on Low-M PBMA Samples.
We begin with an examination of the films prepared
from the low molecular weight polymer latex particles.
For these samples, Mw ) 35 000 and Mw/Mn ) 2.2. In
Figure 2, we show the results for one such film annealed
at 60 °C and plot fm against t1/2. The plot is linear, and
the data range from fm values of 0.2 to 0.7. To emphasize
the power law relationship, we replot these data as (ln
fm) vs (ln t) in Figure 3 and provide examples of two
additional film samples prepared from the same latex
but annealed separately. The dependence is linear with
an average slope of 0.44. This behavior, with fm scaling
with time as t1/2, is consistent with diffusion across the
cell boundary that satisfies Fick’s law.

ΦET ) 1 -
∫0

∞
ID(t′) dt′

∫0

∞
ID

0 (t′) dt′
) 1 -

Area(t)
Area([An] ) 0)

(2)

ID(t′) ) B1 exp[- t′
τD

- P( t′
τD

)1/2] + B2 exp(- t′
τD

) (3)

Figure 1. Examples of fluorescence decay curves for PBMA
films: (1) containing only phenantrene (Phe); (2) for a freshly
formed film containing Phe as the donor and An as the
acceptor with a ratio of Phe/An ) 1:1; (3) for the same film as
in (2) but annealed at 80 °C for 4 h; (4) for the same film as in
(2), but fully mixed.

Figure 2. Plot of fm vs t1/2 (fm is the extent of mixing, and t is
the annealing time) for a low molecular weight (Mw ) 3.5 ×
104) PBMA latex film, annealed at 60 °C. In this and all other
figures, time is measured in minutes.
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It is important to recall that fm describes the fractional
growth in energy transfer efficiency as a consequence
of polymer diffusion and not the fractional mass transfer
fs. Farinha et al.14 have examined the relationship
between fm and the fraction of mass transfer fs through
comparison of simulated donor fluorescence decay pro-
files. The simulations involved rigorous coupling of the
concentration profiles generated through Fickian dif-
fusion with the theory of energy transfer in restricted
geometries. Excited donor survival probabilities were
then convoluted with an experimental excitation profile
followed by the addition of Poisson noise to the signal.
In this way they generated ID(t) decay curves for
diffusion in spherical symmetry characterized by a
diffusion coefficient of magnitude Ds. At various stages
of the simulated diffusion process, the simulated decay
curves were integrated (eq 2) to obtain ΦET values,
which were then used to calculate values of fm. Values
of fs were calculated directly from the simulated con-
centration profiles. The parameters chosen for this
simulation (particle size, acceptor concentration) are
very similar to those of the experiments we report here.
The authors found a linear dependence of fm and fs on
t1/2 for fm values up to 0.7 and for fs values up to 0.6. At
this level of acceptor concentration, fm increased more
rapidly than fs, with fm ) 0.7 corresponding to fs ) 0.45.
Thus, as about half the mass of the original 100 nm
diameter donor-labeled sphere has diffused into the
surrounding matrix, the FRET experiment begins to
lose sensitivity.

It is important to emphasize here that the propor-
tionality constant between fs and fm depends on the
acceptor-dye concentration in the A-labeled particles.25

Thus, experiments with different samples can be com-
pared only if the level of acceptor labeling is kept
constant. We have reported a number of experiments
for PBMA latex films in which the polymer Mw < 2Me
and the acceptor-dye concentration in the A-labeled
particles was similar to that reported here. For all of
these films, we found that fm increased in proportion to
t1/2 for values up to fm ≈ 0.7. Under these circumstances,
we have assumed that the diffusion was Fickian and
calculated apparent diffusion coefficients (Dapp) by as-
suming that fm ≈ fs. Simulations show that the Dapp
values calculated in this way are proportional to the true
diffusion coefficients. Thus, the influence of factors that
affect the rate of polymer diffusion in latex films, such
as a change of temperature or the presence of a
plasticizer, can be evaluated.

