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ABSTRACT: We describe polymer diffusion measurements in poly(butyl acrylate-co-methyl methacrylate)
[P(BA-MMA)] copolymer latex films by fluorescence resonance energy transfer (FRET). Four sets of copolymers
were prepared from various weight ratios of butyl acrylate and methyl methacrylate by semicontinuous emulsion
polymerization. Their glass transition temperatures range from 4 to 28°C. Latex particles were labeled with
phenanthrene (Phe) as the donor dye and with 4-(N,N-dimethylamino)benzophenone (NBen) as the acceptor dye.
Latex films were cast from a 1:1 mixture of Phe- and NBen-labeled latex samples. Polymer diffusion was monitored
as a function of annealing temperature, and apparent diffusion coefficients (Dapp) were calculated from the energy
transfer data using a simple diffusion model. These values increased with annealing temperature and decreased
with Tg. Rheology measurements recorded the response of the dynamic moduli (G′, G′′) with respect to oscillatory
shear frequency (ω) over a range of temperature close to that of the diffusion experiments. The temperature
dependence of polymer dynamics extracted by the rheology experiments is in good agreement with the temperature
dependence ofDapp. Increasing the BA copolymer content leads to an apparent increase in long-chain branching,
which is reflected in both the time dependence ofDapp and in the dynamic moduli measurements. A greater
degree of branching leads to a broader distribution of polymer diffusion coefficients and a stronger time dependence
of Dapp.

Introduction

Environmental considerations are driving changes in the
coatings industry.1 One important change is the replacement of
solvent-based paints with waterborne (latex) paints. Latex paints,
however, still contain significant amounts of volatile organic
solvents (VOCs).2 These solvents serve as fugitive plasticiz-
ers: They soften the particles so that the forces associated with
drying are sufficient to deform the spherical latex particles into
polyhedral cells that form a continuous and void-free film. They
enhance the rate of the diffusion of polymer molecules across
the boundaries between these cells. This is the step that leads
to the development of good mechanical properties of the latex
film. At this time the polymer film is often soft and tacky. Over
time, these VOCs evaporate from the film, increasing its glass
transition temperature and its hardness at room temperature.

New knowledge is needed to develop latex coatings that do
not require VOCs and which have similar or enhanced perfor-
mance properties to current technology. As a step in this
direction, we have undertaken a study of polymer diffusion in
films formed from a series of latex consisting of butyl acrylate-
methyl methacrylate-methacrylic acid (BA-MMA -MAA)
copolymers of different compositions. These acrylic latex are
widely used in architectural coatings (house paints). Typical
coatings in current use consist of BA/MMA weight ratios of
50/49 with 1 wt % MAA. Increases in the BA content decrease
the glass transition temperature (Tg) of the latex polymer, which
should lead to a smaller requirement for added solvent. In the
study reported below, we explore how the composition of the
latex polymer affects the rate of polymer diffusion (and its
temperature dependence) for a series of BA/MMA latex
containing 1 wt % MAA, all with polymers of very similar molar

mass. These polymer diffusion rates were studied using the
fluorescence resonance energy transfer (FRET) methods devel-
oped in our laboratory.3 The influence of temperature on the
diffusion rates was correlated with the results of rheology
measurements on samples of the same composition.

Increasing BA content in the latex has two effects on the
polymer diffusion process. First, it reducesTg. In addition,
increased BA content leads to changes in the polymer diffusion
rates and rheological behavior beyond those expected from the
change inTg. These changes can be explained by increases in
the extent of long-chain branching along the polymer backbone.
This branching increase leads to a large broadening of the
distribution of polymer diffusion coefficients in the system. This
result has important implications for low VOC BA/MMA latex
coatings.

Experimental Section

Materials. Potassium persulfate (KPS), sodium carbonate (Na2-
CO3), and 1-dodecanethiol (C12-SH) were used as received from
Aldrich. Polystep A-16 (22% solution of dodecylbenzene and
tridecylbenzenesulfonates,1 Stepan Co., Maywood, NJ) and methyl-
â-cyclodextrin were kindly supplied by Rohm and Haas Co. and
used as received. Methyl methacrylate (MMA, Aldrich), butyl
acrylate (BA, Aldrich), and methacrylic acid (MAA, Aldrich) were
distilled at reduced pressure, and the purified monomers were stored
at 0 °C until use. Water was purified by a Milli-Q ion-exchange
filtration system. Phenanthrylmethyl methacrylate (PheMMA) was
used as received from Toronto Research Chemicals Inc. 4′-
Dimethylamino-2-methacryloxy-5-methylbenzophenone (NBenMA)
was synthesized as described elsewhere.4,5

Latex Preparation. All latex dispersions were prepared by
semicontinuous emulsion polymerization reactions. A typical recipe
for the synthesis of nonlabeled P(BA-MMA) (BA:MMA weight
ratio 60:39) latex is shown in Table 1. In the first stage, a dispersion
of seed particles was prepared by batch emulsion polymerization
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with 3 wt % of a preemulsion of monomers, surfactant, chain
transfer agent, and water. Water (3.0 g), Polystep A-16 (0.13 g),
and Me-â-CD (0.13 g) were added in a 100 mL three-neck flask
equipped with a mechanical stirrer, nitrogen inlet, and condenser.
The flask was immersed in an oil bath. The system was thoroughly
purged with nitrogen while the reaction mixture was heated to 80
°C. After the reactor temperature stabilized at 80°C, the KPS
solution (0.06 g in water 0.5 g) as an initiator and the Na2CO3

solution (0.05 g in water 0.5 g) as a pH buffer were added into the
reactor followed by the addition of 3 wt % of monomer preemulsion
(0.44 g). The mixture was stirred for 20 min at 80°C.

In the second stage of polymerization, the remaining monomer
preemulsion was fed into the seed latex dispersion together with
an initiator aqueous solution (0.01 g in water 2.0 g). The monomer
feeding rate was kept constant (0.1 mL/min), controlled by Fluid
Metering QG50 pumps, with a total feeding time of 3 h. After the
addition was completed, the system was maintained at 80°C for
0.5 h. Then the reaction was cooled to room temperature. A latex
dispersion with ca. 50 wt % solids content was produced. The
particle size is about 150 nm in diameter with a narrow size
distribution.

