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ABSTRACT: A UV-visible (UVV) technique was used to monitor the evolution of trans-
parency during film formation from hard latex particles. Two different latex films were
prepared from particles with high and low molecular weight (HM and LM) poly(methyl
methacrylate) (PMMA) separately and annealed at elevated temperatures in various
time intervals above the glass transition temperature (7). In both films, a continuous
increase in the transmitted photon intensity (I,,) was observed above 160°C as the
annealing temperature was increased. However, the reflected photon intensity (7, first
decreased and then increased by showing a minimum in the same temperature range
as the annealing temperature was increased. The increase in the transmitted photon
intensity (I,,) is attributed to increase in the “crossing density” at the junction surface.
The activation energies for back-and-forth motion (AE,,) were measured and found to be
around 35 and 25 kcal/mol for the reptating polymer chain across the junction surface
in the LM and HM films, respectively. The decrease in I, was explained by the
void-closure mechanism, and the increase in the I, above 160°C was again attributed
to the increase in the crossing density at the junction surface. Back-and-forth activation
energies (AE, ;) were measured to be around 47 and 18 kcal/mol and the void-closure
constants (B) were found to be around 24 X 10% and 12 X 10 K for the LM and HM film
samples, respectively. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 339-351, 1998
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INTRODUCTION

Latex films are generally formed by coalescence of
submicron polymer particles in the form of a col-
loidal dispersion, usually in water. The term “la-
tex film” normally refers to a film formed from
soft latex particles (T, below room temperature)
where the forces accompanying the evaporation of
water are sufficient to compress and deform the
particles into transparent, void-free film.! How-
ever, latex films can also be obtained by compres-
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sion molding of a film of dried latex powder com-
posed of relatively hard polymers such as polysty-
rene (PS) or poly(methyl methacrylate) (PMMA)
that have T, above room temperature. Hard latex
particles remain essentially discrete and unde-
formed during drying. The mechanical properties
of such films can evolve after all solvent has evap-
orated by an annealing process which first leads
to void closure and then to interdiffusion of chains
across particle—particle interfaces.?

Film formation from soft- and hard-latex dis-
persions can occur in several stages: In both
cases, the first stage corresponds to the wet initial
state. Evaporation of the solvent leads to the sec-
ond stage in which the particles form a close-
packed array; here, if the particles are soft, they
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are deformed to polyhedrons. Hard latex, how-
ever, stays undeformed at this stage. The anneal-
ing of soft particles causes diffusion across parti-
cle—particle boundaries which leads the film to
form a homogeneous continuous material. In the
annealing of a hard-latex system, however, defor-
mation of the particles first leads to void closure®?
and then the voids disappear and diffusion across
particle—particle boundaries starts, that is, the
mechanical properties of hard latex films evolve
during annealing, after all solvent has evaporated
and all voids have disappeared.

After the void-closure process is completed, the
mechanism of film formation is known to be the
interdiffusion of the polymer chains and the heal-
ing of the polymer—polymer interfaces. In general,
when two identical polymeric materials are
brought into intimate contact and heated at a
temperature above the glass transition, the poly-
mer chains become mobile and interdiffusion of
the polymer chains across the interface can occur.
After this process, the junction surface becomes
indistinguishable. This process is called healing
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Figure 1 Cartoon representation of (a) UVV spectro-
photometer and (b) modified UVV spectrophotometer.
PD represents the photodiode and m indicates the tri-
angular mirror system. I, and I, are the transmitted
and the reflected light intensities, respectively.
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Figure 2 Plot of transmitted photon intensity I, ver-
sus annealing temperature for (a) HM and (b) LM film
samples. Nos. on each curve indicate the annealing
time intervals.

of the junction at which the joint achieves the
same cohesive strength as that of the bulk poly-
meric material. The word interdiffusion in poly-
mer science is used for the process of mixing,
intermingling, and homogenization at the molec-
ular level, which implies diffusion among polymer
chains.

Transmission electron microscopy (TEM) has
been the most common technique used to investi-
gate the structure of dried films.*® The pattern of
hexagons, consistent with face-centered cubic
packing, are usually observed in highly ordered
films. When these films are annealed, complete
disappearance of the structure is sometimes ob-
served, which is consistent with extensive poly-
mer interdiffusion. Freeze-fracture TEM (FF-
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Figure 3 Comparison of transmitted photon intensi-
ties I, versus annealing temperature for HM and LM
film samples annealed for 60-min time intervals.