Apparent diffusion coefficients calculated in this way
are averaged over the fraction of polymer that has
undergone mixing and has contributed to fm. When the
latex particles contain polymers with a broad distribu-
tion of molecular weights, the fastest diffusing species
make the largest contributions to fm at early times. Less
mobile polymers make their contribution to fm at later
times. As a consequence, Dapp values are found to
decrease as a function of time and as a function of fm.
For different samples, Dapp values can meaningfully be
compared only at identical extents of mixing.26

FRET Experiments on High-M PBMA Samples.
For the high molecular weight latex samples (Mw ≈ 4
× 105, Mw/Mn ) 3), we obtained different results. When
we first examined this sample, annealed at 76 °C, we
found that fm increased as t1/4. A plot of fm against t1/4

is shown in Figure 4. The t1/4 dependence for high
molecular weight latex polymers is very reproducible,
and others in our laboratory made a similar observation
for a high molecular weight PBMA polymer several
years ago.26 In some of these experiments, we find that
the first data point sometimes did not fit the line. To
obtain reliable data for early diffusion times, we reduced
the annealing temperature to 70 °C. Under these
circumstances, we find that data points for values of fm
< 0.2 do not fit the t1/4 line passing through the points
at higher values of fm. Instead, at early times, fm appears
to increase in proportion to t1/2, crossing over at later

Figure 3. Plots of ln(fm) vs ln(t) for a sample from Figure 2
(a) and two additional film samples prepared from the same
latex but annealed saparately (b and c).

Figure 4. Plots of fm vs t1/4 for the high molecular weight (Mw
) 4 × 105) PBMA sample and its blends, annealed at 70 °C:
(O) in the absence of presence of cross-linked poly(butyl
acrylate) (PBA) microspheres, (b) 10 vol % PBA, (0) 30% PBA,
(9) 60% PBA. The data in this figure are limited to fm > 0.2.
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times to a t1/4 dependence. This crossover is seen clearly
when we plot the data logarithmically. The top line in
Figure 5 shows two linear portions with a clear break
in the vicinity of fm ≈ 0.2. The extent of mixing appears
to increase as t1/2 for the early stages of diffusion, up to
fm ≈ 0.2, and as t1/4 for fm > 0.2.

A word of explanation is in order about why we have
in the past missed this crossover. The rate of polymer
diffusion increases rapidly with an increase in temper-
ature in accord with the predictions of the Williams-
Landel-Ferry (WLF)27 description of polymer properties
coupled to large-amplitude motion of the polymer back-
bone. For PBMA, over this range of temperatures, the
apparent activation energy for polymer diffusion is 160
kJ/mol. Normally, we choose the annealing temperature
in such a way that we are able to monitor the entire
diffusion process over a reasonably short period of time
(a maximum of a few days). The shortest annealing time
we can measure and still allow time for the sample to
equilibrate in the oven is 15 min. Under these circum-
stances, we obtain at most two values of fm in the range
of 0 < fm < 0.2. Here we are more patient. By lowering
the annealing temperature, we measured four to six
data points in the region 0 < fm < 0.2, and by continuing
these measurements over a period of weeks, we obtained
additional data for fm in the range 0.2-0.7. Only in this
way it is possible to obtain sufficient data points to
identify the crossover from t1/2 to t1/4 dependence in the
polymer diffusion process.

These experiments with the higher molecular weight
sample were repeated on latex films which contained
10-60 vol % of small cross-linked poly(butyl acrylate)
(PBA) particles. One can see from the data in Figure 4
that increasing amounts of these particles in the film
retard the intercellular diffusion of PBMA polymer. A
full description of those experiments and the influence
of soft fillers on polymer diffusion in latex films will be
reported elsewhere.20 Here we use these data to examine
the time profile of the growth in fm. The data for each
of the samples fits nicely to two intersecting straight
lines. The crossover occurs at approximately fm = 0.2-
0.22 [ln(0.2) ) -1.61, ln(0.22) ) -1.51].

In Figure 6 we present an expanded view of the linear
dependence of (ln fm) on (ln t) using the data taken from
Figure 5. In Figure 6a we show data for the region with
fm e 0.2, and in Figure 6b we show the data for the

region with fm > 0.2. The data show some scatter in the
slopes, and the individual values are collected in Table
4. For early stages of the interdiffusion, the average of
the four slopes is 0.47. For later stages of the diffusion,
the slope in the absence of filler is equal to 0.25.

Putting the Results in Perspective. Scaling Re-
lationships. In designing the energy transfer experi-
ment, we take care to ensure that the dyes are randomly
attached to the latex polymer. As a consequence, it is
reasonable to assume that the increase in proximity of
the donor and acceptor dyes as measured by the increase
in ΦET is a measure of the mixing of monomer units of
the polymers originally confined respectively to the
donor- and acceptor-labeled cells in the latex film. In
terms of comparing results with the predictions of the
theory of polymer diffusion across interfaces, we expect
fm and N(t) to follow identical scaling relationships with
time. For the low molecular weight polymer sample, the
proportionality between fm and t1/2 is consistent with the
idea that polymer diffusion in these samples follows
Fick’s law.