Fluorescence dye-labeled latex samples were synthesized in a
similar fashion. For the donor-labeled particles, 1 mol % PheMMA
(based on total monomer) was added into the monomer preemulsion.
For the acceptor labeled particles, 0.3 mol % NBenMA (based on
total monomer) was added into the monomer preemulsion. The
characteristics of these latex samples are listed in Table 2.

Characterization of Latex Particles. Particle diameters were
measured by dynamic light scattering at a fixed scattering angle of
90° at 23°C with a Brookhaven Instruments model BI-90 particle
sizer equipped with a 10 mW He-Ne laser. Particle sizes and size
distributions were also measured by capillary hydrodynamic
fractionation using a MATEC model 2000 CHDF. The solids
content of each latex dispersion was determined by gravimetry.
Polymer molecular weight and polydispersity index (PDI) were
measured by gel permeation chromatography (GPC) using a
Viscotek liquid chromatograph equipped with a Viscotek model
2501 UV detector and a Viscotek TDA302 triple detector. Two
Viscotek GMHHR Mixed Bed columns were used with tetrahy-
drofuran (THF) as the elution solvent at a flow rate of 0.6 mL/
min. Polystyrene standards were used for calibration. The glass
transition temperature (Tg) of copolymers was measured with a TA
Instruments DSC Q100 V7.3 Build 249 differential scanning
calorimeter over a temperature range of-50 to 150°C at a heating
rate of 10°C/min. Each sample was taken through two runs.Tg

values were calculated from the second run, and the values
determined are shown in Table 2.

Gel content was measured by the centrifugation method devel-
oped in our laboratory:6 A latex sample (1.0 g) was dried to a
constant weightW0. The dried polymer was subsequently immersed
in tetrahydrofuran (THF, 10 mL). The mixture was agitated gently

at room temperature for 24 h. The resulting solution was then
centrifuged at 20 000 rpm for 30 min, and the top transparent layer
was poured off. When gel was present, a precipitate remained. The
precipitate was washed three more times with excess THF to remove
residual sols from the gel. The remaining sample (the gel fraction)
was dried and weighed (W1). The gel content (%) was calculated
from the equation

Film Formation and Fluorescence Decay Measurements.
Latex films for energy-transfer experiments were prepared from a
1:1 particle mixture of the donor- and acceptor-labeled dispersions.
Several drops of a latex dispersion (about 50 wt % solids content)
was spread on a small quartz plate (20× 8 mm). The film was
allowed to dry uncovered in a refrigerator at 4°C to minimize
polymer interdiffusion during the drying process. The film was dry
within 1 h. The films prepared in this way have a thickness of ca.
60 µm. Films were transparent for P(BA60-MMA 39), P(BA55-
MMA 44), and P(BA50-MMA 49) latex but turbid for P(BA40-
MMA 59) samples due to its highTg. Solvent-cast films were
prepared from the same polymer mixture. A latex film was allowed
to dry, and the dry film was dissolved in a small amount of THF.
Then the solution was cast onto a small quartz plate and allowed
to dry at room temperature for 24 h.

The films on quartz plates were placed directly on a high mass
(2 cm thick) aluminum plate in an oven preheated to the annealing
temperature and then annealed for various periods of time. Under
these conditions, we estimate that it takes less than 1 min for the
film to reach the preset oven temperature. The annealed films were
taken out of the oven and placed directly on another high mass
aluminum plate at 4°C for 2 min before carrying out fluorescence
decay measurements. Fluorescence decay profiles of the films at
23 °C were measured by the time-correlated single photon counting
technique7 using a nanosecond time-correlated single photon
counting system from IBH with a NanoLED (λex ) 296 nm) as
the excitation source. Each film was placed in a quartz tube for
the measurement. The emission was collected from 335 to 366 nm.
A 335 nm cutoff filter was mounted in front of the emission
monochromator (350( 16 nm) to minimize the amount of scattered
light from the sample entering the detector. Data were collected
until 5000 counts were accumulated in the maximum channel, and
these data were fitted by nonlinear least-squares using the delta
function convolution method.7 The instrumental response function
was obtained by using a degassedp-terphenyl solution (0.96 ns
lifetime) as a mimic standard.8

Data Analysis. In the absence of benzophenone as an energy-
transfer acceptor, for all samples containing 1 mol % donor, the
phenanthrene decay profiles were exponential, with lifetimeτD )
44.3 ns. The goodness-of-fit parameter (chi-square) for these single-
exponential fits ranged from 1.01 to 1.10. In the presence of an
energy-transfer acceptor, the fluorescence decay curves became
nonexponential. The shape of the curve depends on the details of
the donor-acceptor (D/A) pair distribution. In a system with
uniformly distributed donors and acceptors in three dimensions in
the absence of diffusion, the donor fluorescence intensity decay
ID(t) following instantaneous excitation is described by the Fo¨rster
equation:9

where

Here, [Q] is the concentration of acceptor (quencher), andP is
proportional to [Q].R0 is the critical Forster radius for energy
transfer.NA is Avogadro’s number. The orientation factor〈κ2〉
describes the average orientation of dipoles of donor and acceptor

Table 1. Typical Recipe for the Synthesis of Nonlabeled
P(BA60-MMA 39)a Latex

ingredients (g) first stage second stage

H2O 3.0
Polystep A-16b 0.13
methyl-â-cyclodextrin 0.13
Na2CO3 0.05
KPS 0.06 0.01
monomer preemulsion 0.44 14.25

H2O 4.5
Polystep A-16 0.16
BA 6.0
MMA 3.9
MAA 0.1
C12-SHc 0.025

a The subscripts refer to the wt % of each monomer. All latex samples
contain 1 wt % MAA.b 22 wt % surfactant solution, primarily sodium
dodecylbenzenesulfonate.c 1-Dodecanethiol, chain transfer agent, used at
0.25 wt % of total monomers.

gel content (%)) (W1/W0) × 100 (1)

ID(t) ) A exp[- t
τD

- P( t
τD

)1/2] (2)

P ) 4
3
π3/2(32〈κ2〉)1/2

NAR0
3[Q] (3)
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molecules.〈κ2〉 has a value of 2/3 in fluid solution, where rotation
is rapid. It takes a value of〈κ2〉 ) 0.476 for a random distribution
of immobile chromophores in three dimensions, a situation typical
of dyes in polymer matrices.10

To obtain an accurate area for each decay profile, we fitted each
decay curve to the empirical equation (4) and then evaluated the
integral analytically from the magnitude of the fitting parameters.