TEM) has been used to study the structure of
dried latex films.®” Small-angle neutron scatter-
ing (SANS) has been used to study latex film
formation at the molecular level. Extensive stud-
ies using SANS have been performed by Sperling
and coworkers® on compression-molded PS films.
The direct nonradiative energy transfer (DET)
method has been employed to investigate the
film-formation processes from dye-labeled hard®
and soft!%!! polymeric particles. The steady-state
fluorescence (SSF) technique combined with DET
was recently used to examine healing and inter-
diffusion processes in dye-labeled hard latex sys-
tems.!?716

In this work, evolution in the transparency of
two different latex films formed from particles of
two different molecular weight polymers was
studied by measuring the transmitted I,, and re-
flected I, photon intensities. It was shown that
the variation in transparency is related to the
variation in I, and I intensities. Latex films
were annealed in equal time intervals at elevated
temperatures above the glass transition (7,) of
PMMA and I, and I ; intensities were measured
by nonmodified and modified UV-visible (UVV)
spectrophotometers, respectively. The increase in
the I, intensity by increasing the annealing tem-
perature was attributed to the increase in the
“crossing density” at the junction surface. How-
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Figure 4 Plot of reflected photon intensity I, versus
annealing temperature for HM films. Nos. on each
curve indicate the annealing time intervals.

ever, the decrease and increase in I, were ex-
plained by the increase in the void closure and
crossing density, respectively, by increasing the
annealing temperature during film formation.
The method developed by Prager and Tirrell
(PT)'" was employed to investigate the healing
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Figure 5 Plot of reflected photon intensity I, versus
annealing temperature for LM films. Nos. on each
curves indicate the annealing time intervals.
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(b}

Figure 6 Scanning electron micrographs (SEM) of latex films: (a) before annealing;
(b) annealed at 160°C; (c¢) annealed at 200°C for 60-min time interval.

processes at the junction surface. Increases in I, tating polymer chains across the polymer—poly-
and [ ; intensities with respect to the annealing mer interface.
temperature were used to measure the activation In all UVV experiments, latex particles having

energies of the back-and-forth motion for the rep- two components were used'®'%; the major part,
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Figure 6

PMMA, composes 96 mol % of the material and
the minor component, polyisobutylene (PIB; 4 mol
%), forms an interpenetrating network through
the particle interior?>?! that is very soluble in
certain hydrocarbon media. A thin layer of PIB
covers the particle surface and provides colloidal
stability by steric stabilization. Two different
films were prepared separately using these
PMMA particles with the molecular weights of
M, = 2.15 x 10° and M,, = 1.10 X 10°, respec-
tively.

EXPERIMENTAL

Two different batches of PMMA particles were
prepared separately in a two-step process in
which MMA in the first step was polymerized to
low conversion in cyclohexane in the presence of
PIB containing 2% isoprene units to promote
grafting. The graft copolymer so produced served
as a dispersant in the second stage of polymeriza-
tion, in which MMA was polymerized in a cyclo-
hexane solution of the polymer. Details have been
published.'® In both batches, stable dispersions of
polymer particles were produced, ranging in ra-
dius from 1 to 3 um. Spherical particle sizes were

{c)
(Continued)

measured from electron micrographs of the parti-
cles. A combination of 'H-NMR and UV analysis
indicated that these particles contain 4 mol %
PIB. (These particles were prepared by Mr. B.
Williamson in Prof. M. A. Winnik’s laboratory in
Toronto.) In the first batch of particles, the mo-
lecular weight of graft PMMA was measured as
M, = 2.15 X 10°, and in the second batch, it was
found as M,, = 1.10 X 10°. The polydispersities of
the corresponding PMMA were 1.49 and 2.33,
respectively. From now on, these samples will be
called HM and LM, which correspond, respec-
tively, to high and low molecular weight PMMA
particles. Latex film preparations were carried
out by dispersing the PMMA particles in heptane
in a test tube with the solid content taken to be
1%. Two different films were prepared from the
dispersions of HM and/or LM particles by placing
a different number of drops on glass plates of size
0.9 X 3.2 cm? and allowing the heptane to evap-
orate. Here, we were careful that the liquid dis-
persion from the droplets has to cover the whole
surface area of the plate and remain there until
the heptane has evaporated. Samples were
weighed before and after the film casting to de-
termine the film thicknesses. The average size for
the particles was taken to be 2 um to calculate the
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number of layers in the films. Glass plates were
cleaned with acetone after they were used.

