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ABSTRACT: The intercelluar diffusion of poly(butyl methacrylate) (PBMA; glass transition temperature
(Tg) = 21 °C) at 60 °C was monitored by fluorescence energy transfer in films formed from blends of
PBMA latex and a high-T, (hard) latex. Two types of hard latexes were used in blends: one composed
of poly(methyl methacrylate) (PMMA) and the other having a high-Tg shell made of styrene and acrylic
monomer units with a large central void (Rohm & Haas Ropaque, ROP). The diffusion rate of PBMA is
significantly decreased in the presence of hard particles. The mean apparent diffusion coefficient (Dapp)
decreased from 0.3 to 0.2 nm?/s when 35 vol % ROP particles (400 nm) are present in the film and to 0.1
nm?/s at 75 vol % ROP. The presence of similar-sized PMMA (400 nm) particles showed a slightly larger
effect than ROP on the PBMA diffusion: Dapp decreased by a factor of 2 at 35 vol % PMMA and a factor
of 4 at 75 vol % PMMA. At a constant volume fraction of the hard particle additive, the PBMA diffusion
rate decreases significantly when the diameter of PMMA particles is reduced from 400 to 67 nm. These
effects can be explained in terms of a model in which a more rigid PBMA layer forms, with a slower

diffusion rate, near the hard particle surface.

Introduction

Polymer diffusion across interfaces has been an
important subject in the areas of welding of polymer
slabs,! crack healing,? sintering of polymer powders by
compression molding,3* and the formation and anneal-
ing of latex films.>6 The diffusion process is directly
related to the evolution of mechanical properties.34

Latex film formation represents a model process for
examining polymer diffusion across interfaces. The
process involves water evaporation, particle deforma-
tion, and fusion of the polymer among particles.”~°
Voyutskii’ was the first to emphasize that the forces
acting on particle deformation are not sufficient to
produce mechanically strong films and that there must
be polymer diffusion, in his term as “autohesion”, which
can lead to healing of the weak boundaries and develop-
ment of mechanical properties.

Latex films for coatings applications normally contain
significant amounts of pigments bound by a latex
polymer. These are usually high-modulus (hard) inor-
ganic particles, such as TiOg, silica, and CaCO3. High-
Ty (glass transition temperature) polymeric particles can
also serve as an organic pigment in a lower Ty binder
resin. One example of this type of polymeric filler is
Ropaque (Rohm & Haas), supplied as a dispersion of
400 nm diameter hollow particles with a high-T, cross-
linked styrene—acrylic acid copolymer shell and a
central void 250 nm in diameter.1® When mixed with a
latex binder and dried to give a film, the encapsulated
air voids provide optimal hiding, an important property
for many types of paints, especially architectural coat-
ings.’! The overall material cost is reduced due to a
significant fraction of voids, but the coatings perfor-
mances can be maintained or even improved. In some
cases, for example, in hardwood and automobile coat-
ings, one may wish to obtain transparent films (clear-
coats). For this purpose, high-T, particles, which have
a refractive index similar to that of the binder polymer,
can be blended into the dispersion. One can obtain
transparent films from this type of latex blend, and the
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mechanical properties are greatly improved due to the
presence of hard filler particles.!?

We are concerned with fluorescent energy-transfer
measurements to monitor the polymer diffusion process
in latex films. Our intent here is to compare the
diffusion rates of a low-Tg polymer in the absence and
presence of high-Ty (hard) particles. Poly(butyl meth-
acrylate) (PBMA), having a My, = 3.5 x 10% and a T, of
21 °C, was used as a model polymer for diffusion. One
portion of the PBMA particles was labeled with a
fluorescent donor (D) and the other portion with an
acceptor (A), both having a mean diameter of 120 nm.
In mixtures of these D- and A-labeled particles, we
blended different amounts of hard particles, either
Ropaque or poly(methyl methacrylate) (PMMA). Dif-
fusion of PBMA in blend films containing hard particles
was measured by energy transfer on films annealed at
a temperature (60 °C) higher than the T4 of PBMA but
much lower than that of the high-Tg particles.

Experimental Section

Latex Samples. Poly(butyl methacrylate) (PBMA) latex
samples labeled with 1 mol % of a fluorescent dye [either a
donor, phenanthrene (Phe), or an acceptor, anthracene (An)]
are referred to as Phe-PBMA and An-PBMA, respectively.
These samples were prepared by emulsion polymerization at
80 °C, using potassium persulfate as the initiator and dodecyl
mercaptan as the chain-transfer agent, via a semicontinuous
process, similar to that described previously.’3'4 The unla-
beled poly(methyl methacrylate) (PMMA) particles were also
synthesized by emulsion polymerization at 80 °C using potas-
sium persulfate as the initiator.** The dispersion of hollow
particles (Ropaque OP-62 LO) sample was supplied by Rohm
& Haas Co.

The particle size and size distribution were determined by
dynamic light scattering employing a Brookhaven BI-90
particle sizer. The size and size distribution for some PMMA
samples were also confirmed by scanning electron microscopy
(SEM). Molecular weight and molecular weight distribution
were measured by gel permeation chromatography (GPC). The
glass transition temperatures (Tgy) of the polymers were
determined by differential scanning calorimetry (DSC) (Perkin-
Elmer DSC-7), with a heating rate of 10 °C and under Na.
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Table 1. Latex Characteristics

PBMA? 1:1 PMMA
Phe- + An-labeled ROP
diameter (nm) 120 67 107 140 400 =400
Ty (°C) 21 105 high
My (x 10%) 35 50 37
Mn (x10%) 1.7 20 16

@ The particle size, Tg, and molecular weight for Phe-PBMA are
very similar to those for An-PBMA, and the values here are from
a 1:1 mixture of Phe- and An-labeled particles.