From the calculated area data we can calculate the quantum
efficiency of energy transferΦET(tn) for samples aged or annealed
for a time tn

whereIDA(t) and ID(t) refer to the normalized decay functions of
donor fluorescence intensity in the D/A film and in the donor only
film, respectively. Because the unquenched donor decay profile here
is exponential, its integral is equal the unquenched donor lifetime
τD.

The “extent of mixing” parameterfm is a useful measure of the
extent of polymer interdiffusion

This parameter depicts the fractional growth of energy transfer in
the D/A films.ΦET(0) refers to the extent of energy transfer across
the particle boundaries in the newly formed film, whereasΦET(∞)
represents the energy transfer efficiency in a fully mixed D/A film,
in which the donors and acceptors are randomly distributed.ΦET-
(tn) is the degree of energy transfer in a film annealed for timetn.

Rheology Measurements.The viscoelastic response of P(BA-
MMA) samples was studied at several temperatures aboveTg with
a Rheometrics RAA instrument in the oscillatory shear mode. We
employed a pair of parallel plates (25 mm diameter). The frequency
was scanned between 0.01 and 100 rad/s at a constant temperature.
Strain sweeps were employed to ensure that all measurements were
made in the linear viscoelastic regime. The range of temperatures
studied was selected to be as close as possible to the range of
temperature used in the energy transfer experiments performed on
these materials. However, the lowest temperatures used are limited
by the sample modulus at temperatures close toTg.

The following procedure was used to prepare the samples for
the measurements of viscoelastic properties. First, the samples were
dried under vacuum at 40°C for 12 h to eliminate any trace of
volatiles. Then, the samples were pressed between cleaned poly-
tetrafluoroethylene (PTFE) sheets in a Carver press at 100°C to
eliminate air bubbles. The thickness of the samples was controlled

using separators between the plates of the press. In this way, samples
free of bubbles, approximately 25 mm in diameter and 1 mm thick,
were obtained.

Results

Preparation and Characterization of the Latex Samples.
Poly(butyl acrylate-co-methyl methacrylate) [P(BA-MMA)]
was used as the base copolymer in our diffusion study. All
latexes were prepared by semicontinuous emulsion polymeri-
zation. In previous work in our laboratory, in order to obtain
similar size donor- and acceptor-labeled particles, we used the
same unlabeled seeds particles for the synthesis of both the
donor- and acceptor-labeled latex, and the polymerizable dye
derivative was added only in the second stage.4,11 This is an
easy and efficient way to control particle size. These seeds
represent ca. 8-10 wt % of the final latex particles. If the seed
particles are prepared by batch emulsion polymerization, they
normally have a higher molar mass and broader PDI than the
second stage polymer. To some extent, this may lead to a
nonuniform dye distribution in the particles. We have always
treated this as a minor problem.

Nevertheless, in order to overcome the disadvantage of
preformed nonlabeled seeds, we used an in-situ seeding process
in the experiments described here. While this is common practice
in industry for large-scale reactions, this is a skill-testing
challenge for emulsion polymerization reactions run on the small
scale (10 g of total monomers) we employ to synthesize labeled
latex. On a small scale, slight variations in particle nucleation
can have large consequences for particle size and size distribu-
tion. One can also experience problems in matching the polymer
molar mass and PDI between samples. The challenge for us,
which in the past led to our use of common unlabeled seeds,
was the need for the donor- and acceptor-labeled particles to
have similar diameters and contain polymers of similarMn and
PDI. For the latex samples described here, we employed the
same monomer preemulsion containing: monomers, dye comono-
mers, surfactant, chain transfer agent, and water for making the
seed particles in the first stage and for particle growth in the
second stage as well. These reactions worked well, and we
were able to achieve reasonable control over particle size and
polymer molar mass, not only for D- and A-labeled particles
of a given composition but also for the entire series of latex
examined here.

All emulsion polymerizations contained 1 wt % of MAA. In
commercial latex, small amounts of methacrylic acid are
normally employed to enhance the colloidal stability of the latex.
We follow this practice here. The four pairs of samples we
synthesized had monomer weight ratios of BA:MMA:MAA of
60:39:1, 55:44:1, 50:49:1, and 40:59:1. These copolymers are

Table 2. Characteristics of the Latex Polymers and Particles

latex sample name Mn PDI Tg (°C) da (nm) dn
b (nm) dw/dn

b solids content (%)

P(BA60-MMA 39) 31 000 3.7 4 151 156 1.1 48.2
Phe-P(BA60-MMA 39) 31 000 3.1 156 166 1.1 44.2
NBen-P(BA60-MMA 39) 29 000 2.1 3 141 159 1.3 54.1
P(BA55-MMA 44) 48 000 2.9 7 152 159 1.2 44.3
Phe-P(BA55-MMA 44) 47 000 3.0 151 163 1.0 43.1
NBen-P(BA55-MMA 44) 46 000 2.8 7 157 142 1.1 41.1
P(BA50-MMA 49) 50 000 2.0 170 150 1.2 42.3
Phe-P(BA50-MMA 49) 45 000 2.7 12 159 146 1.1 40.2
NBen-P(BA50-MMA 49) 43 000 2.2 191 203 1.1 45.7
P(BA40-MMA 59) 51 000 2.0 148 152 1.3 47.6
Phe-P(BA40-MMA 59) 44 000 2.1 28 147 155 1.1 29.4
NBen-P(BA40-MMA 59) 41 000 3.7 27 152 151 1.2 52.0

a Data for the particle diameterd from the BI-90 particle sizer.b Number-averagedn and weight-averagedw diameter data from the CHDF 2000 (MATEC).