In this work, UVV experiments were carried
out to measure I, and I, from the annealed latex
film samples. The annealing process of the latex
films was performed in an oven in air above the T,
of PMMA after evaporation of heptane, in 60-, 30-,
15-, 10-, and 5-min time intervals at elevated
temperatures between 110 and 270°C for the HM
and 110 and 210°C for the LM film samples. The
temperature was maintained within +=1°C during
annealing. After annealing, each sample was
placed in the Lambda 2S Model UVV spectropho-
tometer of Perkin—-Elmer and the I,,’s of the films
were detected between 300 and 400 nm. Another
glass plate was used as a standard for all UVV
experiments. To measure the reflected intensity
L, from the latex film, a UVV spectrophotometer
was slightly modified as presented in Figure 1(b),
where two mirrors were placed in triangle posi-
tion on the path of the light beam, which hits the
surface of the film sample to produce the I in-
tensity. Figure 1(a) presents the normal UVV
spectrophotometer for comparison, which mea-
sures the transmitted intensity I, from the latex
film sample. All measurements were carried out
at room temperature after the annealing pro-
cesses were completed.

RESULTS AND DISCUSSION

Transmitted photon intensities from HM and LM
films were obtained and are plotted versus the
annealing temperature for 60-, 30-, 15-, 10-, and
5-min time intervals in Figure 2(a,b), respec-
tively. It is seen that all the I,, intensity curves
increase as annealing temperature is increased.
This behavior of the I, suggests that latex films
become transparent to photons as they are an-
nealed. The relatively small I, intensities ob-
served in the films annealed at short time inter-
vals (5 and 10 min) indicate that some photons
dissipate, that is, cannot reach to photodiode after
they pass through these films. By increasing the
annealing time intervals to 15, 30, and 60 min,
the I,, presents larger values as annealing tem-
perature is increased. This behavior of I, shows
that annealing the films in larger time intervals
creates more transparent films. When the I, in-
tensities are compared for the HM and LM sam-
ples, it is seen that the HM film needs higher
annealing temperatures to reach the same trans-
parency as that of the LM film for the same time

intervals. Figure 3 compares the I, curves for the
HM and LM samples for the 60-min annealing
time interval.

The reflected photon intensities I, from the
HM and LM film samples, obtained by using the
modified UVV spectrophotometer, are plotted ver-
sus the annealing temperature for 30-, 15-, 10-,
and 5-min time intervals in Figures 4 and 5, re-
spectively. It is seen that all the I,; curves first
decreased by showing a minimum, then increased
to larger values depending on the annealing time
intervals. The initial decrease in I ¢ is attributed
to the homogenization of the film surface due to
the void-closure process. In other words, poly-
meric material flows to fill up the voids between
the particles, and as a result, the latex film re-
flects less photon. However, annealing the film
above 160°C reflected that the photon intensity
starts to increase and more photons can reach the
photodiode as the interfaces starts to heal and
disappear. Notice that the HM samples need a
higher temperature to produce a reflective sur-
face. This picture can be visualized by taking into
account the photon’s mean free path (\), which is
very short at the beginning of the film formation
where many interparticle voids exist. At this
stage, the films reflect more photons; however, as
the film is annealed, interparticle voids start to
disappear and (\) increases; as a result, I, starts
to decrease. Finally, when all the voids have dis-
appeared, I reaches the minima at 160°C where
(A) becomes the maximum.?? Above 160°C, after
all voids have disappeared, the film gradually
becomes a flat mirror. Then, as interfaces heal
due to interdiffusion of the chains, the quality of
the film (mirror) improves and the film reflects
more photons, resulting in an I ¢increase. Here, it
has to be noted that because of the geometry of
the light beam reflected light primarily measures
the surface quality of the film; however, transmit-
ted light, which hits the film at a 90° angle, de-
tects the quality of the whole film (see Fig. 1).

To support these findings, scanning electron
micrographs (SEM) of the latex films before and
after annealing at 160 and 200°C for 60-min time
intervals are presented in Figure 6. In Figure
6(a), one can see individual latex particles in pow-
der form of the film where many voids can be
observed. However, in Figure 6(b,c), SEM images
present the disappearance of interparticle voids
and particle boundaries due to the annealing of
latex films at 160 and 200°C, respectively, for
60-min time intervals. The film in Figure 6(c)
presents higher I, and I,; intensities than does
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Figure 7 Logarithmic plots of the data in Figure 5 versus reverse of annealing
temperature (T)"* and (T — T,)~* for (a) 30-, (b) 15-, (c) 10-, and (d) 5-min time

intervals.

the film in Figure 6(b), indicating that many par-
ticle—particle interfaces disappeared due to an-
nealing of the latex film at higher temperature,
that is, latex film becomes a high-quality trans-
parent mirror.