Some important characteristics for the various latex samples
used are listed in Table 1. The PBMA latex has a diameter of
120 nm, a Ty of 21 °C, and a random dye distribution in the
polymer molecules.* Four PMMA samples (T4 ~ 105 °C), with
different particle sizes ranging from 67 to 400 nm in diameter,
were used. The Ropaque (ROP) latex, made of styrene with a
significant fraction of acrylic acid monomers, has a Ty > 100
°C in the dry state, but its Ty may be lower under wet
conditions. We were unable by DSC measurements to observe
a T, transition between —20 and +150 °C for a dried ROP
sample. The particles have an average diameter of ca. 400
nm and a central void 250 nm in diameter. Thus, the polymer
in the shell represents 74% of the total particle volume. All
the latex samples had a narrow particle size distribution, as
indicated by dynamic light scattering (DLS) and electron
microscopy measurements.

Film Formation and Measurements. All the disper-
sions, including PBMA, PMMA, and ROP, were cleaned by an
ion-exchange resin (AG-501-X8 mixed-bed resin, Bio-Rad) to
remove the ionic surfactant and other ionic species before film
formation. After ion exchange, the pH of all the latex samples
decreased from 8—9 to 5—6, including the ROP sample,
indicating the protonation of the surface acids (—SO4H for
PBMA and PMMA and —COOH for ROP) and the removal of
some ionic and basic species. Latex films were prepared from
dispersion mixtures of 1:1 number ratio (Npne/Nan) of Phe- and
An-labeled PBMA particles and varying volume fractions
(®Phara) of hard particles (PMMA or ROP). The volume ratios
in blends were calculated based on the weights of solids of the
various types of particles, using density values of 1.05 g/mL
for PBMA, 1.15 g/mL for PMMA, and 0.75 g/mL for dry ROP.
Film formation was carried out at 28 °C on quartz plates
covered by an inverted Petri dish in an oven with air circula-
tion, with a drying time of about 3 h. The films had a typical
thickness of 100 um. After drying, crack-free films were
obtained for blends with a volume fraction of hard particles
Dparg lower than about 0.55. The films with high ®narqg (e.9.,
0.75) had small cracks, but they could be placed vertically in
the sample chamber of our instrument for spectroscopic
measurements. The ROP-filled films were opaque white at
all compositions (®harg > 0), due to the air voids in the hard
particles. Films containing PMMA microspheres gave trans-
parent films at low pigment concentration (®narqg = 0.1—0.35)
for various PMMA particle diameters (67—400 nm). This
indicates that the PBMA sample serves as a good binder to
form void-free blend films and that the PMMA particles are
well dispersed in these films.?2 Unlike ROP, PMMA has a
refractive index similar to that of PBMA (1.49 vs 1.48).12 The
dried films were stored in sealed test tubes at —10 °C in the
freezer to arrest diffusion until annealing experiments were
carried out. Films were then annealed at 58 + 1 °C for
polymer diffusion measurements. For each series of samples
for comparison, the films were dried and annealed simulta-
neously. Figure 1 shows schematically the formation and
annealing processes for a film prepared from a blend of PBMA
(1:1 Phe- + An-labeled) and ROP particles.

Fluorescence decay profiles were measured by the single-
photon-timing technique.’®> The measurement conditions were
similar to those described in ref 5. After each time interval of
annealing, the fluorescence decay profile of each film is
measured. Each measurement took about 4—5 min to collect
3500 counts in the maximum channel, corresponding in the
experiment to 2—3 decades of fluorescence decay.
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Figure 1. Schematic representation of the formation and
annealing processes for a film prepared from a blend of PBMA
(1:1 Phe- + An-labeled) and larger hollow (ROP) particles. The
shell (dark region) of ROP has a high T4, and the ROP particles
serve as a hard filler in the PBMA matrix. A similar situation
pertains to blends of PBMA and PMMA microspheres, except
that the PMMA particles are solid.

Results and Discussion

Energy Transfer and Diffusion Analysis. When
donor (D) and acceptor (A) chromophores are sufficiently
close, the excited donor can transfer its energy to the
acceptor in competition with its spontaneous radiative
and radiationless decay processes. The efficiency of
energy transfer (®gt) can be determined from the area
under the donor fluorescence decay profile Ip(t") from
samples containing both D and A.> For a film sample
allowed to anneal, the area under the decay curve and
et evolves with annealing time t.

O (t) = 1 — area(t)/zp° Q)

where 7p° ~ 45 ns is the unquenched lifetime of the
phenanthrene decay in many acrylic polymer films. To
obtain an accurate area(t) under each decay profile, the
mathematical decay function in eq 2 was used to fit the
decay curve, and the area was obtained by integrating
Ip(t') from decay time t' = zero to t' = infinity.

Io(t") = A, exp[—t '/rp° — p(t '[15°) "] +
A, exp(—t'ltp°) (2)
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Figure 2. Donor fluorescence decay profiles for latex films
annealed at 58 + 1 °C for 0 min (curves 1), 10 min (curves 2),
40 min (curves 3), and 190 min (curves 4). In part a we show
the data for a pure PBMA (1:1 Phe- + An-labeled) film. The
profiles in part b are for a blend of PBMA with 55 vol % ROP.
Both samples were annealed simultaneously. In our data
analysis, these curves are integrated to obtain their areas.

The fitting parameters A3, A,, and p in eq 2, obtained
from fitting to each decay profile, are useful for area
integration, but their physical meaning is not important
here.

Both the area under the decay curve and ®gt are
useful parameters to characterize the diffusion process
upon annealing. Another parameter is the extent of
mixing, fm(t), expressed in terms of the growth in
energy-transfer efficiency normalized by the maximum
change associated with complete mixing®

Pr(t) — Per(0)  area(0) — area(t)
O () — Peo(0) area(0) — area(e)

fn(D) = ®3)

where [®er(t) — Per(0)] represents the change in ET
efficiency between the initially prepared film and that
annealed for time t. The term fy(t) is useful for
characterizing the extent of polymer diffusion measured
by the ET technique.