ID(t) ) A1 exp[- t
τD

- P( t
τD

)1/2] + A2 exp(- t
τD

) (4)

ΦET(tn) ) 1 -
∫0

∞
IDA(t) dt

∫0

∞
ID(t) dt

) 1 -
area(tn)

τD
(5)

fm(tn) )
ΦET(tn) - ΦET(0)

ΦET(∞) - ΦET(0)
)

area(0)- area(tn)

area(0)- area(∞)
(6)
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named according to their BA:MMA compositions as P(BA60-
MMA 39), P(BA55-MMA 44), P(BA50-MMA 49), and P(BA40-
MMA 59). The glass transition temperatures (Tg) of the copoly-
mers were measured by DSC, givingTg ca. 4°C for P(BA60-
MMA 39), 7 °C for P(BA55-MMA 44), 12 °C for P(BA50-
MMA 49), and 27°C for P(BA40-MMA 59). All values are similar
to those estimated values from the Fox equation usingTg(PBA)
) -47 °C andTg(PMMA) ) 105 °C.

Dodecyl mercaptan (C12-SH) was added in the emulsion
polymerization reactions as a chain-transfer agent both to control
the molecular weight and to limit or suppress gel formation.
Our target in these studies was to obtain high molar mass with
very low gel content. This will serve as a baseline for future
experiments with latex comprised of lower molar mass polymer.
In order to optimize the reaction conditions, a series of P(BA60-
MMA 39) latex samples were prepared in the presence of various
amounts of C12-SH. The latex polymer samples obtained were
analyzed by GPC. As shown in Figure 1, the plot of 1/Mn against
[C12-SH] was linear, indicating that in the presence ofâ-cy-
clodextrin C12-SH provides good control over polymer molar
mass. When the amount of C12-SH in the reaction was 0.25 wt
% based on monomer in the preemulsion, the polymers obtained
had less than 5% gel; with lower amounts of chain transfer
agent, the latex formed had a significant gel content. Thus, all
the latex samples used in the diffusion experiments were
prepared in the presence of 0.25 wt % C12-SH. The character-
istics of all of the latex particles synthesized are summarized
in Table 2. TheMn values were in the range of 30 000-50 000
with a PDI between 2 and 3.7. ComparingMn of the dye-labeled
and nonlabeled latex polymers, we infer that the dye monomer
did not significantly affect the polymerization reaction.

The proton NMR spectra of the four different latex polymer
compositions are compared in Figure 2. From the ratio of
integrals of peaks a and b, which correspond to protons at
position a and b, respectively, we calculated the mole ratios of
BA:MMA were 1.5:1.0 for P(BA60-MMA 39), 1.1:1.0 for
P(BA55-MMA 44), 0.8:1.0 for P(BA50-MMA 49), and 0.5:1.0 for
P(BA40-MMA 59); the weight ratios of BA:MMA were 65:35
for P(BA60-MMA 39), 58:42 for P(BA55-MMA 44), 51:49 for
P(BA50-MMA 49), and 41:59 for P(BA40-MMA 59). These
results indicate that the composition of the polymers closely
resembled the monomer feed composition in our emulsion
polymerization reactions under monomer-starved conditions.
The particle size and size distribution were characterized by
both right-angle dynamic light scattering and by CHDF. As
shown in Table 2, all samples have particle diameters of ca.
150 nm. For all latex samples thedw/dn values obtained by
CHDF are less than 1.3, which indicates a narrow size
distribution.

Energy-Transfer Studies of Polymer Diffusion. Films for
FRET experiments were prepared from a 1:1 mixture Phe- and
NBen-labeled latex particles. Several drops of the latex mixture
was cast onto a small quartz plate (20× 8 mm) and allowed to
dry in a refrigerator at 4°C over 1 h. The film thicknesses were
ca. 60µm. The films obtained from P(BA60-MMA 39), P(BA55-
MMA 44), and P(BA50-MMA 49) D/A mixtures were transparent
and free of cracks. However, the films prepared from P(BA40-
MMA 59) latex were turbid and showed some cracks even if they
were dried at 23°C. We attribute this behavior to the high
minimum film formation temperature (MFT) of this sample
caused by the highTg of the latex polymers. Freshly formed
latex films were transfer to the sample chamber of the
fluorescence decay instrument in a cold quartz tube, and
fluorescence decays were measured immediately. This whole
process took less than 2 min. The films were then annealed in
a preheated oven for various periods of time at certain
temperatures. The fluorescence decays were monitored as a
function of annealing time at a series of temperatures.

Figure 3 shows representative donor fluorescence decays for
a donor-labeled P(BA60-MMA 39) latex film [curve (1)] and a
D/A mixed P(BA60-MMA 39) latex film aged for various periods
of time at room temperature (23°C) [curves (2-3)]. The decay
curve (1) in Figure 3 is exponential with a lifetime of 44.3 ns.

Figure 1. Plot of 1/Mn against concentration of C12-SH of P(BA60-
MMA 39) latex samples.

Figure 2. 1H NMR spectra of (A) P(BA60-MMA 39), (B) P(BA55-
MMA 44), (C) P(BA50-MMA 49), and (D) P(BA40-MMA 59). CDCl3 was
used as solvent. Peaks a and peak b correspond to protons at positions
a and b, respectively.

