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Abstract The effect of alkali-soluble
resin (ASR), poly(ethylene-co-acrylic
acid), EAA, postadded to emulsifier-
free monodisperse poly(butyl metha-
crylate) (PBMA) latexes on the
kinetics of film formation was
investigated using atomic force
microscopy (AFM). Corrugation
height of latex particles in films was
monitored at various annealing
temperatures as a function of
annealing time. Enhanced polymer

annealing temperature, a much higher
rate of polymer diffusion was found in
latex films containing ASR. These
results can be interpreted that the low
molecular weight and low Tg EAA
resin adsorbed at the particle surface
is more susceptible to diffusion than
that of the PBMA in the film forma-
tion stage, thus it enhances the mobility
of PBMA polymer.
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diffusion was found in a latex film
containing ASR regardless of anneal-
ing temperature. With increasing
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Introduction

Emulsion polymer latex is an important industrial product
used in coatings, adhesives and thermoplastics. Film
formation process from emulsion polymer latexes has been
the subject of much attention both theoretically and ex-
perimentally [1-3]. It can be regarded as a three-stage
process: (a) particle packing—increasing concentration of
the latex and the formation of a dense packing of the latex
particles; (b) particle deformation—deformation of the
latex particles into polyeders and the beginning of coales-
cence by interfacial and capillary forces; and (c) particle
coalescence—further coalescence by the interdiffusion of
polymer chains of adjacent particles. This film formation
process has been studied by non-radio fluorescence energy
transfer, attenuated total reflectance FT-IR, small angle
neutron scattering (SANS), freeze fracture and atomic
force microscopes (AFM) [4-6].

poly(butyl methacrylate) — latex film
formation — atomic force microscopy
(AFM)

The film formation process depends on latex character-
istics (nature of polymer, particle size and distribution,
particle morphology, nature and amount of surfactants,
etc.) and experimental conditions (annealing temperature,
evaporation rate of water, etc.). Little is known, however,
about the role of alkali soluble resin (ASR) on latex film
formation. It is well known that the amphiphilic polymers
that consist of both hydrophobic and hydrophilic groups
can stabilize polymer particles as the intermolecular
and/or intramolecular hydrophobic interaction [7-9].
Several patents have claimed the use of durable emulsion
polymers prepared using these types of copolymers, which
has been applied to a variety of substrates such as floor
tiles, countertops, wall and shower tiles and so forth
[10-11].

In this paper, we studied the effect of ASR postadded to
emulsifier-free  monodisperse poly(butyl methacrylate)
(PBMA) latexes on the kinetics of film formation using
atomic force microscopy (AFM).
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Experimental
Materials

Distilled water was used throughout. Butyl methacrylate
(BMA) was purchased from Junsei Chemical Co. (Japan).
It was purified by vacuum distillation and stored in a re-
frigerator. The initiator was potassium persulfate (KPS:
Samchun Pure Chemical Ind., Ltd., Korea). The EAA,
poly(ethylene-co-acrylic acid) [M,: 19000, M,: 111000,
acid number: 120, T, = 5°C], obtained from Dow Chem-
ical (USA) was used as received. The other chemicals used
were of reagent grade.

Preparation and characterization of PBMA latexes

The latexes were prepared by emulsifier-free emulsion poly-
merization using the following formulation: 720 g of distil-
led water, 80 g of BMA, 0.8 g of KPS and 0.25 g of sodium
bicarbonate were placed into a double-wall jacketed glass
reactor equipped with a stirrer, a thermometer, a conden-
ser, and a nitrogen gas inlet, then polymerized at 70 °C
for 24h and contain linear PBMA, M, = 4.4 x 105,
M, /M, = 3.2. The particle mean diameter and size distri-
bution were determined by the particle size analyzer
(Capillary Hydrodynamic Fractionation, CHDF-1100,
Matec Applied Sciences) and was found to be 370 nm
and 1.004, respectively. All latex samples were purified by

Fig. 1 Images of the PBMA latex film with different annealing time: (A) 20 min, (B) 4h, (C) 14h and (D) 74h
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the ion-exchange and serum replacement technique until
the conductivity was less than 10~ ° ohm ™ 'em ™.

Formation of latex films

Films were prepared by pouring a few drops of the mixture
of PBMA latex and resin solution onto a freshly cleaved
mica surface (cut into squares of ca. 10 mm x 10 mm) and
allowing the film to dry slowly at room temperature in
a desiccator. The effects of aging at elevated temperatures
were investigated by annealing in a convection oven, at
temperatures of either 25°C, 60°C, 70°C or 90°C
for various lengths of time. After annealing, the samples
were returned to a desiccator, in readiness for imaging
by AFM.

Fig. 2 Tracing of the z-axis (A)

profiles of the PBMA latex film

with different annealing time:

(A) 20 min, (B) 4h, (C) 14h and

(D) 74h
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Atomic force microscope imaging

All films were imaged with a Nanoscope III from Digital
Instruments, Inc. The images were recorded with the
piezoelectric scanner that has a lateral scan area of up to
12x 12 um?. The image was recorded in the Tapping
mode, under ambient conditions.

Results and discussion

A study of latex film formation requires well-defined
model latexes and reliable experimental instrumentation
and procedures. The AFM is uniquely suited to follow the
film formation process since it allows quantitative data
to be obtained on the deformation of particles as film
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formation proceeds. This instrument can directly measure
peak-to-valley dimensions (“corrugation heights”) of the
surface [12].