Fluorescence decay measurements were carried out
on our film samples as a means of assessing the extent
of energy transfer as a function of annealing history and
of film composition. Figure 2 shows examples of two
series of donor decay data. In Figure 2a we present the
profiles for a PBMA film without high-Tg filler particles
annealed at 58 °C for 0, 10, 40, and 190 min, respec-
tively. The profiles in Figure 2b are for a PBMA film
filled with 55 vol % ROP particles after annealing for
the same time intervals at 58 °C as in Figure 2a. As
seen in Figure 2, when the films are annealed, the
curvature of the decay profiles becomes more pro-
nounced and the area under the decay curves decreases.
Molecular mixing between donor- and acceptor-labeled
polymers increases the extent of energy transfer, leading
to faster decay of the donor fluorescence.

The extent of mixing expressed in terms of the
fractional growth of ET efficiency, f(t), can be obtained
via eq 3 by comparing the areas under the decay profiles
for films annealed for various times [area(t)] to that of
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Figure 3. Plots of area(0) (unfilled symbols) and ®gr(0) (filled
symbols) vs the hard-particle volume fraction (®narq) for various
nascent films [pure PBMA, blends of PBMA with ROP (circles),
and blends of PBMA with PMMA (triangles)].

a film without annealing [area(0)] and to one annealed
for a sufficiently long time to approach the minimum
value of the area [full mixing, area(e)].

Initial Energy Transfer in Nascent Films. To
interpret ®g1 values, one needs first to distinguish the
amount of energy transfer that occurs between D and
A groups on opposite sides of particle—particle interfaces
in newly formed films from the much larger extent of
ET that occurs as the polymer molecules diffuse across
the interface and mix. The interfacial contribution to
ET is measured by area(0) determined from the donor
decay profile of a film after drying a sample at a
temperature (here 28 °C) above its minimum film-
forming temperature and storing the film below its Ty
before the measurement. Examples of the decay profiles
for such films are shown in Figure 2 as curve 1 in both
series of data.

We have found that the amount of energy transfer in
the nascent films is related to the relative ratio of the
D—A interfacial area to the volume of the D-labeled
phase.1*16 Here we are interested in the ®gr(0) values,
which provide a measure of the interfacial area of the
system, for films formed from different PBMA/hard-
particle blend compositions. In Figure 3 we plot the
area(0) and ®g1(0) vs the hard-particle volume fraction
(®narq) for various film samples (pure PBMA, PBMA +
ROP, and PBMA + PMMA). One notices that the
amount of ET is almost independent of the hard-particle
fraction from ®parg = 0 to Pharg = 0.75, with the area(0)
ranging from 37.4 to 38.7 ns, corresponding to ®g7(0)
varying from 0.17 to 0.14. The range of variation of
area(0) is rather small, but the scatter in ®e1(0) values
introduces uncertainties in evaluating the interfacial
areas. Nevertheless, there is no trend for changes in
Der(0) over a wide composition range; rather, a flat line
can be drawn through all the data points in Figure 3.
These ®e1(0) values are quite close to those we obtained
for similar PBMA films examined independently. This
indicates that the ratio of the D/A interfacial area to
the volume of the D-labeled particles does not change
significantly, even when a large fraction of unlabeled
hard particles is present. In filled films, a significant
fraction of the surface area of most of the D-labeled
particles must be in contact with filler particles (cf.
Figure 1), where no ET takes place. The above result
implies that the mean surface area of each PBMA
particle is increased as more hard particles are incor-
porated into the film, so that the presence of PBMA/
hard-particle contacts does not decrease significantly the
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interfacial area between D- and A-lableled PBMA
particles.17-19

Because the PBMA soft latex component we examine
here has a low molecular weight and a T4 (21 °C) close
to room temperature, polymer diffusion takes place
slowly at room temperature. If the extent of this
diffusion were significant, it would affect the magnitude
of the area(0) [or ®g7(0)] we determine. In previous
experiments with this latex sample,’* we have shown
that there is a clear onset of interparticle polymer
diffusion that occurs only after the sample is dry, i.e.,
after the sample has reached >90 wt % solids. On a
flat substrate, these dispersions dry as a moving front,
to yield a film with a transparent dry outer perimeter
surrounding a turbid wet zone that decreases in size as
the drying proceeds. If the film samples are not too
large, the extent of diffusion that has occurred when
the last vestiges of the wet zone disappear can be
neglected in our analysis. However, these films must
be removed from the 28 °C oven and rapidly quenched
to —10 °C to prevent this diffusion. These experiments
require a sharp eye and a deft hand because films
formed from dispersions with different amounts of hard
particles dry at different rates.’2 The data in Figure 3,
for example, were obtained from two sets of experi-
ments, in which all films were dried under the same
conditions (in the same covered dish) but each film was
removed from the oven immediately after completion
of drying at 28 °C. We observed that the films with
®Dpard = 0.35—0.55 dried slower than those with ®parg =
0—0.1 and ®parg = 0.75, with drying times of about 3 h
vs 3.5—4 h. This difference in drying rate (slowest at
intermediate ®narq) IS consistent with the mechanism
of drying in latex blend dispersions described previ-
ously.’2 Other experiments showed that if all the films
were removed from the oven after the slowest sample
had dried, ®gr values for the samples that dried fastest
had increased to 0.19—-0.20.