Figure 3. Phenanthrene (donor) fluorescence decay curves [ID(t)]
measured at 23°C for Phe-P(BA60-MMA 39) latex films: (1) Phe-
labeled latex only, (2) a newly formed film dried at 4°C, consisting of
a 1:1 ratio of Phe-P(BA60-MMA 39) and NBen-P(BA60-MMA 39),
(3) the same film as in (2) aged for 47 min at 23°C, and (4) a solvent-
cast film from a 1:1 mixture of the two freeze-dried polymers dissolved
in THF and then annealed at 120°C for 2 h. Note that curves (1) and
(2) overlap. The inset shows curves (1) and (2) at short times on a
linear scale.
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Films of the donor-labeled P(BA60-MMA 39) latex with the
other three BA-MMA compositions gave the same lifetimes.
For these polymers, we see that the donor lifetime is independent
of polymer composition. Curve (2) in Figure 3 is the decay
profile of a newly formed film from a 1:1 D/A mixture. It is
not exponential, but the deviation at early times is small (shown
in Figure 3 inset) because very little polymer diffusion has
occurred. We assume that the major contribution to the curvature
of this plot is energy transfer across the particle boundary. From
the decays of a series of similar films, we calculate quantum
efficiency of energy transfer (ΦET) of 0.06-0.07 in newly
formed films using eq 5. We take 0.06 as the value ofΦET(0).
Curve (3) in Figure 3 depicts the decay profile of the film in
curve (2) after 47 min aging at 23°C. The increased curvature
at early decay times is an indication that some polymer diffusion
has taken place, resulting in an increase inΦET.

Curve (4) in Figure 3 shows much more pronounced
curvature. It represents the decay profile for a film cast from a
THF solution. In solvent-cast films, the donor- and acceptor-
labeled polymers may be thought of as randomly mixed in
solution, but can undergo some demixing upon drying, due to
correlation hole effects. We refer to theΦET value obtained
from solvent-cast films asΦET(lim). It represents the limiting
maximum value ofΦET that could be obtained from diffusive
mixing. This value can be smaller than, but is often equal to,
ΦET(∞), the value corresponding to complete randomization of
the dyes in the system. For latex films formed from linear
polymers,ΦET(lim) andΦET(∞) are commonly very similar in
magnitude, but in latex films consisting of highly branched
polymers or polymer with a significant gel content,ΦET(lim)
< ΦET(∞).

Values of ΦET(∞) were determined in a series of model
experiments in which samples of each of the Phe-labeled
polymers were mixed with different amounts of NBenMA as a
low molar mass acceptor. Films were prepared by solvent-
casting, andID(t) decay profiles were measured. Individual
decays were fitted to eq 2, and values of the fitting parameter
P were plotted against [NBenMA] (Figure S4 in the Supporting
Information). These plots were linear and for each polymer led
to a value ofR0 ) 2.5 nm, consistent with the value reported
previously.5 From this value and the composition of the 1:1
Phe/NBen latex films, we calculated values ofΦET(∞) ) 0.50.
We used this value in all of our calculations offm (eq 6).

Polymer Diffusion in P(BA60-MMA 39) Films at Different
Temperatures. A series of Phe- and NBen-labeled P(BA60-
MMA 39) latex films were cast at 4°C and dried for 1 h. The
films were annealed at various temperatures, and their fluores-
cence decay curves were measured at different periods of
annealing time. From the newly formed films we found the
quantum efficiency before annealing,ΦET(0) ) 0.06-0.07. The
maximumΦET value was obtained from fully mixed D/A films
which were cast from a THF solution of 1:1 Phe- and NBen-
labeled P(BA60-MMA 39) polymers. TheΦET value for this
newly formed solvent cast film was 0.42. Annealing this film
at 120°C for 2 h lead to a decrease of theΦET value to 0.38,
and there was no additional decrease with further annealing.
We takeΦET(lim) ) 0.38.

The calculatedΦET values are plotted against annealing time
in Figure 4A for experiments at different temperatures ranging
from 23 to 90°C. The curves show a large increase inΦET

values at early stages and a smaller increase at longer times.
The plot shows thatΦET has a strong temperature dependence.
From 23 to 90°C, not only the plateauΦET values but also the
growth rate ofΦET increased significantly. Since we know that

ΦET(0) ) 0.06 andΦET(∞) ) 0.5, fraction of mixingfm values
were calculated from the corresponding areas under the donor
decay profiles using eq 6. In Figure 4B, we plotfm as a function
of annealing time. The curves have a similar shape to those in
Figure 4A. At 90°C, maximum mixing of donor and acceptor
was achieved in 90 min withΦET(lim) ) 0.38 andfm ) 0.75.

For architectural coatings, one of the most important con-
siderations is the time scale for polymer diffusion at room
temperature. In our laboratory, this is 23°C. To emphasize that
the polymer molecules in films of the P(BA60-MMA 39) latex
with Tg ) 4 °C undergo substantial diffusion at room temper-
ature, we plot the evolution ofΦET and fm in Figure 5.

To quantitatively compare polymer diffusion rates at different
temperatures, one needs to be able to compute diffusion
coefficientsD. Because there is no proper way to calculate
absolute values ofD for mixtures of polymers of different
lengths and extents and distribution of branches, we resort to a
prescription that has served us well in the past: we calculate
apparent diffusion coefficientsDapp by fitting fm data to a
Fickian diffusion model.5,11,12

In Figure 6, values ofDappcalculated in this way for P(BA60-
MMA 39) films are plotted againstfm values for various annealing
temperatures. At each temperature, theseDapp values decrease
with increasing annealing time as slower diffusing species make
their contribution to the growth inΦET. The plot also shows
that the diffusion rate is faster at higher temperature for the
samefm value. For example, atfm ) 0.59, the annealed film
sample gave a value ofDapp) 0.007 nm2/s at 23°C, 0.16 nm2/s

Figure 4. Plots of ΦET (A) and fm (B) vs annealing time for the
P(BA60-MMA 39) latex films annealed at 23, 45, 70, and 90°C.

Figure 5. Plots of ΦET and fm vs annealing time for the P(BA60-
MMA 39) latex films annealed at 23°C.
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at 45°C, and 4.4 nm2/s at 60°C.

Arrhenius-type plots (lnDapp vs 1/T) of the data in Figure 6
are linear forDapp values atfm ) 0.59. These plots are shown
in Figure S1 in the Supporting Information. From the slopes of
these plots, we obtained an apparent activation energyEa )
33.4 kcal/mol over the temperature range 23-60 °C. Since
temperature affects the rate of diffusion by a change in the
monomeric friction factor, the magnitude ofEa should be
independent offm. Therefore, we used this value ofEa as a shift
factor to create a master curve ofDapp values at 23°C. The
shifted values calculated in this way are shown in Figure 8.
The success in generating the master curve serves as strong
support for the validity of our analysis to obtainDapp values.

