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Abstract This paper describes experiments that investigate
the use of low glass transition temperature (1) latex particles
consisting of oligomer to promote polymer diffusion in films
formed from high molar mass polymer latex. The chemical
composition of both polymers was similar. Fluorescence
resonance energy transfer (FRET) was used to follow the rate
of polymer diffusion for samples in which the high molar
mass polymer was labeled with appropriate donor and
acceptor dyes. In these latex blends, the presence of the
oligomer (with M,=2,400 g/mol, M,/M,=2) was so effective
at promoting the interdiffusion of the higher molar mass poly
(butyl acrylate-co-methyl methacrylate; PBA/ MMA=1:1 by
weight) polymer (with M;,;=43,000 g/mol, M,/M,=3) that a
significant amount of interdiffusion occurred during film
drying. Additional polymer diffusion occurred during film
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aging and annealing, and this effect could be described
quantitatively in terms of free-volume theory.
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Introduction

Water-based latex is a colloidal dispersion in water of small
spherical polymer particles, typically with diameters between
50 to 400 nm. As a dispersion of latex particles is allowed to
dry, a film is formed in which the particles deform and pack
into space-filling polyhedral cells. The newly formed film
has poor mechanical properties because there is only weak
adhesion at the boundary between adjacent cells. The film
evolves and improves over time, as polymer molecules
diffuse across the intercellular boundaries and create entan-
glements that provide mechanical strength [1-4].

Most latex coatings contain substantial amounts of
volatile organic compounds (VOCs) as additives to promote
particle coalescence during film formation. These additives
act as traditional plasticizers enhancing the diffusion rate of
polymer molecules across the polyhedral cells of the newly
formed film [S]. However, over time, these additives escape
to the atmosphere and contribute to air pollution. The trend
toward reducing the amount of VOCs released to the
atmosphere is driving the search for new technologies able
to produce environmentally friendly coatings with good
performance characteristics and reasonable cost.

One attractive approach to obtain useful properties avoid-
ing the use of volatile solvents is to employ latex blends [6—
10]. These are mixtures prepared with different types of latex
particles in the dispersed state. Upon drying, the latex film
combines desired characteristics of each of the blend
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components. For example, it is common practice in the
coatings industry to blend all-acrylate latex into poly(vinyl
acetate-co-butyl acrylate) latex formulations to obtain
acrylate-like properties at reduced cost. By blending hard
[glass transition temperatures (7)) above room temperature)]
and soft (7 below room temperature) latex particles of very
different composition, it is possible to form films with
enhanced mechanical properties at temperatures typical of
the minimum film formation temperature (MFT) of the soft
component [10-14]. This strategy requires working with
blend ratios in which the small hard particles percolate,
forming a continuous phase that provides mechanical
reinforcement. Because latex particles of very different
compositions are used, the phases remain discrete in the film.

A different approach, developed originally at Rohm and
Haas, consists in blending two latex types of similar chemical
composition, but very different molar mass. Films formed
from these blends have excellent mechanical properties and
block resistance. In previous work, we described an initial
study of this approach to understand how these films achieve
their final properties [15]. We described the effect of blending
a series of oligomeric latexes (M, between 2,400 and
11,300 g/mol) with a high molar mass (high-M) polymer
latex (M,=252,000 g/mol) of very similar composition
(MMA:BA=1:1 by weight). The high-M polymer was
doubly labeled for fluorescence resonance energy transfer
(FRET) experiments; that is to say, it contained both donor
and acceptor dyes covalently bound to the latex polymer.
The system was prepared as a series of latex blend films,
consisting of unlabeled oligomeric (low-M) latex plus the
doubly labeled high-M latex. FRET experiments were
performed to follow the rate at which the oligomeric polymer
diffused into and mixed with the high-M latex polymer.

An interesting feature of these latex blends is that the
base latex and the oligomeric latex have essentially the
same chemical composition and only differ by the end
group concentration. As a consequence, there is no
energetic barrier associated with an unfavorable enthalpic
contribution to the Gibbs free energy of mixing. Thus,
polymer diffusion is controlled only by entropic and kinetic
factors. We showed that the various oligomeric latex
polymers were completely miscible with the higher molar
mass latex. However, we reported differences in the
interdiffusion time of the polymer components for the
different hard-soft latex blends. For the blend containing
the lowest mass molar (lowest-M) oligomeric polymer, we
found that two polymers underwent complete mixing
rapidly at the molecular level, within the time necessary
for the latex blend dispersion to dry into a transparent film.
On the other hand, for the latex blend containing the
highest-M oligomeric polymer, the homogenization time
was much longer, consistent with the higher 7, and molar
mass of the oligomeric latex.
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In the present paper, we use FRET measurements to
explore how the presence of the soft latex affects the rate of
diffusion of the high mass molar polymer. To perform our
experiments, we prepared two nearly identical high-M P
(BA-MMA) latex sets, one of them labeled with phenan-
threne as the donor the dye (D), and the other one labeled
with an anthracene derivative as the acceptor dye (A).
Mixtures of these D- and A-labeled high-M latex were then
blended with various amounts of unlabeled soft (oligomer-
ic) latex particles of the sort described in [15]. Films were
cast and dried, and then examined by FRET to follow the
diffusive intermixing of the D- and A-labeled high-M
polymer. In the newly formed films, with sharp boundaries
between the cells, the extent of energy transfer is very
small. Over time and upon annealing, as labeled polymer
diffuses across the boundary between neighboring cells, D
and A groups come into proximity, and the measured
energy transfer efficiency increases. To quantify changes in
the polymer diffusion rate, we calculated apparent mean
diffusion coefficients employing a Fickian diffusion model
for spherical geometry. Finally, we analyze our diffusion
data in terms of free-volume theory and propose a
mechanism that can account for the results obtained.