Figure 5. Plots of ln(fm) vs ln(t) (fm is the extent of mixing,
and t is the annealing time) for high molecular weight (Mw )
4 × 105) PBMA sample and its blends, annealed at 70 °C: (O)
in the absence of presence of cross-linked poly(butyl acrylate)
(PBA) microspheres, (b) 10 vol % PBA, (0) 30% PBA, (9) 60%
PBA.

Figure 6. Plots of ln(fm) vs ln(t) for samples from Figure 5:
(a) expanded region for fm e 0.2, (O) pure PBMA (slope ) 0.41),
(b) 10 vol % PBA (slope ) 0.4), (0) 30% PBA (slope ) 0.56),
(9) 60% PBA (slope, 0.55); (b) expanded region for fm > 0.2,
(O) pure PBMA (slope, 0.20), (b) 10% PBA (slope, 0.22), (0)
30% PBA (slope, 0.27), (9) 60% PBA (slope, 0.28).

Table 4. Values of the Slopes of the Plots of (ln fm) vs (ln
t) for the High Molecular Weight PBMA Sample in the

Absence and Presence of Cross-Linked 60 nm PBA
Particles

sample fm < 0.2 fm > 0.2

PBMA 0.41 0.2
PBMA+ 10% PBA 0.4 0.22
PBMA + 30% PBA 0.56 0.27
PBMA + 60% PBA 0.55 0.28
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For the high molecular weight polymer at early times,
there are several possible explanations for the t1/2

dependence. First, lateral diffusion over distances up
to a tube diameter will lead to some mixing of donor-
and acceptor-labeled polymer. The t1/2 scaling relation-
ship may also point to a Fickian contribution to the
diffusion process. These polymers have a broad molec-
ular weight distribution (Mw ) 4 × 105, Mw/Mn ) 3).
The gel permeation chromatography trace (GPC) for this
polymer is symmetric but shows a significant component
with M < 105. Since the species that diffuse the fastest
contribute to the ET signal at early times, this fraction
of the polymer composition may dominate the power law
behavior of fm prior to the crossover. From this perspec-
tive, we imagine that the low molecular weight compo-
nent of the latex polymer diffuses according to Fick’s
law.

At longer diffusion times, the diffusive mixing of high
molecular weight polymer starts to dominate the energy
transfer measurements. Here entanglement effects
influence the polymer mobility. In our experiment, as
a consequence of the influence of entanglements, the
dependence of the fm parameter on time changes from
t1/2 to t1/4. This result is rather different than the
prediction for N(t) shown in Table 1. For a random
distribution of chain ends (in a planar geometry), N(t)
is predicted to increase as t3/4, whereas for chain ends
localized at the interface, N(t) should scale as t1/2.

To put these results in context, we compare them with
the SANS results of Kim, Sperling, and Klein,28 who
used an emulsification procedure to prepare spherical
polystyrene particles from monodisperse polystyrene
(PS-h) and deuteriopolystyrene (PS-d). In their samples,
Mn values ranged from 150 000 to 200 000 with Mw/Mn
e 1.03. They mixed particles containing PS-d with a
much larger number of similar sized particles containing
PS-h and prepared films by compression molding the
powder. Polymer diffusion process across the particle-
particle interface was monitored by SANS measure-
ments as a function of annealing time. They employed
a Guinier analysis of the scattering intensity profiles
to determine the radius of gyration Rg(t) of the deuter-
ated domains as polymer diffused out of its initial cell.
The authors estimated the penetration depth of the
deuterated polymer by taking the difference between
the radius of gyration evaluated after the sample was
annealed and the initial radius R of the deuterated latex
particles used to prepare the film.

These authors found that d scales as expected for X(t)
in planar systems, namely, that d increased as t1/4 at
early times, and as t approached Trep, crossed over to a
t1/2 dependence. This result suggests that the scaling
relationship predicted for the planar geometry carries
over to spherical diffusion. On the other hand, the
crossover in d took place for a value of d smaller than
the radius of gyration RG of the individual polymer
chains in the sample. The authors comment that this
difference may be related to the way in which d was
calculated. Analyzing data in terms of eq 4 is tanta-
mount to imposing a hard-sphere model on the shape
of the deuterated domain throughout the diffusion
process. As Wool emphasizes,6 the fuzzy interface
generated by diffusion is best described as a mass
fractal. The authors explain that if the same Rg values

are interpreted in terms of a mass fractal, the corre-
sponding radii of interpenetration are larger.