Maximum Energy Transfer in Well-Mixed Films.
The above results indicate that, for a given volume of
PBMA, the total interfacial area available for interdif-
fusion between D- and A-labeled molecules is similar,
even when a high fraction of filler particles is incorpo-
rated into the blend. To examine whether the filler
particles were able to suppress diffusion for some
fraction of the polymer, we examined the effect of long
annealing times on the extent of polymer diffusion. We
measured the extent of energy transfer for films of
different blend compositions annealed for sufficiently
long times (t — «) that the ®g7 values approached their
maximum value ®et(w). At this point, the diffusion
approaches its final, equilibrium state where all the D-
and A-labeled molecules are well-mixed.?* Because of
the relatively low molecular weight of our PBMA
sample, we could anneal the films at relatively low
temperatures (60 °C) for relatively short times, ranging
from a few hours to 1-2 days, and still allow the
samples to reach ®gt ~ Per(). Figure 4 shows plots
of area(w) and ®gr(0) vs the hard-particle volume
fraction (®narg) for various well-annealed PBMA latex
films (pure PBMA, PBMA + ROP, and PBMA +
PMMA). One sees that the area(w) values for the blends
are slightly higher than that for pure PBMA, and the
Per(0) values also show a slight decrease with increas-
ing ®nharg. These differences are rather small, with the
area values ranging from 13.6 to 15.2 ns and the ®gt
values from 0.70 to 0.66. Note that these differences
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Figure 4. Plots of area(w) (unfilled symbols) and ®gr(e) (filled
symbols) vs the hard-particle volume fraction (®narq) for various
PBMA films blended with ROP (circles) and with PMMA
(triangles).

would be even smaller if we extended the measurements
to longer annealing times. We find that the time needed
for a film to reach high ®g7 is much longer for films
with higher ®p,rq than for those with lower ®naq. For
example, to reach ®gt = 0.66, ca. 3 h for pure PBMA
and 22—30 h for the ®aqg = 0.75 samples are required.
It is difficult in a film with high ®p,q for the energy-
transfer efficiency to reach its limiting ®gr(w) value.
Nevertheless, it is clear that all the above samples
undergo sufficient interdiffusion to reach close to their
full-mixing state, with the ET efficiencies similar to, or
even somewhat higher than, what we normally obtain
with higher molecular weight PBMA films with the
same dye concentrations (area 13.6—15.2 ns vs 15—20
ns). The small differences in the area and ®gt values
among the well-annealed films are not considered to be
significant in our data analysis, and they do not
interfere with our comparison of diffusion rates for the
different samples examined here.

Our main objective in this study is to compare the
rates of intercelluar polymer diffusion for PBMA in latex
films containing different amounts of hard-particle
additive. The fact that we find similar area(0) and area-
() values for the samples we wish to investigate is
particularly helpful for comparison of their diffusion
rates. Interparticle polymer diffusion for all of these
samples starts at a similar value of ®1(0) and evolves
to a similar state of mixing [®et(e)] as perceived by the
energy-transfer experiment. These similarities facili-
tate comparison of the relative polymer diffusion rates
through examination of the rate at which ®gr and fy,
increase with annealing time from their initial to their
asymptotic values.

In normal practice, area(«) can also be obtained from
a film of the same composition but cast from an organic
solution. For the PBMA sample here, area(e) was
obtained by comparison of the value obtained for a film
annealed at 60 °C for 4 h with that of a film of identical
composition prepared by solvent-casting. These two
types of samples gave similar decay profiles, but the
integrated area value from the annealed sample (13.6
ns) was slightly lower than that from solvent-casting
(15.0 ns). Thus, 13.6 ns was chosen as the area(«) for
our film samples. The initial area(0) was simply taken
as the average from various samples in Figure 3, with
avalue of 38.2 ns. We use the f,, parameter, calculated
based on the areas under the decay curves, as a measure
of the extent of diffusion in our annealed latex films.
Representative data of f, values for our films as a
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function of annealing time will be presented in the
following sections.

To proceed more deeply into the analysis of the
diffusion process, one needs to calculate the diffusion
coefficient of the polymer, characterizing the rate of
movement of the polymers across the interparticle
interface. This can be done at different levels of rigor
and sophistication.2°=22 In our case, the diffusion coef-
ficients were calculated by fitting the f, data obtained
from energy transfer to a spherical diffusion model
which satisfies Fick’s laws of diffusion.?®> The details
of this analysis, its convenience, and its shortcomings
have been described previously.5d The diffusion coef-
ficients we obtained are apparent mean diffusion coef-
ficients Dapp, averaged over all the chains in the sample
and the annealing history of the film.

Effects of Hard Particles on PBMA Diffusion. In
this section we examine the diffusion rates of PBMA at
60 °C in films containing different amounts of hard
particles and containing hard particles of different size.
Our analysis implicitly assumes that since both PMMA
and the cross-linked ROP particles are glassy at 60 °C,
no significant PBMA diffusion into the filler particles
occurs. Some experiments with labeled hard particles
have been carried out and appear to confirm this
hypothesis.’® Further confirmation is provided by the
similar ®g1() values found for all blend film samples,
even those with ®paq = 0.75, annealed for long times
at temperatures below the Ty of the hard component.
This result indicates that the volume of the PBMA
phase and the final average dye concentrations do not
change when hard particles are present.

Effect of ROP Particles. Examples of donor decay
profiles for PBMA films with and without ROP are
shown in Figure 2. With a sharp eye, one can see that
curve (4) in Figure 2a decays more rapidly than the
corresponding curve in Figure 2b. This result indicates
that, for the same thermal history, less intercellular
polymer mixing has occurred for PBMA in the presence
of ROP. We analyze these decay curves as described
above and plot the results in Figure 5 of PBMA films
blended with different amounts of ROP. In Figure 5a
we plot the extent of mixing (fm) vs annealing time, and
in Figure 5b we plot the calculated apparent diffusion
coefficient (Dapp) VS fm. One sees that, in films contain-
ing increasing amounts of ROP particles, the rate of
increase of the extent of mixing becomes slower. The
Dapp Values are on the order of 0.3 nm?/s in the pure
PBMA sample, 0.2 nm?/s in the 35 vol % ROP sample,
and 0.1 nm?s in the 75 vol % ROP sample. These
results indicate that the presence of ROP filler can
decrease significantly the diffusion rate of the surround-
ing polymer.