Experimental
Materials

All reagents were purchased from Aldrich unless otherwise
specified. Methyl methacrylate (MMA) and butyl acrylate
(BA) were distilled under vacuum prior to use. Potassium
persulfate (KPS), sodium bicarbonate (NaHCOj3), dodecyl
mercaptan (C;,SH), and sodium dodecyl sulfate (SDS)
were used as received. 9-Methacryloxylmethylphenantrene
(PheMMA) was purchased from Toronto Research Chem-
icals Polystep A-16 (22%; sodium dodecylbenzene sulfo-
nate) was purchased from Stephan (IL) and used as
received. Methyl-3-cyclodextrin (Me-{3-CD) was provided
by Rohm and Haas. The synthesis and characterization of
the dye-monomer 10-methyl-9-methacryloxylmethylantra-
cene (MeAnMMA) is described elsewhere [16]. The
distilled water used in all our experiments was further
purified through a Millipore Milli-Q system.

Characterization of latex particles

Particle size distribution was measured by capillary
hydrodynamic fractionation chromatography (CHDF,
Matec Applied Sciences, Model 2000, 1.1 um capillary)
and by dynamic light scattering (Brookhaven, Model BI-90,
at a fixed angle of 90°). Gel permeation chromatography
(GPC) was performed on a Waters liquid chromatograph
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equipped with a Waters 480 tunable UV-Vis absorbance
detector and a Waters R410 differential refractive index
detector. Syringe filters (PP Filter Membrane, 0.45 pm,
Whatman) were used prior to injecting the samples in the
GPC. Molecular weights were calibrated with poly(methyl
methacrylate) standards from Polymer Laboratories. Glass
transition temperatures were measured using a DSC 2920
MDSC V2.6A differential scanning calorimeter from TA
Instruments. Samples were cooled and heated from —70 °C
to 70 °C at rates of 10 °C/min, under N, atmosphere. Glass
transition temperatures were calculated as the inflection
point in the second heating step, determined by the
instrument software.

Latex preparation

The dye-labeled poly(methyl methacrylate-co-butyl acry-
late) (P(MMA-BA)) samples were prepared by seeded
semicontinuous emulsion polymerization under monomer-
starved conditions, by R. Liu, and are the same samples
reported in [17], stored in the dark at room temperature. An
unlabeled dispersion of seed particles was first prepared by
batch emulsion polymerization. The same seed was used
for the preparation of both the donor and the acceptor-
labeled P(MMA-BA) particles. The recipe used for the
synthesis of these latex is summarized in Table 1. The
unlabeled low molecular weight latex sample of P(MMA-
BA) with solid content of about 50% was synthesized as
described in [15] by emulsion polymerization, via an
approach that employs dodecyl mercaptan as a chain
transfer agent in the presence of methyl-f3-cyclodextrin
(Me-3-CD); see also [18]. A summary of the physical
characterization of all the latex particles employed in this
work is given in Table 2.

Table 1 Recipe for the synthesis of dye-labeled P(MMA-co-BA)
latex particles by semicontinuous emulsion polymerization

First stage Second stage

Seeds - 60.00 g
H,O 900.00 g 30.00 g
KPS 13 ¢ 0.074 g
SDS 09¢g 0.814 g
NaHCO; 1.359 ¢ -

MMA 3645 g 15.00 g
BA 31.05 g 12.00 g
MAnMMA or PheMMA® -~ 1.0 mol%"
C1,SH - 0.36 ml
Diameter 72 nm (PDI=0.02)°

*PheMMA is 9-methacryloxylmethylphenanthrene; MeAnMMA is
10-methyl-9-methacryloxylmethylanthracene

"Based on total monomer content, which corresponds to 0.66 g of
PheMMA and 0.71 of MANMMA

¢ From dynamic light scattering measurements

Film formation and fluorescence decay measurements

Our base latex for ET studies, high-M P(MMA-BA), is a
dispersion containing a 1:1 wt ratio of mixed Phe-P(MMA-
BA) and MAn-P(MMA-BA) particles. The latex blends
were prepared by adding different proportions of the
unlabeled low-M P(MMA-BA) latex (M,—2.4) to the base
dispersion. Latex blends with 0, 5, 10, 20, 35, and 50 wt.%
of M,,—2.4, based upon the latex solids, were studied. The
resulting mixture was gently agitated for several minutes to
promote mixing and left overnight to equilibrate.

Latex films were prepared by spreading three to four
drops of the corresponding latex dispersion onto small
quartz plates (2 cmx1 cm), used for fluorescence decays
measurements. Then, the films were allowed to dry either at
room temperature for 1-2 h or in a cold room (ca 4 °C)
overnight, depending on latex blend composition. Drying
conditions were chosen to obtain films transparent and free
of cracks, typically 50-100 pm thickness. To promote
polymer diffusion in the latex blends, the films (on their
quartz substrates) were directly placed onto a high-mass
aluminum slab in a preheated forced air oven, and then
annealed for various periods of time. Under these con-
ditions, we estimate that it takes less than 1 min for the film
to reach the preset oven temperature. To follow polymer
diffusion, the films were taken out of the oven and cooled
to room temperature before energy transfer measurements
were carried out.

We also studied energy transfer on solvent-cast films. To
prepare these films, we placed a few drops of each mixed
dispersion on a glass plate and allowed the water to evaporate at
room temperature. The dry film was dissolved in tetrahydro-
furan (THF) to form a transparent solution at 2—3 wt.% solids.
A few drops of this solution were spread on a quartz plate and
then allowed to dry overnight at room temperature.