From the discussion above, we see that the SANS
experiment provides data sensitive to the average
penetration distance d, whereas the data from the FRET
experiment monitors the number of monomers N(t) that
diffuse across the original interface. Other more subtle
features differ in the two experiments. The most im-
portant is that the FRET experiment is much more
sensitive to changes that occur at the earliest stages of
the diffusion process. A simple argument emphasizes
this point. In terms of the hard-sphere model, an
increase in d of 10% is perhaps the lower limit of change
that can be detected in the SANS experiment. This
small change in d corresponds to a 30% increase in the
sphere volume. For our specific experiment, a 10%
increase in the cell radius (Chart 1) corresponds to a
mass transfer value of fs ) 0.3 and a fraction of mixing
fm ) 0.4.14 An increase of this radius by 20% corresponds
to an fs ) 0.7 and fm ≈ 1. Thus, the ET experiment
provides a large change in signal for diffusion lengths
that cause only small changes in SANS scattering
profile. The SANS experiment provides high-quality
data for diffusion over larger distances and continues
to provide information about diffusion over length scales
larger than that of the cell diameter.

From this perspective, we can understand the absence
of a second crossover in the FRET experiment back to
the t1/2 dependence predicted for Fickian diffusion at t
> Trep. This diffusion should occur over distances larger
than the radius of gyration of the diffusing chains. For
PBMA of Mw ) 4 × 105, RG can be estimated to be 13
nm.29 An increase in radius of 13 nm for a particle with
R ) 60 nm corresponds to an 80% increase in volume.
Even if the FRET experiment were sensitive to this
crossover, it would only appear in the data at fm values
approaching 1. To search for this crossover, one would
have to carry out new experiments with particles with
a much larger diameter, so that a 13 nm increase in
radius would correspond to a much smaller increase in
the extent of mixing.

Polydispersity Effects (SANS). Molecular weight dis-
tribution (MWD) also has an important influence on the
interdiffusion experiment. From a theoretical perspec-
tive, the effect of MWD on polymer dynamics at inter-
faces was examined by Tirrell30 and by Wool.6 By
assuming independent chain diffusion, the contributions
to the concentration profile from individual reptating
chains can be determined for any molecular weight
distribution.6 At a given interdiffusion time, part of the
polymer chains will have already reached their equi-
librium state (their chain conformation is Gaussian;
their interdiffusion time t > Trep), while the longer
chains are still in their nonequilibrium state. Returning
to the experiment, we see that this approach can in
principle be used to generate a model concentration
profile that can be used to interpret individual scatter-
ing intensity or fluorescence decay curves.

It is much more difficult to understand the influence
of MWD on the data when one interprets the scattering
experiment in terms of a Guinier analysis or a FRET
experiment in terms of the change in ΦET. Hahn et al.,10b

for example, commented that in a SANS experiment on
a latex film containing a distribution of molecular
weights, the smearing effect of short chains may affect
the neutron scattering intensity for samples annealed
for relatively long times. In a review article, Sperling

d ) Rg(t) - R (4)
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et al.31 compared the time profile of d for two PS films
of similar molecular weights but very different MWD.
The data for the monodisperse sample with Mw )
189 000 are those reported by Kim et al.28 cited above
obtained for films formed with the artificial PS latex
particles, with a t1/4 dependence crossing over to a t1/2

dependence for times greater than Trep. In contrast, the
results of Yoo et al.32 for films formed from latex
particles synthesized by emulsion polymerization (with
Mn ) 69 000, Mw ) 250 000) gave a linear plot of log d
vs log t, with a slope intermediate between 1/4 and 1/2.
For experiments carried out at the same temperature,
diffusion was substantially faster for the sample of
narrow molecular weight distribution.