Effect of PMMA Particles. Figure 6 shows the
PBMA diffusion data for films blended with different
amounts of 400 nm diameter PMMA particles. In
Figure 6a we plot the extent of mixing (fm) vs annealing
time, and in Figure 6b we plot the apparent diffusion
coefficient (Dgpp) Vs fm. One sees that with an increase
in the amount of PMMA particles the growth rate of f
becomes slower, similar to the effect from ROP. The
Dapp Values decrease from ca. 0.3 nm?/s in pure PBMA
to 0.2—0.15 nm?/s in the 35 vol % PMMA sample, to
0.12—0.1 nm?/s in the 55 vol % PMMA sample, and to
0.08—0.06 nm?/s in the 75% PMMA sample. A decrease
in Dgpp Vvalues as large as a factor of 4 is observed.
These results indicate that the presence of PMMA

Macromolecules, Vol. 31, No. 16, 1998

[T T T T -
1L ']
@ o |
o 8
0.8 - A -
L a < a
0.6 o ° o
. o 6 o -
'A-E [ o =]
0.4 6 %RBop |
L Ao o 0
0.2 - 8 s 35
| o 55
0 lLa a 75 #
| L t ' f 2 I L il
0 50 100 150 200
Time (min)
[ T T T T
0.5
L (b)
_— 0.3 ° o ° o
[’ o o
“\ a N A a a
E . o < o . a o ©
a o o
& 0.1 a o 7
a® 0.08 a @ a q
0.06 r o
0.04
" { |- Lo o0l
0.2 0.4 0.6 0.8 1

f

m
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particles decreases significantly the diffusion rate of
polymer molecules in the surrounding matrix. When
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Figure 7. Plot of the minimum time (tmin) taken to reach f,
> 0.95 (Per > 0.66) vs the blend composition (®harg), for PBMA/
ROP (unfilled symbols) and PBMA/PMMA (filled symbols)
films.

we compare results for the ROP- and PMMA-filled films,
with both experiments carried out simultaneously, we
find similar effects, except that PMMA consistently
gives greater retardation of the diffusion of PBMA than
ROP particles of similar size.

In Figures 5a and 6a we present data only for f
values up to an annealing time of 190 min for all films,
for easy visualization of the differences among the
samples of various compositions. In fact, we continued
these measurements until f,, in all samples approached
unity, corresponding to the ®gr() data (0.66—0.70)
shown in Figure 4. At high extents of mixing, our
calculation of Dapp is subject to large errors.?2! One way
of comparing relative diffusion rates at long times for
samples with different compositions is the minimum
time (tmin) taken for each sample to reach f, &~ 1 (Pet
> 0.66). In Figure 7 we plot tmin vs the blend composi-
tion (®Pnarg). One sees that at large ®parg it requires a
much longer time for the film to diffuse to a well-mixed
state than at low ®pag. To reach ®er = 0.66 (area =
15.5 ns), ca. 3 h for pure PBMA, 5—7 h for the ®parg =
0.35 samples, 6—10 h for the ®p,ag = 0.55 samples, and
22—30 h for the ®parg = 0.75 samples are required. It
took even longer, up to 45 h, for a ®parq = 0.75 sample
to increase its ®gr further to 0.68 (area = 14.5 ns).
These results clearly show that the mixing process is
much retarded by the hard particles. When the data
are plotted in this way, the larger influence of PMMA
on retarding the diffusion of the matrix polymer can be
seen more clearly.

Variation of the Hard-Particle Size. Effects of a
filler on the mobility of the surrounding matrix are
likely due to an interaction of the matrix with the
surface of the filler particles. To test this idea, we
examined PBMA diffusion rates in films blended with
PMMA at a fixed volume fraction but different hard-
particle diameters (dpmma). Figure 8 shows the PBMA
diffusion data for a pure PBMA film and for films
blended with 35 vol % PMMA particles of different
diameters, i.e., dpmma = 400, 140, 109, and 67 nm,
respectively. A very interesting result is observed in
this figure: the diffusion rate is increasingly retarded
with decreases in the size of the hard particles. Here
pure PBMA has Dapp values on the order of 0.3 nm?/s,
close to those shown in Figures 5 and 6 measured in
another set of experiments, reflecting the consistency
of the experiments.?® The Dy, values decreased to 0.2
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Figure 8. Comparison of PBMA diffusion rates for a pure
PBMA film (®) and for films blended with 35 vol % PMMA
particles of different diameters (demma): 400 Nm (4), 140 Nnm
(©), 109 nm (O), and 67 nm (O). In part a we plot fn, and in
part b we plot Dapp Vs the annealing time.

nm?/s in the dppma = 400 nm sample and 0.06 nm?/s in
the dpmma = 67 nm sample. A difference factor of 5 in
the Dapp values is found between a pure PBMA and that
blended with 67 nm PMMA particles.