All fluorescence decay profiles were measured by the
time-correlated single photon counting technique, using a
deuterium lamp as the excitation donor source. The donor
(Phe) was excited at 300 nm, and the emitted light was
collected at 350 nm, using a 350+5 nm interference filter.
For each measurement, the quartz plate that supports the
film was placed into a quartz tube and sealed with a rubber
septum. To prevent quenching by O,, the tubes were
flushed with N, for 5 min prior to measuring the donor
fluorescence decays profile. Measurements were performed
at room temperature. Data were collected up to 6,000—
10,000 counts in the channel of maximum intensity, which
usually required 12—15 min.

Rheological measurements

Oscillatory shear storage and loss moduli were measured
with a Rheometrics RAA instrument fitted with parallel
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plates (25 mm diameter). The experiments were performed
over a range of frequencies from 102 to 70 Hz and at
several temperatures ranging from 30 °C to 105 °C above
the T, of the respective polymer. Small strains (0.01~0.05)
were applied in order to obtain a viscoelastic response in
the linear regime. When the same sample was used for
measurements at different temperatures, corrections for the
change in the distance between the plates with temperature
were made via a calibration curve that accounts for effects
of contraction/expansion of the metal plates. The samples
were prepared at the desired dimensions by press molding.
First, the latex samples were dried under vacuum at 60 °C
for 12 h, to eliminate any trace of volatiles. Then, the
samples were molded in a Carver Press at 90 °C for
2—4 min, using dust-free poly(ethylene terephthalate) sheets
(3 M, 100 um thick) to prevent direct contact between the
sample and the plates. Typical sample thicknesses used in
the experiments were in the range 0.7-1 mm.

Data analysis

The rate of direct, nonradiative, energy transfer (ET) from
excited donors to acceptors depends sensitively on their
separation distance r between the centers of their transition
dipoles [19]:

w(r) o %D (%)6 (1)

where m is the lifetime of the donor in the absence of
acceptors, and Ry is the characteristic (Forster) distance over
which ET takes place. As a measure of the extent of ET in
the system, we define the quantum efficiency of ET (®gr) as,

Jo Ip()dt

p

Ppr=1-— (2)
where the integral represents the area under the donor
fluorescence decay curve obtained for a film labeled with
donors and acceptors. One of the ways to obtain an accurate
value of this integral is to fit the experimental decay to a
suitable (but arbitrary) mathematical function and then to
integrate the equation analytically from the fitting parameters
obtained. We employed the stretched exponential function

/ / 1/2 /

—— =P — + Byexp| ——

Tp Tp [25)
3)

where By, B, and P are the fitting parameters used for area
integration.

The extent of diffusive mixing is characterized by the
parameter f;, or “fraction of mixing” that occurs upon
annealing the samples. This parameter is defined in such a

ID(t/) = Biexp
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way that it corrects for the transboundary ET in the nascent
film:

. QSET(I) — @ET(O)
fm o QSET(OO) — @ET(O)

where the numerator represents the change in ET efficiency
between the nascent film and that annealed for time ¢, and
the denominator expresses the maximum change of ET
associated with complete mixing. Strictly speaking, f,
represents the “quantum fraction” of mixing rather than
the mass fraction of mixing, f;. To characterize the rate of
polymer diffusion, we calculate diffusion coefficients from
a Fickian model for spherical geometry, assuming that fg
equals f,. Numerical simulations have shown that for the
case of Fickian diffusion in planar or spherical geometries,
fm and f; are proportional up to ca 0.7 [20] and that the
assumption fy=f;, overestimates the calculation of diffusion
coefficients by a factor of 2-3 [21].

The form of Eq. 3 was chosen in part because it is
similar in form to the Forster equation [22—24]

In(?) = Ioexp [— L P(t—/> 0'5] (5)

(25} (25}

(4)

4 3 172
P= 3”3/2 (§<’<2>> NARG[Q] (6)
which describes the donor fluorescence intensity decay
Ip(t'), following instantaneous excitation, for the case
where the donors and acceptors are randomly distributed
in a rigid matrix. In these expressions, /; is proportional to
the intensity at #=0, and P is given by Eq. 6. N, is
Avogadro’s number, Ry is the characteristic energy transfer
(Forster) radius. [Q] is the molar concentration of acceptor
groups, and <x*> is an orientation parameter, which takes
the value 0.476 for randomly oriented dyes that are
immobile on the time scale of the donor excited state
lifetime [25].

The P(MMA-BA) latex films examined here containing
only Phe as a fluorescent label exhibited an exponential
fluorescence decay with a lifetime 5,=45.25 ns; a sample
decay is shown in Fig. 1. Latex films prepared from a mixture
of Phe- and MAn-labeled P(MMA-BA) latexes exhibit non-
exponential donor fluorescence decay profiles, which can be
fitted to Eq. 3. Examples of fluorescence decays for freshly
prepared films and for annealed films are also shown in
Fig. 1. In freshly prepared films, cast just above the minimum
film forming temperature, little interdiffusion occurs, and the
changes in the donor decay are primarily due to ET across
interparticle boundaries. Annealing promotes polymer diffu-
sion that leads to mixing of donor- and acceptor-labeled
polymers and to an increase in . The maximum extent of
ET [®er ()] occurs when donor- and acceptor-labeled
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Normalized Intensity

0 50 100 150 200 250 300
Time (ns)

Fig. 1 Sample decays of latex films. Uppermost films containing Phe-
labeled POIMMA-BA) only, curves (1-3) films prepared from a 1:1
mixture of Phe- and MAn-labeled PIMMA-BA) particles, Curve (1) a
fresh film, curve (2) an annealed film, (3) a solvent-cast film (full mixing).
The curve labeled “Lamp” refers to the instrument response profile

polymers are fully randomized (full mixing state) as shown by
the lowermost decay curve in Fig. 1.