Polymer Diffusion in Different Composition P(BA-MMA)
Films. To compare the polymer diffusion in P(BA-MMA) latex
films with various polymer compositions, we monitored the
increase inΦET for a series of latex films of each composition,
each annealed at a series of temperatures. In Figure 7, these
ΦET values are plotted as a function of annealing time at their
corresponding temperatures. Figure 7A shows that at 23°C three
of the four latex films of different composition undergo a
significant extent of diffusion on the time scale of tens of hours.
The Tg values of these polymer compositions range from 3 to
12 °C (Table 2), and the rate of diffusion at room temperature
increases with decreasing sampleTg.

Only the P(BA40-MMA 59) film showed no detectable dif-
fusion at this temperature. It has aTg slightly above room
temperature, 28°C. There are several noteworthy features of
this particular set of films. When these films were cast and dried
at 4 °C, well below the MFT, they were turbid and cracked.
Better films for polymer diffusion studies were obtained by
casting and drying at room temperature although they were still
not clear and crack free due to their high MFT. Upon annealing
at higher temperature, the films became more transparent, but
the film became fully transparent only after it was annealed for
ca. 1 h at 90°C. Thus, dry sintering plays a role in particle
coalescence in these films.13 An increase inΦET in these films
due to polymer diffusion could be measured at 70°C (Figure
7B). This occurred over the first hour and then appeared to
cease. We speculate that this increase inΦET is due to the
contribution of diffusion of low molar mass chains in the sample.
For the remainder of the experiment, polymer diffusion was
very slow at this temperature but became more pronounced at
90 °C (Figure 7C).

The other samples underwent rapid polymer diffusion at
70 °C. For the P(BA60-MMA 39) film, ΦET approachedΦET-
(lim) (0.38) in a few minutes. The P(BA55-MMA 44) and
P(BA50-MMA 49) latex film samples exhibited a behavior
analogous to that of the high-Tg sample: rapid diffusion at early
times, which appeared to level off at aΦET value less thanΦET-
(lim) [ΦET(lim) ) 0.50 for P(BA55-MMA 44) and 0.52 for
P(BA50-MMA 49)]. These two films reached somewhat higher
values ofΦET values when annealed for several hours at 90°C.

It is noteworthy thatΦET(lim) values for P(BA55-MMA 44)
and for P(BA50-MMA 49) are higher than that for P(BA60-
MMA 39) and indistinguishable fromΦET(∞). This result suggests
that there is a higher degree of branching or some undetected
microgel in this P(BA60-MMA 39) sample that limits the extent
to which donor- and acceptor-labeled polymers can interpen-
etrate.

Dapp values for these films were calculated as a function of
fm at each temperature. These plots are presented in Figure 6
and Figure S2 in the Supporting Information. From Arrhenius
plots of Dapp values as described above, apparent activation
energies were computed. The values ofEa and the temperature
ranges for which they were obtained are listed in Table 3. These
were then used as shift factors to create master curves of the
diffusion data, as shown in Figure 8.

Temperature Dependence of the Viscoelastic Properties
of P(BA-MMA) Films . The Williams-Landel-Ferry (WLF)
equation14 is widely employed to describe the temperature
dependence of polymer diffusion using parameters obtained
from viscoelastic relaxation measurements.11,12,15To describe
polymer diffusion, the WLF equation takes the following form

Figure 6. Plots of the apparent diffusion coefficientDappas a function
of fm for P(BA60-MMA 39) latex films annealed at various temperatures.

Figure 7. Plot of theΦET for films formed from D/A labeled latex
mixtures annealed for various periods of time at (A) 23, (B) 70, and
(C) 90°C: (2) P(BA60-MMA 39), ([) P(BA55-MMA 44), (b) P(BA50-
MMA 49), and (9) P(BA40-MMA 59).

log (aT) ) log(DT0

D0T) ) -
C1(T - T0)

C2 + T - T0
(7)
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where D0 is the diffusion coefficient at an arbitrary chosen
reference temperatureT0. C1 andC2 are parameters that depend
on the choice of theT0, and they are easily transferred to other
reference temperatures.

For each composition, we carried out oscillatory shear
measurements as a function of frequency over a range of
temperature close to that of the energy transfer experiments.
Nonlabeled samples, which have similar molecular weight and
PDI to dye-labeled samples (see Table 2), were used for
viscoelastic measurements.

We measured the storage modulus (G′) and loss modulus (G′′)
as a function of frequency (ω) at a series of temperatures ranging
from 25 to 100°C for P(BA60-MMA 39), from 50 to 120°C
for P(BA55-MMA 44), from 80 to 180°C for P(BA50-MMA 49),
and from 130 to 200°C for P(BA40-MMA 59) (not shown). We
used the time-temperature superposition principle (TTS) to
obtain the shift factors (aT) of the temperature dependence.
Strictly speaking, the TTS principle can be only applied to a
system in which the various relaxation times belonging to a
given relaxation process have the same temperature dependence,
such as linear amorphous polymers aboveTg. P(BA-MMA)
copolymer is composed of polydisperse chains with various
degrees of branching.16 It is well-known that branching may
affect slightly the temperature sensitivity of the viscoelastic
response, but TTS basically holds.9,17In Figure 9A-D, we show
the G′ andG′′ master curves after applying TTS, by choosing
T0 ) 25 °C for P(BA60-MMA 39), T0 ) 50 °C for P(BA55-
MMA 44), T0 ) 80 °C for P(BA50-MMA 49), andT0 ) 90 °C
for P(BA40-MMA 59) as the reference temperatures. Only shifts
in the horizontal scale were applied. Shift factors at each
temperature were extracted using the generally accepted pro-

cedure of overlaying plots of tan(δ) (G′′/G′) for data at different
temperatures. The rheological response of all four samples is
consistent with what is normally found in entangled polymer
melts, in particular, thatG′ > G′′ over the portion of the
relaxation spectrum that is usually associated with the plateau
regime. As observed in this figure, good matching between
curves was obtained.