Models for Effects of Hard Filler on Polymer
Dynamics. The above results indicate that the pres-
ence of hard filler particles significantly decreases the
diffusion rate of a low-Ty polymer. One can envision
many possible explanations for this effect. First, those
polymers with polar groups (e.g., PBMA) can have
significant interactions (e.g., hydrogen bonding) with
filler particles near the hard-particle surface, particu-
larly with those hydrophilic or ionic particles (e.g., silica,
TiO,, etc.), which might influence the polymer diffusion
rate. Solid substrates decrease the diffusion coefficient
of polymers in thin-film (5 nm) polymer melts, and the
magnitude of the effect depends on the nature of the
substrate—polymer surface.?®> In our case, the ROP
particles contain a significant amount of —COOH groups
and should have good H-bond donor capacity, while the
PMMA particles have a very low level of surface acid
(—SO4H) groups (on the order of 0.1 —SO4H/NnmM2). We
found the PBMA diffusion rate for a PMMA-filled
sample is similar to, but further retarded than, that for
ROP-filled samples with the same composition and
similar hard-particle size. Since we do not have detailed
knowledge about the ROP particle surface, we cannot
at this point comment on what types of interactions take
place at the soft polymer—hard filler interfaces.

Current Views on Polymer—Filler Interaction.
It is well-known that adding a hard filler to a polymer
matrix has a profound effect on the mechanical proper-
ties of the composite blend. The most common type of
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polymer—filler system is a polymer resin reinforced by
addition of a high modulus filler, such as glass beads,
carbon-black, or high-modulus polymeric particles. It
is often found that not only do the two components (filler
+ polymer) display their own properties (e.g., modulus)
in the composite but also, through their interactions,
many properties of the matrix polymer are modified.
Many experiments indicate that the presence of the
filler leads to a layer of soft polymer matrix near the
hard surface that has reduced mobility or higher rigidity
compared to its properties in bulk. We still know
relatively little about the width of this rigidified layer,
how its properties evolve with distance from the inter-
face, and how they depend on specific interactions
occurring at that interface.

NMR relaxation time measurements describing
changes in the matrix phase of filled rubbery polymers
have been reported over the last 2 decades.?6=28 These
experiments revealed the existence of polymer regions
characterized by low mobility. In the immediate vicinity
of the particle surface, there was a polymer layer with
a very low spin—spin relaxation time (T,), which did not
change significantly when the sample was heated
through the rubber glass transition. This layer was
essentially immobile on the time scale of the measure-
ment. The material beyond this layer had a T, value
measured at temperatures above the Ty that was 1 order
of magnitude lower than the T, of the unfilled rubber.
This difference was attributed to the existence of a layer
of restricted mobility. Douglass et al.20 calculated the
thicknesses of the two layers using an equation derived
by Pliskin and Tokita.?® Generally, the thickness of the
immobile layer varied between 0.5 and 2 nm with an
average of ca. 1.5 nm, while the restricted mobility layer
was between 2.5 and 9 nm thick (on average 6.6 nm),
depending on the size and volume fraction of carbon-
black particles.?62° One should note that the immobile,
bound layer was originally believed to arise from both
chemical bonding and “permanent” physical attachment,
and its thickness was estimated by the amount of
polymer remaining after exposure to an organic sol-
vent.26:29

A number of important experiments on filled polymer
systems by several investigators3°—32 have employed
dynamic mechanical analysis (DMA). In various poly-
mer systems filled with a significant fraction of rigid
particles (carbon-black, silica), two glass transitions
were inferred, as indicated by two peaks in the tan 6 vs
temperature plot. The first peak (Tg1) occurred at the
normal Tg of the pure polymer. The second broad peak
(Tg2) appeared at 40—100 °C higher temperature and
was assigned to the glass transition of regions of
restricted mobility. Tsagaropoulos and Eisenberg3?
examined various polymers filled with fine silica par-
ticles and found that the existence of a second Ty
transition related to reduced mobility was indeed a
general phenomenon. They also observed that the area
under the higher-T4 peak in the tan 6 plot decreased
with an increase in the filler concentration and sug-
gested that this change was due to creation of an
increasing fraction of an immobilized polymer layer
whose response was not detectable by DMA. According
to Tsagaropoulos and Eisenberg,3? the immobilized
region could be a major fraction of the total polymer
volume at a filler content > 20 wt %, much larger in
size than that found by McBrierty et al.?® and Pliskin
et al.?? On the basis of the work by McBrierty et al.,
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Tsagaropoulos and Eisenberg3? proposed a two-layer
model in terms of mobility: a tightly bound, immobilized
layer at the hard filler surface and a loosely bound layer
with restricted mobility around the immobilized layer.
At high filler content, the loosely bound layers of
reduced mobility overlap and then become even less
mobile. If the filler content is not very high, a signifi-
cant fraction of polymer remains outside these layers.
It maintains its bulk polymer properties and exhibits a
normal Ty.

Another set of experiments examined Young’s modu-
lus in systems with filler particles of different sizes.33-36
It was shown that Young's modulus (E) tended to
increase with a decrease in filler particle size, consistent
with the idea that the interaction between the polymer
and filler are related to the surface area of the hard filler
material. Vollenberg et al.36 proposed a two-layer model
to explain the results. In their picture there was also
a rigid (high-modulus) polymer layer adjacent to the
filler surface, which was interpreted as arising from the
formation of a high density of material in this region
(E O p” according to van Krevelen3’). They also thought
that around the high-E layer there was a thin, less-
dense layer which had a lower modulus than the bulk.