Results and discussion

In this paper, we examine the rate of polymer diffusion in
high molecular weight latex films in the presence of low-7,
latex particles. To follow diffusion in the high-M polymer
latex through ET measurements, we labeled half of the cells
containing this polymer with a donor chromophore (Phe) and
the polymer in the remaining cells with an acceptor
chromophore (MAn). In the nascent films, with sharp
boundaries between the cells, the quantum efficiency of
ET, @y (0), is very small. As diffusion in the high-M latex
proceeds, Phe and MAn groups are brought into proximity,
and &gt increases. Several stages of this process are
monitored in the presence of different amounts of the low-
T, latex with the objective of understanding how the additive
affects the mechanism of coalescence of these latex blends
and the rates of polymer diffusion in their latex films.

Preparation and characterization of latex samples

The high-M latex used in this study is a copolymer MMA -
BA with a 5:4 MMA:BA weight ratio. This latex polymer

Table 2 Physical properties of the latex particles

is characterized by a single T, of 15 °C, which agrees with
that calculated from the Fox equation (17 °C), assuming
random copolymerization. The dye-labeled latexes were
synthesized by seeded emulsion polymerization under
monomer starved conditions, using a common seed latex
[17]. The fluorescent dye co-monomers were introduced in
the second stage of the polymerization. For ET experiments,
we prepared two sets of latex particles, labeled with Phe and
MAn groups, respectively. GPC measurements using tandem
UV-Vis and refractive index detectors showed that the dyes
were randomly incorporated into the latex polymers [26]. In
both samples, the dye content was about 1 mol%. Because
these labeled samples were prepared with identical recipes
and from the same seed, their particle size and particle size
distributions are similar. For the same reason, the
molecular weights and molecular weight distributions are
also comparable. Both latex dispersions have a narrow
particle size distribution, with D, in the range 170-
176 nm and D,/D,<1.2, as calculated from the CHDF
traces. The polymers are characterized by molecular
weights (M,,) of ca.130,000 g/mol (based on GPC stand-
ards), and M,,/M,~3; see Table 2 for more details.

The unlabeled low-M latex chosen for this study is part
of a set of latexes of low molecular weight studied in
previous work [15]. The synthesis of these low-M latexes,
developed at Rohm and Haas, is based in a novel approach
whose key feature is the use of methyl-3-cyclodextrin
(Me-3-CD) as a carrier for the n-dodecyl mercaptan (n-
DDM) used as the chain transfer agent [27-30]. The low-M
latex used here is a copolymer MMA-BA with nearly the
same composition as that of the high-M latex (1:1 MMA:
BA weight ratio). The polymer sample is characterized by a
molecular weight in the oligomeric range (M,=2,400
g/mol), a very low T, (—48 °C) and narrow particle
diameter distribution. Further characteristics and our nota-
tion for naming the samples, can be found in Table 2.

Viscoelastic response of high-M P(MMA-BA) latex films

To complete the characterization of our base high-M latex
polymer, we measured its viscoelastic response through
oscillatory shear tests. These experiments employed the
Phe-high-M P(MMA-BA) latex with 7,=15 °C. The time-

Latex Label T, (°C) M, (g/mol) M,/M, Solids (%)* d (nm)®

Dye-labeled latexes MAn-high-M P(MMA-BA) 15 42,500 2.8 25.1 173
Phe-high-M P(MMA-BA) 15 43,300 3.0 22.0 175

Low-MW latex® M,—2.4 —48 2,400 2.5 52.1 128

? Determined by gravimetry
°From dynamic light scattering measurements

¢ Latex used as received. Characterization data from Rohm and Haas (except for solid content)
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Table 3 Glass transition temperatures and quantum efficiencies of
energy transfer in the full mixing state for high-M P(MMA-BA)-M,,—
2.4 polymer blends

M,—2.4 wt.% 7, (C)* Ppr(e0)°
0 15.0 0.61
11.0 0.59
10 7.5 0.57
20 -18 0.53
35 ~11.0 0.46
50 -19.5 0.38

The high-M P(MMA-BA) component is a 1:1 w/w mixture of Phe-
and MAn-labeled particles

 Obtained from DSC of THF-cast blends

° Obtained from Férster fittings (Egs. 2 and 5)

temperature superposition principle (TTS) was applied to
extend the experimental frequency window for storage
modulus (G’) and loss modulus (G”). Data from frequency-
sweeps acquired for several temperatures in the range 50—
120 °C were horizontally shifted in a log—log scale plot
with respect to a reference temperature, to obtain G’ and G”
master curves. It was found that the shift factors
corresponding to G' and G" were practically the same.
Figure 2 shows this type of data for the Phe-high-M P
(MMA-BA) latex sample, built by choosing a reference
temperature of 70 °C.

The mechanical spectrum of Fig. 2 shows features
corresponding to the rubbery and the terminal regions. In
the rubbery region, delimited by two G', G" crossovers, G’
is higher than G, which indicates elastic behavior due to
the contribution of entanglements. We also note that certain
features in this region, i.e., no local maximum in G"'(w) can
be observed, are completely smeared out due to the
combined effects of polydispersity in molecular weights
and, possibly, degree of branching. It is well established
that chain transfer to polymer often produces highly
branched structures in BA emulsion polymerization; in
our case, long branching is in some way controlled by the

6.0

5.51
5.0

G" [Pa]

4.5
4.0

log G'

3.5

3.0+— r r r

log (o aT)

Fig. 2 Master curves of storage (G’) and loss (G") moduli for the Phe-
high-M P(MMA-BA) sample at 70 °C
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use of chain transfer agent. It is difficult based only on the
mechanical spectrum to separate the effect of molecular
weight distributions from branching and to infer meaningful
conclusions in terms of sample microstructure because both
structural features have similar influence on the viscoelastic
response. We conclude that our high-M latex polymer has a
molecular weight well above that critical for entanglements
(M,).