Polydispersity Effects (FRET). Farinha et al.33 and Liu
et al.34 used simulations of the FRET experiment,
coupled with experimental results, to try to understand
how a distribution of diffusing species affects the signal
one obtains. They showed that if the distribution of
diffusing species is not too large, an individual ID(t′)
fluorescence decay trace for a sample subjected to a
certain annealing time can be fitted in terms of a single
average (Fickian) diffusion coefficient Dav. As the dif-
fusion time increased, they could still fit each decay
trace with a single Dav value, but the magnitude of Dav
decreased as the extent of diffusion proceeded. When
the distribution of diffusing species is too broad, this
approach fails. Here it is possible to input a distribution
of Ds values based, for example, on the independently
determined MWD.34 While these simulations teach us
something about the FRET experiment, they cannot
provide us with quantitative information about the
polymer diffusion without a proper model of the diffu-
sion process itself.

What we learn from these simulations is how the
distribution of species with different molecular weights
contributes to the measured signal in a FRET experi-
ment analyzed in terms of ΦET. The D-labeled polymers
of highest diffusivity make early time contributions to
the growth of fm. These polymers quickly become fully
mixed with A-labeled polymers. Irrespective of their
subsequent diffusion in the system, they make a con-
stant contribution to the measured extent of energy
transfer. If a latex sample contains both low-M polymer
for which melt diffusion follows Fick’s law and high-M
polymer for which entanglements impede diffusion, the
diffusion of the former would dominate the early time
signal and lead to a t1/2 increase in fm, as we found in
our sample for fm < 0.2. Subsequently, the ET signal
due to this polymer would remain a constant in the
background. The subsequent growth in fm would be
sensitive to the mass transfer governed by reptation
diffusion, as influenced by the polydispersity of the
polymer sample.

Location of the Chain Ends. The final point to address
concerns the location and the nature of the polymer
chain ends with respect to the interfaces in a latex film.
One imagines that groups at the surface of the latex
particles in the aqueous dispersion remain at the
interface when the particles deform and pack into a
dense film. Thus, one needs information about the
location and nature of the ends of the polymer molecules
that make up the latex particles.

Polymers prepared by emulsion polymerization often
contain initiator groups at the chain ends. The fraction
of polymers bearing these groups depends on the
termination mechanism and the importance of chain

transfer in controlling the polymer molecular weight.
We use persulfate as the initiator, which introduces
-OSO3

- groups on the polymer chain end. To obtain
low molecular weight emulsion polymers, we add a
chain transfer agent to the reaction medium. For the
synthesis of the PBMA latex with Mw ) 34 000, most
of the polymer molecules do not have polar end groups
and are unlikely to be concentrated at the particle
surface. In the synthesis of the high-M sample (see
Table 2) no chain transfer agent was employed. Their
polar end groups tend to segregate to the particle
surface, where they can be detected by titration of the
latex when it is dispersed in water.35 As a consequence,
it is likely that the ends of these chains will be found
near the intercellular interface in the newly formed
latex films. The presence of polar end groups may
explain the lower diffusion rates found by the Lehigh
group for PS prepared by emulsion polymerization
compared to that for miniemulsified polystyrene.

The scaling exponent for penetration depth does not
change for a system in which the chain ends segregate
to the surface, whereas N(t) is now predicted to increase
as t1/2. The SANS experiment is not sensitive to the issue
of the spatial distribution of the chain ends. The FRET
experiment should be sensitive to this distribution, and
we expected to find a value consistent with or interme-
diate between the predicted values of 3/4 (uniform) and
1/2 (segregated) for different chain end distributions.
What we find, and cannot as yet explain, is that fm for
the high molecular weight sample increases as t1/4.

Summary

We have compared experiments in which we moni-
tored the growth in energy transfer efficiency due to
polymer diffusion in PBMA latex films for two sets of
polymers. In the first set of experiments, the low-M
sample has Mw ) 34 000, close to the entanglement
molecular weight (Me ≈ 30 000) for PBMA. Its polymer
diffusion follows Fick’s law with the growth in fm scaling
with t1/2. In the second set of experiments, involving
polymer with Mw ) 380 000 (Mw > 10Me), we observe a
change in the time dependence of fm. At early times, for
values of fm < 0.2, fm scales as t1/2. There is a sharp
crossover to a t1/4 scaling relationship for values of fm >
0.2. The most likely explanation of the early-time
behavior is Fickian diffusion of the lowest molecular
weight components of the broadly disperse polymer
molecular weight (Mw/Mn ) 3). The scaling of fm with
t1/4 does not appear to be consistent with the predictions
of the theory of polymer diffusion across interfaces. The
parameter fm is a measure of the number of monomers
crossing the interface. For diffusion across a planar
interface N(t) is predicted to increase as t3/4 if the chain
ends are uniform and as t1/2 if they are segregated to
the interface.
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