In polymer films with thicknesses on the order of a
few hundred angstroms, one finds that the film surface
effects the measured Ty. On the basis of ellipsometry
measurements, Keddie et al.*° reported that a thin
PMMA film has a slightly higher Ty on an SiO,/Si
substrate than in bulk. On Au surfaces, with which
polar interactions are minimal, the Ty is lower. Neutron
and X-ray reflectivity studies of thin supported polymer
films also show an increase in Ty values with a decrease
in film thickness.*! A key insight into the underlying
physics was provided by Dutcher and co-workers,* who
measured T for thin free-standing polystyrene films by
Brillouin scattering and showed that the free air surface
was responsible for the lowering of Tg. They cite
molecular dynamics simulations*344 that suggest that
the effect of the free surface is to enhance the mobility
of the polymer chains near the polymer—vacuum inter-
face, whereas the presence of confining but noninter-
acting walls results in an increase in density and a
decrease in polymer mobility over distances that extend
beyond the radius of gyration of the polymers. The
authors*? argue that for substrate-supported polymer
films one may observe either a higher T4 or a lower Ty
depending upon whether the effect of the substrate or
the free surface dominates. A summary of this work
recently appeared.*®

Surface effects on polymer diffusion were alluded to
above in ref 25, where the authors examined the rate
of diffusion of 50 A films of polystyrene (PS) into a
matrix of deuterated PS and found that proximity to
the SiO,/Si surface retarded the diffusion rate in a
manner consistent with increased friction from mono-
mer substrate contacts. When the substrate was first
passivated with poly(vinylpyridine), the effect was much
smaller. In these experiments, the polymer diffused
away from the substrate into a matrix of much greater
thickness. The effect of film thickness on diffusion in
the plane of the substrate was reported by Frank et al.,*6
who used fluorescence recovery after pattern photo-
bleaching (FRAPP) to study the tracer diffusion of
polystyrene labeled with a fluorescent dye. They found
a substantial decrease in the diffusion rate for films
thinner than 1500 A.
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Chart 1

«f4—— hard
particles

cells formed from
two soft particles

It is on the basis of these results that we believe that
the retardation in polymer diffusion rates that we
observe is due to surface interactions between the hard
latex particles and the lower T4 polymer, whose mixing
we study by energy transfer.

An astute reviewer has asked us to consider the
possibility that the retardation in mixing rates deter-
mined from energy-transfer experiments is due to the
added hard particles acting as obstacles. This reviewer
points out that at 35 vol % solids the average interpar-
ticle distance is 135 nm for the 109 nm diameter hard
particles and 83 nm for the 67 nm diameter particles.
Obstacles decrease the apparent diffusion rate by
increasing the tortuosity of the diffusion path. Free-
volume models ascribe the decreased diffusion rate to
an increase in the microscopic friction coefficient, whereas
tortuosity increases the diffusion path length without
affecting the friction coefficient. Obstacle effects can be
very important in latex films and other paint films. For
example, obstacle effects retard the evaporation of water
from latex films containing a mixture of hard and soft
particles.1? In addition, the solvent evaporation rate
from solvent-cast films containing inorganic pigment
can be explained in terms of the pigment acting as
obstacles to increase the path length traveled by the
solvent molecules as they diffuse through the film to
the air—film surface.*”

An image representing this reviewer’s point of view
is shown on the right-hand side of Chart 1 for the case
where the hard particle has a diameter smaller than
that (120 nm) of the soft latex particles which form the
film. This reviewer believes that in our experiments
the hard particles operate to constrain the rate of mixing
of donor- and acceptor-labeled latexes, much as a narrow
pipe limits the flow of liquid.

Our view is different. We are influenced by the data
in Figure 3 and other results which indicate that the
presence of the hard particles does not significantly
affect the interfacial area between the donor- and
acceptor-labeled cells in newly formed films. These are
the interfaces across which the diffusion we measure
occurs. One characteristic feature of obstacle effects on
diffusion is that the characteristic diffusion length is
larger than the size of the obstacles. The mixing we
observe in our energy-transfer experiment operates over
a very short length scale. By the time the polymer
molecules have diffused a distance corresponding to one
particle radius, the mixing detected by energy transfer
is virtually complete. We depict this process on the left-
hand side of Chart 1.

In latex films formed from a blend of hard and soft
particles, the hard particles are not necessarily distrib-
uted randomly in the matrix. We know from the work
of Eckersley and Helmer® that small hard particles in
a film formed from a blend with larger soft particles are
not distributed uniformly. Rather, they tend to form
chains which can form a percolation network which
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Figure 9. Plots of f, vs t¥2 for a pure PBMA film (®) and for
films blended with 35 vol % PMMA particles of different
diameters (dpmma): 400 Nm (2), 140 nm (<), 109 nm (O), and
67 nm (O), respectively. The data were derived from Figure
8a using fy, values < 0.7.

serves to reinforce the film. The hard particles not only
increase the modulus of the film at low strain but also
increase the tensile strength of the film.

While we accept the possibility that future experi-
ments may reveal the importance of obstacle effects, we
prefer at this time to interpret our data in terms of a
model in which the surface of the filler particles serves
to make the adjacent matrix more rigid.

Model for Analysis of Diffusion Data. Our results
on PBMA diffusion indicate that the diffusion rate
depends on the surface area of the hard particles, as
shown in the fy, vs t plots or the Dgpy Vs frm plots in Figure
8. Another way to compare these diffusion rates is to
plot f,, as a function of t¥2. For diffusion which follows
Fick’s laws one expects mixing to increase with t¥2. For
this low molecular weight PBMA sample and for many
other samples we have studied, we find that a linear
plot of f,, vs t¥2 can be obtained for f,, values approach-
ing 0.7.5 Figure 9 shows the f, vs t¥2 plots for a
PBMA film and for PBMA/PMMA blends with various
PMMA particle diameters (dpmma). All of the samples
give reasonable linear plots. The data can be fitted to
straight lines which are forced to pass through the
origin, but in the analysis that follows, we compare the
slopes of the least-squares best fits to the lines as shown
in Figure 9. We ignore the small positive intercepts at
t = 0 with f,, < 0.04.