The shift factors (at) obtained at various temperatures
from TTS application were fitted to the standard Williams—
Landel-Ferry (WLF) equation, [i.e., log(at)=Cy(T—Ty)/
(C,+T-T))] to obtain the WLF constants C; and C,. The
fitting was carried out in the conventional representation
(T—- Ty)/log(at) versus (T— Ty), to obtain C; from the slope
and C, from the ratio of the intercept to the slope. The fit
yielded C1=7.45 and C,=129.3 at a reference temperature
of 70 °C, corresponding to 7,+55 °C. Notice that the
constant are intermediate to those reported for pure PMMA
(C1=19.0, C,=135 at T-T,=55 °C) [31] and pure PBA
(C1=6.61, C,=112.7 at T— T,=55 °C) [32]. They compare
well with those of polymethylacrylate (C;=8.28, C,=108.6
at T—T,=55 °C).

Energy transfer in solvent cast films

We first investigated the miscibility between the unlabeled
M,—2.4 and the specific dye-labeled high-M P(MMA-BA)
polymer latex employed here. Proper interpretation of the
experiments described below require knowledge of any
limits to the miscibility of the components. We used both
DSC and FRET measurements to examine this issue. These
experiments complement those reported in [15]. We
prepared a series of polymer blends by mixing a 1:1
(w/w) dispersion of Phe- and MAn-labeled high-M latex
particles (as representative of the high-M component) with
different amounts of the soft M,—2.4 latex. The DSC scans
of all these latex blends showed a single composition-
dependent glass transition temperature, intermediate be-
tween those of the pure components. The single T, values
that characterize the latex blend, obtained for compositions
ranging from 0 to 50 wt.% of M,—2.4, are reported in
Table 3. We found that blend T, values fitted reasonably
well the Fox equation, commonly used to predict 7,s in
homogeneous polymer mixtures [33].

We also carried out donor fluorescence decay measure-
ments to obtain the extent of ET in the same THF-cast films
as prepared for DSC experiments. Figure 3 shows fluores-
cence decay profiles for these THF-cast films.

The donor fluorescence decays of the solvent-cast films
that contain both donors and acceptors films are markedly
nonexponential, compared with that of the film containing
only donor (Phe-high-M, single exponential). Curve (1)
represents the fluorescence decay of a THF-cast film



Colloid Polym Sci (2009) 287:367-378

373

10'

2 10’

=

..

'E 10 3 [AVIA,]

=

I

= 107

E ;

10 0
) I , 0
10 . . . . .
0 50 100 150 200 250 300

Time (ns)

Fig. 3 Donor fluorescence decays curves for high-M P(MMA-BA)/
M,—2.4 polymer blends with different M, —2.4 content, prepared by
casting from THF solution. The high-M P(MMA-BA) component is a
1:1 w/w mixture of Phe- and MAn-labeled particles. (1) 0 wt.% M,,—
2.4; (2) 20 wt.% M,—2.4; (3) 50 wt.% M,—2.4. The uppermost curve
corresponds to the Phe-high-M P(IMMA-BA) only. The inset shows a
plot of the P parameter obtained from Forster fittings as a function of
acceptor concentration

prepared from a 1:1 w/w mixture of Phe- and MAn-high-M
only. This decay profile shows the maximum curvature and
the minimum area, which, based on Eq. 2, corresponds to a
higher extent of ET. This limiting value of ET (@gr(0))
corresponds to the state of full mixing under the assumption
that the two labeled polymers mix completely when
dissolved in that solvent and that they do not demix upon
drying. Curves (2-3) correspond to THF-cast films con-
taining 20 and 50 wt.% of M,—2.4 latex polymer. We
observe that the addition of M,—2.4 to the latex blend
increases the area under the decay, yielding lower values of
Per(o). This fact reflects the diluting effect of the
unlabeled oligomer chains, which acts to separate the donor
and acceptor chromophores, thus decreasing @gr. Values
that characterize the extent of ET in the state of full mixing
®pr(0) are reported in the third column of Table 3 for each
latex blend dispersion.

To confirm that these decay profiles truly represent fully
randomized donor and acceptor mixtures, we fitted the
decay curves to the Forster model given by Eq. 5. We found
that the decays of all THF-cast films with M, —2.4 content
in the range 0-50 wt.% fitted very well the Forster
equation. This result is a strong indication of random
distribution of polymer-bound donors, acceptor chromo-
phores, and unlabeled M,,—2.4 polymer chains. We also
obtained values of the P parameter from the fitting. This
parameter, Eq. 6, accounts for the influence of the quencher
concentration [Q] on the extent of ET. These values are
plotted in the inset of Fig. 3 versus the normalized acceptor
concentration [Q]/[Qo]. [Q] values were computed by
considering the diluting effect of the unlabeled polymer
molecules under the assumption of complete mixing with
the labeled counterparts. The plot is linear and passes
through the origin, as expected for a well-behaved system

characterized by random distributions of chromophores.
From all these experiments, we conclude that the high-M
and M;,—2.4 polymers are miscible at molecular level,
despite the small difference in MMA:BA content (5:4 in
M,—2.4 and 5:3 in the high-M polymer), and the presence
of small amounts of methacrylic acid as a comonomer, and
the chain ends originating from the chain transfer agent in
the M,,—2.4 polymer.