Discussion

Comparison between Different Experiments.Values of the
apparent activation energy in the range of temperatures studied
can be obtained by plotting ln(aT) in Arrhenius fashion against
the inverse of the absolute temperature, as empty squares shown
in Figure 10. Normally the ln(aT) vs 1/T plot is curved, but
when the data are limited over a relatively narrow range of
temperatures, the plot appears linear. The activation energyEa

for viscoelastic relaxation can be calculated from the slope of
this linear fraction of the plot. The magnitude of theEa value
will increase as the measurement temperature approachesTg.
From Figure 10 average values ofEa for each latex sample were
calculated over the temperature range close to energy transfer
experiments. We compare theseEa values as well as their
corresponding temperature ranges with those obtained from
energy transfer experiments in Table 3. It can be clearly
observed that theEa values from the two different methods are
in good agreement when a similar temperature range was
chosen.

In Figure 10, we make a direct comparison between data
obtained from rheological measurements and from diffusion
experiments. We plotted both data sets in the same graph, where
shift factors obtained from rheology are shown as empty squares

Figure 8. Master curves ofDapp values for (A) P(BA60-MMA 39) at 23°C (calculated usingEa ) 33.4 kcal/mol as a shift factor), (B) P(BA55-
MMA 44) at 23°C (calculated usingEa ) 39.1 kcal/mol as a shift factor), (C) P(BA50-MMA 49) at 23°C (calculated usingEa ) 45.2 kcal/mol as
a shift factor), and (D) P(BA40-MMA 59) at 70°C (calculated usingEa ) 64.1 kcal/mol as a shift factor).

Table 3.Ea Values of the Latex Polymers

energy-transfer experiments rheological measurements

latex Ea(kcal/mol) temp range (°C) Ea(kcal/mol) temp range (°C) T0 (°C) C1 C2 (K)

P(BA60-MMA 39) 33.4 23-60 28.7 25-70 25 10.0 114.9
P(BA55-MMA 44) 39.1 23-60 34.2 50-70 50 9.1 112.6
P(BA50-MMA 49) 45.2 23-90 50.3 80-180 80 14.2 107.1
P(BA40-MMA 59) 64.1 90-120 65.6 90-130 90 16.3 120.4
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and those from the diffusion experiments are shown as filled
squares. The diffusion data used in Figure 10A were taken from
Figure S1 (Supporting Information) and then shifted vertically
to compensate for the reference temperature. The full line
represents the WLF fitting, calculated using theC1 andC2 listed
in Table 3. Parts B-D of Figure 10 were plotted using the same
process. The diffusion data and rheology data appear to track
together with changing temperature.

Effect of Long Chain Branching on the Time Dependence
of Dapp. One of the striking features of our data is the time
dependence ofDapp. This effect is best appreciated by examining
the master curves of the shiftedDapp vs fm in Figure 8.Dapp

decreases by several orders of magnitude over the course of
the experiment for each of the four copolymers. In Figure 8B-

D, there is a sharp drop inDapp for values offm less than about
0.2; the high initial rate of diffusion made it impossible for us
to capture the short time behavior in the P(BA60-MMA 39)
sample (Figure 8A), as we could not make measurements atfm
values less than 0.2 in this sample. This sharp initial drop in
Dapp in Figure 8B-D is of great interest to us, and we are
currently conducting experiments to determine its origin.

Our focus here is on the change inDapp over the range infm
values from 0.2 to 0.8. For P(BA60-MMA 39), Dapp drops by
about a factor of 100. For P(BA55-MMA 44), there is roughly a
factor of 50-100 reduction inDapp. There is a significant amount
of scatter in the data for the P(BA50-MMA 49) master curve
data atfm ) 0.2; taking this into account, we find thatDapp

decreases over the relevantfm range by a factor of 10-50.

Figure 9. Plots of master curves ofG′ andG′′ for (A) P(BA60-MMA 39), (B) P(BA55-MMA 44), (C) P(BA50-MMA 49), and (D) P(BA40-MMA 59)
latex films atT0 ) 25, 50, 80, and 90°C, respectively.

Figure 10. Plots of shiftedDapp and log(aT) against the inverse of the absolute temperatures for (A) P(BA60-MMA 39), (B) P(BA55-MMA 44), (C)
P(BA50-MMA 49), and (D) P(BA40-MMA 59) latex films.
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Again, there is scatter in the data in the P(BA40-MMA 59) master
curve atfm ) 0.2, but we estimate an overall drop inDapp of a
factor of 5-10.

We rationalize the decrease ofDapp with increasing time in
terms of the distribution of diffusion coefficients of various
species in the system. We consider a simple example to illustrate
how this might occur. Imagine a system consisting of two
species: one withD ) 1 nm2/s and a second withD ) 0.01
nm2/s. Calculations indicate the effect of a diffusing species on
the time dependenceΦET is greatly diminished once that species
has diffused over some characteristic distance in the sample.
The actual distance involved for a particular experiment will
depend on details such as the latex particle sizes and the ratio
of donor-labeled particles to acceptor-labeled particles. Assign-
ing a number to this distance does not concern us here; the
important fact is that for both species in our hypothetical sample
this distance is the same. This means that in our example the
slower moving species will take 100 times longer to diffuse
over this characteristic distance. In an energy transfer experi-
ment, we measure the change inΦET vs time and convert this
information intoDappwith a diffusion model.18 Over the course
of an experiment on our hypothetical system, theDapp value
extracted will be some sort of weighted average of the apparent
diffusion coefficients of the two species in the system. Early in
the experiment,Dappwill be weighted more heavily toward the
diffusion of the faster moving species, as the motion of the faster
moving species is largely what causes the change inΦET. Once
the fast moving species has diffused over a characteristic
distance, its contribution to the increase in energy transfer has
reached its maximum value. The experiment is no longer
sensitive to the faster species diffusion, and the rate ofΦET

increase will drop significantly. The result of this is that the
extractedDappvalue will now be weighted more heavily toward
the diffusion coefficient of the slower moving species. Of course,
this drop inDappis not expected to be sudden for the hypothetical
system but instead occurs gradually.