To proceed with our data analysis, we define a
diffusion rate parameter k, characterizing the rate of
diffusion, as the slope in the f, vs t¥2 plot. In pure
PBMA, the increase in f; can be described by a single
rate parameter k°.

fm — kotl/2 (4)
In blends of PBMA with hard particles, the situation is
more complex. There are regions of PBMA with differ-
ent mobilities. These are characterized by different
diffusion rates (different k values). On the basis of the
models presented in the literature by McBrierty, Eisen-
berg, Vollenberg, and others, we propose a simple model
to rationalize the effects of hard particles on the
diffusion rates we measured (Figure 10). We assume
that in blends there is a PBMA layer surrounding the
hard sphere, with a thickness of 6 and a volume fraction
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A surface layer with
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Figure 10. Drawing of a model for soft/hard blend films: we
assume that there is a high-T4 polymer layer, of thickness 9,
adjacent to the hard-particle surface. This layer has a reduced
average diffusion rate (k '), surrounded by a region having the
same mobility as the pure polymer (k°).

of PBMA f ', that has reduced mobility, characterized
by an average diffusion rate k'. The contribution to the
fraction of mixing from this rigid part after time t is
(f ' kK t12). We assume that the rest of PBMA further
from the hard phases has the same mobility as pure
PBMA and therefore contributes (1 — f ")k°tY2 to the
mixing. Thus, in blend films

fo=(1—f )kt +f k't? (5)

Since the volume of the rigid layer is related to the
hard-phase volume by 66/dpmma and the volume ratio
of PMMA to PBMA for our samples is 0.35/0.65, we
obtain

f ' =(0.35 x 60)/(0.65dpppa) = 3.20/dpppma (6)
Equation 5 can then be rewritten as
(F/t%) = k° — 3.2(k° — K')0/dppa 7

Equation 7 predicts that the global diffusion rate (fi/
t12) decreases as doyya, i-€., IS proportional to the
surface area-to-volume ratio of the hard spheres. In
Figure 11 we plot the values of f,,/t'2, obtained from the
slopes of various sets of data in Figure 9, vs 1/dppmma. A
straight line is obtained. This indicates that a simple
surface-rigidification model can explain the retardation
effects of hard particles on PBMA diffusion observed in
our experiments.

The linear fit in the f,/tY2 vs 1/dpmma plot in Figure
11 gives an intercept of 0.089 min~—'2 and a slope of —2.3
nm~1. The intercept corresponds to k°, and its magni-
tude is not far from the k° value determined for the pure
PBMA sample (0.107 min—%2 from the data in Figure
9). From eq 7 and the slope in Figure 11, we obtain

(k° — k") =0.72 8)

In eq 8, k° is known (0.1 min~%2 from Figures 9 and
11), whereas both 6 and k' are unknown. Despite the
simplicity of the model, we need an independent mea-
surement to be able to calculate the individual param-
eters. Nevertheless, some deeper insights are possible.
For example, k' must be larger than zero; thus, 6 > 7.2
nm. From the work of Zheng et al.25> and Tsagaropoulos
and Eisenberg,3 one expects the retardation effect to
depend on the molecular weight of the matrix polymer,
and the span of 6 should be related to the molecular
dimensions of the polymer. Eisenberg et al.®® assumed
a distance on the order of the persistence length of the
bulk polymer, to illustrate the reduction of molecular
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Figure 11. Plot of f,/t¥2 vs 1/dpmma in PBMA/PMMA blend
films (®harg = 0.35). The data were derived from Figure 9.

mobility in the region surrounding high-Tg ion clusters
in ionomer films. In the case of diffusion, the distance
could be larger, since the entire molecule can experience
retardation during movement, even if the restricted
layer has a size only corresponding to a portion of the
molecule. Let us assume that 6 could be comparable to
the diameter of the polymer coil in bulk, or twice the
radius of gyration (Rg). For our PBMA sample of My,
= 35000, the mean Rg is estimated to be 5.6 nm,
calculated from the formula Rg (A) = 0.30M,2 for
methacrylate polymers.3® If we assume 6 = 11.2 nm,
we obtain a k' value of 0.036 min~! in the restricted
molecular layer, corresponding to about /3 of the k°
value for the pure polymer.

In our simple model (Figure 11), we averaged into a
single layer the effects of all the regions near the surface
of varying degrees of mobility, including the possible
existence of either an immobilized layer3? or a less dense
zone.3® With respect to the immobilized layer, the
diffusion results in our systems show a behavior very
different from that of the Tsagaropoulos and Eisenberg
DMA experiments on silica-filled polymers. They found
that the area of the higher-Ty peak in the tan 6 curve
decreases by almost an order of magnitude at 20 wt %
silica content, implying a large fraction of immobilized
polymer. Our diffusion experiments show that PBMA
can reach almost complete mixing in blend films (f,, &
1) in our experiments. It would be interesting to
conclude that a polymer which appears to be im-
mobilized in a DMA experiment still has sufficient
mobility to undergo translational diffusion, albeit on a
longer time scale. Such a conclusion is premature, since
the interaction between the silica filler and the matrix
polymers examined by Tsagaropoulos and Eisenberg
may be much stronger than the interactions between
PMMA filler particles and PBMA. It will be interesting
in future experiments to examine the effect of inorganic
fillers on the diffusion rate of polymers in latex films.

Conclusions

We employed the fluorescence energy-transfer tech-
nique to measure the diffusion rate of poly(butyl meth-
acrylate) (PBMA) at 60 °C in films blended with either
PMMA or Ropaque hard particles. The hard particles
significantly retard the diffusion rate of PBMA. The
apparent diffusion coefficient (Dapp) decreased from 0.3
to 0.2 nm?/s at 35 vol % ROP and to 0.1 nm?/s at 75 vol
% ROP. Similar-sized PMMA (400 nm) particles gave
similar retardation effects, with the Dpp Values slightly
smaller than those in the ROP-filled films of the same
hard-particle volume fraction. The diffusion rate de-
creases with an increase in the surface area of the hard
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particles, i.e., with a decrease in the hard particle size
at constant filler volume. We propose that there exists
arigid PBMA layer near the hard-particle surface which
has lower mobility and a slower diffusion rate. This
surface-rigidification model fits well to our experimental
data.
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