Energy transfer in the nascent blend latex films

In this section, we report on the extent of ET in newly
formed latex blend films, @1(0). If the particle deformation
step during film drying is well separated from the onset of
polymer diffusion, sharp boundaries will separate donor-
from acceptor-labeled cells in the film. We wanted to see
whether the presence of soft particles in the latex blend
changes the extent of donor—acceptor interactions at these
boundaries, once the film has been dried. For these
experiments, we prepared films by drying the original 1:1
(w/w) mixture of Phe- and MAn-labeled high-M P(MMA-
BA) latex particles in presence of various amounts of M,—
2.4 latex (0, 5, 10, and 20 wt.%). In our first attempts, we
dried these blend dispersions for 2 h in open air at ca 23 °C,
obtaining in all the cases transparent and crack-free films.
To quantify the extent of intercellular diffusion in the high-
M latex during the drying process, we measured the
corresponding fluorescence decay profiles and calculated
the extent of ET through Egs. (2) and (3). The results
obtained are shown in Fig. 4, as a function of the M,,—2.4
content.

The films dried in the absence of M,—2.4 latex polymer
were characterized by values of the area under the decay of
about 42 ns. Calculations using Eq. 2 with 7p=45.25 ns
(Note that the integral [/ d ¢ has units of time), obtained
from acceptor-free films, yielded @g1(0)=0.07. This small
amount of ET corresponds to what one expects for trans-
boundary ET prior to the onset of polymer diffusion. Under
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Fig. 4 Extents of energy transfer in freshly prepared latex blend films.
Plots of area (solid squares) and quantum efficiency of energy transfer
(solid triangles) versus weight fraction of M;,—2.4. For details about
film preparation, see the text
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these conditions, little interparticle diffusion is expected to
occur during drying. As we see in Fig. 4, the addition of
M,—2.4 to the latex blend has a significant effect on the
extent of ET in the fresh films. For example, ®@p1(0)
increased to 0.13 in the latex blend containing 10 wt.%
M,—2.4 and to 0.17 in the 20-wt.% M,—2.4 latex blend.
When we repeated the experiments, drying the films below
room temperature (ca 4 °C), we found that only those latex
blends containing at least 10 wt.% M,—2.4 gave transparent
and crack-free films. Latex blend films containing 0 and
5 wt.% M,—2.4 were not transparent, with extensive
cracking. All these observations point to the fact that the
addition of small amounts of low-M latex to the base high-
M latex dispersion lead to an increase in the extent of
polymer diffusion occurring during film drying and also
suggests that there was a decrease in the minimum film-
forming temperature of the latex blends.

High-M P(MMA-BA) diffusion in latex blend films

In this section, we compare polymer diffusion rates of the
high-M polymer in latex blends with various amounts of the
M,—2.4 latex. These experiments were carried out by
monitoring the increase in Pgt of films of each latex blend
composition, annealed for specified times at a given
temperature. A series of latex films were prepared by
blending the 1:1 weight ratio mixture of Phe- and MAn-
labeled high-M P(MMA-BA) latex particles with M,—2.4
latex, to form latex blend dispersions with 0, 5, 10, and
20 wt.% solids of M;,—2.4. These dispersions were cast on
quartz plates and dried under different conditions, depending
on their M,,—2.4 content. Those dispersions containing 0 and
5 wt.% M,—2.4 were dried at room temperature, while the
dispersions containing more than 5 wt.% of low-M latex
were dried in a cold room (at 4 °C). In this way, all the blend
latex films produced were transparent, crack-free, and
characterized by ®gr(0) values of about 0.1. To promote
polymer diffusion, the latex blend films were annealed above
room temperature, and the corresponding high-M donor
decays were measured for films annealed for various periods
of time.

In Fig. 5, we plot the evolution of f,, as a function of
annealing time for high-M P(MMA-BA) blend films contain-
ing 0, 5, 10, and 20 wt.% of M,—2.4. The entire set of
samples was annealed simultaneously, in this case at 36 °C.
We can see that the extent of polymer diffusion increased with
annealing time at 36 °C, but at higher rates, in latex blends
containing greater amounts of the M, —2.4 latex. For example,
after 6 h of annealing at 36 °C, the f;, values increased from
0.35 for the high-M latex alone to 0.51 with 5%, 0.70 with
10 wt.%, and 0.87 with 20 wt.% M,—2.4. A second set of
experiments carried out at 46 °C gave similar results, with the
only difference of being overall higher diffusion rates.
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Fig. 5 Evolution of f, with annealing time for high-M/M,—2.4 latex
blends. M,—2.4 content as indicated in the plot. The annealing
temperature was 36 °C

To quantify changes in the rate of polymer diffusion, we
calculate the values of the apparent mean diffusion
coefficients (D,pp) that characterize the diffusive transport
in the high-M P(MMA-BA) latex. We obtain these values
by fitting our f;, versus annealing time data to a Fickian
diffusion model for spherical geometry. We remind the
reader that D,,, values obtained from this type of data are
not the true center-of-mass diffusion constants for the
polymers [21]; however, our experience has shown that
D, tracks very well the influence of external variables
such as temperature or additives, providing a realistic
measure of changes in polymer diffusion rates [34-37].
Figure 6 shows the evolution of D,,, values as a function of
fm for different amounts of low-M polymer in the original
latex blends, corresponding to diffusion experiments per-
formed at 36 °C.