On the basis of this argument, we suspect that the time
dependence ofDapp betweenfm ) 0.2 andfm ) 0.8 is mostly
due to a broad distribution of diffusion coefficients for polymer
chains present in the sample. This breadth is apparently larger
in P(BA60-MMA 39) and P(BA55-MMA 44) than it is in P(BA50-
MMA 49) and P(BA40-MMA 59), based on the relative magni-
tudes in the change ofDappwith fm. We cannot rationalize these
differences in terms of sample PDI, as no trend in the PDI values
in Table 2 exists. Instead, we suspect that differences in the
breadth of diffusion coefficients are due to differences in the
details of molecular architecture between samples. In particular,
the presence of long chain branching can dramatically decrease
the diffusion coefficient of a polymer;19 a sample consisting of
a range of branching architectures would be expected to have
a broad distribution of diffusion coefficients and a time-
dependentDapp.

It is difficult to make quantitative determinations about the
relative degree of long chain branching for polymers studied
here, but we can make some general qualitative comments based
on the rheology data in Figure 9. The rheological responses of
P(BA60-MMA 39) and P(BA55-MMA 44) are clearly quite dif-
ferent from P(BA50-MMA 49) and P(BA40-MMA 59). The most
obvious difference is the lack of any terminal regime in the
P(BA60-MMA 39) and P(BA55-MMA 44) data, despite the fact
that the data is over a similar range of reduced frequencies. We
believe that the differences in mechanical response between
samples are due to differences in molecular architecture. We
cannot help but notice that the rheological responses of P(BA60-

MMA 39) and P(BA55-MMA 44) are strikingly similar to what
is reported for a cross-linking polymer in the vicinity of the gel
point.20 This is not to say that P(BA60-MMA 39) and P(BA55-
MMA 44) are in fact gels, but they likely share some limited
structural similarities. In particular, the very broad distribution
of mechanical relaxation times suggests a high degree of
branching with a wide range of branch lengths. We believe that
a substantial fraction of the P(BA60-MMA 39) and P(BA55-
MMA 44) samples are made up of branched polymer. The data
for P(BA50-MMA 49) and P(BA40-MMA 59) are quite different
(Figure 9C,D) and show crossovers betweenG′ andG′′ in the
interval between the rubbery zone and the terminal zone of the
master curve. This response is typical for linear polymers of
unimodal molecular weight distributions of moderate PDI and
is anticipated by theory.21 Solely on the basis of the rheological
response of P(BA50-MMA 49) and P(BA40-MMA 59), we sus-
pect that chains with significant degrees of long chain branching
make up a relatively small amount of the overall population of
chains in the system.

It is well-established that chain transfer to polymer often
produces highly branched structures in the emulsion polymer-
ization of butyl acrylate.22,23 This is consistent with what we
infer from rheology experiments, where evidence suggests that
a greater degree of long chain branching is present in P(BA60-
MMA 39) and P(BA55-MMA 44). This accounts for the broader
distribution of diffusion coefficients in these samples that is
inferred from the time dependence ofDapp.

An alternate explanation for the time dependence ofDapp in
energy-transfer experiments has been advanced by O’Neil and
Torkelson.24 They propose that ignoring interchain correlation
effects (i.e., “correlation hole” effects)25 in the energy transfer
model for polymer diffusion can lead to the erroneous conclu-
sion thatDapp decreases with increasingfm. While we accept
this possibility in principle, we believe that this effect is not
the primary source of the change ofDappwith fm shown in Figure
8. We base this belief on two things. First, according to O’Neil
and Torkelson’s calculations,Dapp is nearly constant untilfm >
0.8. We have restricted our analysis tofm values less than 0.8;
the change inDapp occurs over the entire range offm. Second,
the magnitude in the decrease ofDappin O’Neil and Torkelson’s
calculations is relatively small; up tofm ) 0.9 they only report
a factor of 2 decrease in the calculatedDapp. Of course, their
results are for a system that is somewhat different from ourss
their model treats linear chains with a single donor or acceptor
label at one end. Still, it is hard to rationalize that merely
changing the labeling scheme could have such a big effect so
as to account for the results in Figure 8.

Summary
We synthesized donor- and acceptor-labeled P(BA-MMA)

copolymer latex particles by semicontinuous emulsion polym-
erization in the presence of 0.25 wt % C12-SH. Four sets of
copolymers were prepared from various weight ratios of BA
and MMA. Weight ratios of BA:MMA:MAA for these latexes
are 60:39:1, 55:44:1, 50:49:1, and 40:59:1. Their glass transition
temperatures (Tg) are 4, 7, 12, and 28°C, respectively. Donor-
labeled latex samples were prepared in the presence of 1 mol
% of PheMMA as the dye-containing comonomer. Acceptor-
labeled latex samples were prepared in the presence of 0.3 mol
% of NBenMA. The latex particles had diameters of ca. 150
nm with narrow size distribution. FRET experiments were used
to determine the apparent polymer diffusion coefficients as a
function of temperature for each of the latex samples.

Analysis of the diffusion data gave apparent activation energy
Ea values of ca. 33 kcal/mol for P(BA60-MMA 39), 39 kcal/
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mol for P(BA55-MMA 44), 45 kcal/mol for P(BA50-MMA 49),
and 64 kcal/mol for P(BA40-MMA 59). The temperature de-
pendence of the polymer diffusion coefficients closely matches
the temperature dependence extracted from a master curve
analysis of the rheology data for each latex. The rheology data
lead us to conclude that latex polymers with increasing BA
content have a greater degree of long-chain branching. Differ-
ences in long-chain branching also show up in the diffusion
measurements, which indicate a larger distribution of polymer
diffusion coefficients in samples with higher BA content. These
results will guide the development of the next generation of
low VOC coatings.
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