Figure 1 shows the typical surface images of latex film
prepared from PBMA latex dispersion onto a mica sur-
face, follow by drying in air at 25 °C. The surface structure
of PBMA films has a high degree of order, consisting of
face-centered cubic (FCC) packing in a highly ordered
structure. As the annealing time increased, the individual
particle contours became less well defined, and the film
became flatter on a spherical scale of the particle diameter
as shown in Fig. 2.

The peak-to-valley distance 4Z can be measured to
analyze diffusion of the polymer quantitatively from the
cross section of the particle during deformation as shown
in Fig. 3. Geometric considerations give the effective par-
ticle radius, r. as

rear = )(R*/AZ + 4Z) (1)
reee = (6D0)'? 2)

where, R is the average radius of the particles.

For Brownian diffusion, this effective radius will in-
crease with time as (6Dt)'/?, where D is the diffusion con-
stant of the individual polymer. From the plot of rZ; vs.
time, D value can be obtained using Eq. (2). It is the
diffusion near the surface, which could be faster than in the
bulk due to less hindrance to motion, as well as an extra
driving force from the surface energy [13].

The latex films were annealed to investigate the time
scale for polymer motion that occurs at the film surface
during the annealing process. Figures 4 and 5 show the
plots of corrugation heights and rZ% vs. time of the PBMA
latex and PBMA latex containing 10 wt% EAA at temper-
atures of 25°C, 60 °C, 70 °C or 90 °C for various lengths of
time [ 14]. The slope of the fitted line gives the value for D.
Figure 6 shows the plot of D as a function of temperature
and D values are summarized in Table 1. The diffusion
constant from energy transfer measurements (DET) for
PBMA (M,: 2.2-2.4 x10°, M,,: 2.6-2.9 x 10°) at 90°C is
0.6-2.9x10"'*cm?s™! depending on diffusion time and
DET models [15-17] and D for PBMA (M,: 3 x 10°)
from SANS is 2.2-2.3 x 10~ **cm?s~ ! [18]. These values
are much slower than that of PBMA in this work from
AFM measurements. This discrepancy is due to different
measurement methods, which means that the D value from
AFM measurements is for the initial stage of film forma-
tion and that of DET or SAN is for molecular motion of
fully developed films.

Recently, Winnik et al. reported kinetic studies of poly-
mer diffusion in latex films prepared from PBMA Ilatex
particles containing different amounts of acid groups
at the particle surface. They showed that the polar

TN N

Ly = (1/2URYIAZ + AZ)
Totr :(6Df)1/2

Fig.3 Schematic diagram of the cross section of a particle cap during
film formation, defining the interparticle spacing d and the peak-to-
peak valley distance 4Z
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Fig. 4 Plots of (A) corrugation height and (B) effective particle radius
vs. annealing time of PBMA latex film at 25°C, 60°C, 70°C and
90°C

component serves to slow down film formation and inter-
diffusion [9]. In the case of polymer film prepared using
acid comonomer, a separate phase of polar material acts as
an interconnecting phase in the newly formed film [19].
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Fig.5 Plots of (A) corrugation height and (B) effective particle radius
vs. annealing time of PBMA latex film containing 10 wt% EAA at
25°C, 60°C, 70°C and 90°C
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Fig. 6 Plot of diffusion coefficient vs. annealing time for latex
films

Table 1 D (cm?s™ ') values for PBMA latex and PBMA latex con-
taining 10% EAA

25°C  60°C  70°C  90°C
PBMA 20e-16  1.5e-15 8.le-15 2.e-13
PBMA + 10%EAA 3.7e-16 35e-15 1.7e-14 3.e-13
(PBMA + 10%EAA)/
(PBMA) 1.85 2.33 2.1 1.5

(A) Lower Annealing Temperature (B) Higher Annealing Temperature

“4P(Et-co-AA)

Fig. 7 Schematic diagram of film formation of PBMA latexes in the
presence of EAA resin

However, D values for PBMA latex films, containing EAA
are higher than that of PBMA latex films.

From the results presented above and based on the
early works on the film formation, the kinetics of film
formation in the presence of ASR can be drawn schemati-
cally in Fig. 7.

At lower annealing temperature than T, of PBMA, low
molecular weight and low T, ASR adsorbed onto the
particle surface diffuses first, and then PBMA polymer
diffuses later. Also, cellular films with hydrophilic EAA
walls separating hydrophobic PBMA materials are quite
susceptible to the penetration of water [20], indicating
that the so-called hydroplasticization effect could have
occurred [21]. Therefore, the role of EAA in the diffusion
would be to increase the mobility of PBMA polymers and
to enhance their passing through the polar walls. This
effect is profound at 60°C and 70 °C. There is, however,
little difference between a PBMA film and a PBMA film
containing EAA in D value as shown in Table 1 at a much
higher annealing temperature. This indicated that ASR
adsorbed onto the particle surface and PBMA polymer
diffuses almost simultaneously.

Conclusions

Atomic force microscopy was used to analyze the kinet-
ics of film formation of PBMA latex containing ASR.
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Enhanced polymer diffusion was found in a latex film
containing ASR regardless of annealing temperature. With
increasing annealing temperature, much higher rate of
polymer diffusion was found in latex films containing ASR.
The possible explanation of these observation is that, as
the annealing proceeds, low molecular weight and low

T, EAA resin adsorbed at the particle surface is more
susceptible to diffusion than that of the PBMA.
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