We found that the addition of 10 wt.% of M,—2.4
increased Dy, of the high-M polymer by about one order of
magnitude; a similar change is observed when the amount
of M,—2.4 was further increased to 20 wt.%. The decrease
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Fig. 6 Apparent diffusion coefficients D,,, versus the extent of
mixing fo, with and without the addition of M;—2.4. The amounts of
M,—2.4 in wt.% are indicated in the plot. The lowermost curve labeled
as MC is the master curve of the Dy, data shifted to 0% M,—2.4 as
described in the text. For visual clarity, the master curve has been
translated by one unit along the D,y axis
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in D,,, with increasing f,, is likely related to the
distribution of diffusion rates associated with the dispersity
of molecular weights in the high-M sample. Remarkably,
the addition of low-M polymer only shifts the Dypp—fm
curves vertically, without altering the evolution pattern. The
whole set of data can be nicely superimposed onto a single
curve. The lowermost curve in Fig. 6, labeled as MC, is the
master curve obtained by shifting vertically the data with
respect to the curve at 0 wt.% M, —2.4.

Mechanism of enhancement of polymer diffusion

Scheme 1 shows a schematic description of the formation
for a film prepared from a blend of high-M P(MMA-BA)
(1:1 Phe- + MAn-labeled) and a minor amount of low-M
soft P(MMA-BA) latex particles. In the aqueous dispersion,
the particles are spherical. Upon water evaporation, the
high-M latex particles deform to form a film made up of
polyhedral cells. The effectiveness of the soft latex as a
diffusion promoter depends on how quickly it becomes
distributed within the hard-latex target. Two limiting cases
are considered, which are depicted in Scheme 1.

Latex Blend Dispersion

Drying & Film
Formation

Fast distribution

Slow distribution

Scheme 1 Schematic view of two limiting cases in newly formed films
from blends of dye-labeled high-M and unlabeled low-M (soft) latex
particles. Slow distribution: the step of low-M latex polymer distribution
occurs on the same time scale than polymer diffusion of the high-M
latex. Fast distribution: the step of low-M latex polymer distribution is
well resolved from polymer diffusion in the high-M latex

In one limit, a slow distribution process, where the time
required for the oligomers to reach the full-mixing state with the
hard-polymer is much longer than that required for film drying.
In that situation, oligomer diffusion within the high-M
counterpart occurs after particle deformation, and on the same
time scale as that for interdiffusion of the high-M polymer. At
the other limit, oligomer homogenization throughout the film
takes place very rapidly, on a time scale comparable to the
extent of the film drying step. In this limit, oligomer
homogenization throughout the film is well resolved from
the step of interdiffusion of the high-M latex polymer.

In a previous work, we reported on the homogenization
times of a series of oligomeric latexes (M, between 2,400
and 11,300 g/mol) with a high-M polymer latex (M,=
252,000 g/mol) of very similar composition [15]. We found
significant mixing between oligomers and high-M polymer
chains during film formation. In particular, the oligomeric
latex with M,=2,400 g/mol, the same as that used in the
present study, underwent almost complete mixing with the
high-M polymer at the molecular level in the time required
for the latex blend dispersion to dry into a transparent film.
Mechanistically, this observation appears compatible with
the second limiting case described, which we referred to as
fast distribution, where oligomer homogenization is well
resolved from high-M interdiffusion. We can imagine that
upon water evaporation, once latex particles in the blend
are in contact, the low-M polymer chains rapidly diffuse
into the high-M latex particles; eventually, by the time the
latex dispersion is dry, the oligomer is uniformly distributed
into the high-M latex polymer. As the 7, of M,—2.4
polymer is much lower than that of the high-M P(MMA-
BA), further diffusion of high-M P(MMA-BA) chains will
then occur through diffusion pathways with a much larger
free-volume.

We can test this idea using the WLF equation, a classic
framework used to quantitatively describe free-volume
effects in polymer diffusion. Here, we assume that a low
T, molecule (i.e., plasticizer) increases free volume by an
amount equivalent to an increase in temperature 7— 7:

D(To,(p)T(): D(T)T(]: Cl(T—T())
D(Ty,0)T D(Ty)T G, +T—T,

log (7)
where C; and C, are the WLF constants for the neat polymer
measured at the arbitrary chosen reference temperature 7, D
represents the polymer diffusion coefficient, 7 refers to
temperature, and ¢ to the plasticizer weight volume fraction.

We then use the WLF equation to predict the equivalent
increase in temperature 7— T, due to the plasticization effect.
The viscoelastic relaxation experiments described earlier
gave access to the WLF constants for the high-M P(MMA-
BA) polymer (C;=7.45 and C,=129.3 at T;,=70 °C). To
properly compare with respect to the experimental
temperature, WLF constants were converted to reference

@ Springer



376

Colloid Polym Sci (2009) 287:367-378

temperatures that match with those of the diffusion
experiments (36 °C and 46 °C). The conversion yielded
C1=10.11, C,=95.3 at Tp=36 °C and C,=9.2, C,=105.3
at Tp=46 °C. Using Eq. 7 with the shift factors log[D(7,
©)/D(Ty,0)] obtained from our diffusion experiments, a
value of ATy=T-T, can be calculated. At 36 °C, Eq. 7
yields AT, values of 4.4 °C, 8.5 °C, and 17.8 °C for
experiments performed in the presence of 5, 10, and 20 wt.
% of M,—2.4, respectively. Similarly, we calculated AT,
values of 4.5 °C, 8.2 °C, and 18.3 °C for experiments
performed at 46 °C. The AT, values obtained from both
sets of experiments are similar. These AT} values compare
very well with the decrease in T, of the high-M P(MMA-
BA) latex polymer when it homogenously mixes with the
M,—2.4 latex polymer, as measured by DSC and reported
in Table 3 (4 °C, 7.5 °C, and 16.8 °C respectively). This
very good agreement indicates that plasticization leading
to an increase in free volume accounts for most of the
polymer diffusion enhancement in these latex blend films.

A second mechanism of diffusion promotion that could
operate in this case is that associated with changes in the
spacing between entanglements in the high-M latex polymer.
In entangled polymer melts, the presence of a low molecular
weight (un-entangled) diluent contributes to an increase in
the molecular weight between entanglements of the polymer
matrix. The effect can be quantitatively described in terms of
the volume fraction of diluent ¢ as [38, 39]:

0
M, = M, (8)
1=

where M.’ and M, are the molecular weight between
entanglements for the high-M polymer in the absence and
in the presence of low-M diluents, respectively. On the other
hand, theories of polymer diffusion in entangled melts
express the translational motion of the polymer chain as a
function of its curvilinear diffusion coefficient, directly
proportional to M, [40].

As the mechanical spectrum of the high-M P(MMA-BA)
latex polymer shown in Fig. 2 shows the two G'/G"
crossovers characteristic of entanglement coupling, this
mechanism of diffusion enhancing is expected to operate in
our case, with the low-M un-entangled polymer latex as the
diluent species. Under the assumption that the two
components differ only slightly in their densities (The
polymers have very similar compositions, and free volume
differences associated with the different chain lengths
should lead to only small differences in bulk density. The
linear plot seen in the inset of Figure 3 confirms the validity
of this assumption), i.e., weight fraction~volume fraction,
Eq. 8 predicts that the presence of 5, 10, and 20 wt.% of
low-M latex polymer causes M. values to increase by
factors of 1.05, 1.11, and 1.25, respectively. If we assume
that these increases translate to the diffusion coefficients,

@ Springer

the resulting AT shift factors are 0.2 °C, 0.5 °C, and about
1 °C, as calculated from Eq. 7. Clearly, these shift factors
are outweighed by those associated with free volume
effects. However, they help to explain the small differences
found between the DSC results and the AT shift factors
calculated from our diffusion experiments, particularly
noticeable in those latex blends with higher amounts of
low-M polymer.

From this analysis, we conclude that the M,—2.4
polymer latex is acting as a plasticizer, through a very
rapid homogenization in the sample. In this situation, the
diffusion of the high-M PMMA-BA polymer chains is
produced in a medium in which the M,—2.4 polymer is
homogeneously distributed at the annealing temperature.

Plasticization efficiency of the M,—2.4 latex

As a way to characterize the plasticization efficiency of the
low-M latex, we analyze our diffusion data in terms of the
Fujita—Doolittle equation [31, 41]. This equation, common-
ly used to describe the effect of low molecular weight
additives on polymer diffusion coefficients, is derived from
the generalized Doolittle equation under the assumption
that free volume increases linearly with plasticizer concen-
tration:

{mD(ﬂ o))"

! ST, 0)
D(T, 0)} =5(T,0) +

¢ B(T)

where D represents the polymer diffusion coefficients, T’
refers to temperature, and ¢ to the plasticizer volume
fraction. f, is the fractional free volume of the polymer in
the absence of plasticizer and is directly related to the C,
constant in the WLF equation through f,(7)=1/(2.303
C(7)). The [ parameter is the difference in fractional free
volume between the plasticizer and polymer at temperature
T and can be thought of as a measure of the plasticizer
efficiency. To test this model, we fit to Eq. 9 our diffusion
data for several amounts of M,—2.4 latex polymer. From
Fig. 6, we calculated the magnitude of the term on the left
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Fig. 7 Fujita—Doolittle plot for the latex blends studied
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hand of Eq. 9, with ¢ values in the range 5-20 vol.%. The f,
parameter is assumed to be known from the C; constants
previously determined; thus, 3 is the only adjustable
parameter. In Fig. 7, we plot values of [In (D(T,p)/D
(T, 0)]" against 1/p for the two temperatures studied
(36 °C and 46 °C). As shown in Fig. 7, straight lines were
obtained for both temperatures, confirming that the latex
blend follows nicely the behavior predicted by the Fujita—
Doolittle model.

From the slope of the plots, we obtain a value of 5 of 0.04 in
this system. In previous experiments in our laboratory we
employed the same analysis to obtain the [ parameter of
Texanol™ (3-hydroxy-2,2,4-trimethylpentyl isovalerate), a
classic coalescence aid used in the coatings industry, as an
additive in poly(butyl methacrylate) (PBMA) latex films [42].
For the Texanol/PBMA combination, we found 5=0.07. This
value indicates that the plasticization efficiency of Texanol in
PBMA is somewhat higher than that of the oligomeric
polymer in the (PBA-MMA) latex films studied here.

Summary

Polymer diffusion rate of high molar mass P(BA-co-MMA)
latex, in the presence of different amounts of soft latex
particles of the same chemical composition, were examined
by fluorescence resonance energy transfer. Latex films were
prepared by drying a 1:1 (wt/wt) mixture of donor- and
acceptor-labeled high-M latex particles containing various
amounts of unlabeled soft (low-M) latex particles. The rate
of polymer diffusion of the high-M latex was found to
increase strongly with the content of low-M latex particles
for latex films annealed at 36 °C. This effect was more
pronounced when the latex films were annealed at 46 °C.
Changes in polymer diffusion rate were quantified by
calculating apparent mean diffusion coefficients D,,,. We
found that the addition of 10 wt.% of low-M latex particles
increased D,,, of the high-M polymer by about one order of
magnitude for films annealed at 36 °C, and a similar change
was observed when the content of soft particles was further
increased to 20 wt.%.

From application of the Williams—Landel-Ferry equa-
tion, it was shown that plasticization effects, produced by
the soft polymer latex, account for most of the enhancement
of the high-M polymer diffusion in the latex blend films
studied. By using the Fujita—Doolittle equation, we showed
that the plasticization efficiency of the low-M latex is
somewhat lower than that of Texanol™, a classic coales-
cence aid used in the coating industry.
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