Void-Closure Kinetics

To quantify the behavior of I, below its minima,
we introduce the phenomenological void-closure
model. The void-closure kinetics can determine

the time for optical transparency and film forma-
tion.22 To relate the shrinkage of the spherical
void of the radius, r, to the viscosity of the sur-
rounding medium, 7, an expression was derived
and is given by the following relation?:

dr vy[ 1
dt = zn{p()] v

where v is surface energy; ¢, the time; and p(r),
the relative density. It has to be noted that here
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the surface energy causes a decrease in the void
size and the term p(r) varies with the micro-
structural characteristics of the material, such
as the number of voids, the initial particle size,
and packing. Equation (1) is similar to one
which was used to explain the time dependence
of the minimum film-forming temperature dur-
ing the latex film formation.??2* If the viscosity
is constant in time, integration of Equation (1)
gives the relation as

0.5 —A\~
4 A
Ja¥
-0.5 4
B
-1.5 A
-2.5
(b)
T T T /\/ T
1.6 1.8 2.0 2.6 2.8
T7x1000x (°K) " (T-To)"
05 A—
-0.54
-1.54
-2.5-
(d)
1.]6 1.18 2I.0 2]‘4 2I.6 2.8
T-1%1000 (°K) " (T-T,)"
2 r
t=— ;]J p(r)dr (2)

where r( is the initial void radius at time ¢ = 0.

The temperature dependence of the viscosity of
most of the amorphous polymers near their T, can
be described by the Vogel-Fulcher (VF)?*2¢ equa-
tion as
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Table I Experimentally Measured Values of Back-and-Forth Activation Energies AE,, and AE ; and
Void Closure Contants B for HM and LM Film Samples for Various Annealing Time Intervals

Annealing Time Interval (min)

Measurements 60 30 15 10 5
AE,, HM 26.31 27.68 24.16 23.13 23.12 24.88
(kcal/mol) LM 37.85 35.16 35.53 32.83 34.85 35.24
AE ¢ HM 19.7 13 16.57 23.41 18.17
(keal/mol) LM 54.3 50.4 43.9 39.95 47.13
B x 102 (K) HM 10.9 11.2 13.6 13.9 124
LM 23.8 25.5 24.6 25 24.72

The last column gives the averaged values. AE,, is measured with the unmodified UVV technique and AE ; and B are measured

with the modified one.

B
n=A4A exp<T_To> (3)

where A, B, and T, are constants for a given
polymer. For most glasses, T is typically about 50
K lower than the T,. By combining egs. (2) and
(3), the following useful equation is obtained:

2A B r
t=— 7 exp(T_TO)J p(r)dr 4)

ro

Equation (4) will be employed to interpret the
data of photon reflection to explain the void-clo-
sure mechanism as follows:

When the film samples were annealed for 5-,
10-, 15-, and 30-min time intervals, a continuous
decrease in the I, intensities were observed, until
they reached to minimum. To quantify these re-
sults, eq. (4) can be used where we assume that
the voids are spherical [i.e., p(r)ar 3]. Then, the
integration of eq. (4) produces the relation

2AC/1 1 B
E Yl )

2
Y\ TIo

where C includes the related constants for the
relative density, p(r).

Here, an assumption can be made that the I,
intensity is proportional to the void radius, r, that
is, as voids disappear, the I, decreases. Then, eq.
(5) can be written as

2AC ( B
t = exp

where it is naturally considered that the initial
radius of void r, is much larger than r, which then
resulted in the omission of 752 compared to r 2.
Equation (6) can be solved for I, to interpret the

experimental results as

B
I;=S8(t) exp[z(T_To] (7)
where
2AC 1/2

On the right-hand side of Figures 7 and 8, loga-
rithmic plots of I, versus (T — T,,))~* for the LM and
HM films annealed in 30, 15, 10, and 5 min are
presented, where In I, increased linearly for all
samples, which indicates that the model chosen for
the void-closure mechanism works well for our UVV
data. In other words, the slopes of the right-hand
side of Figures 7 and 8 produce B values according
to eq. (7). B values are found to be around 12.4 X 10®
and 24.72 X 10% K for HM and LM films, respec-
tively, and are listed in Table 1. These values are
three and six times larger than the values obtained
for acrylic (4 X 103 K)?*” and 60 times larger than
those was found for water-borne acrylic lattices.?2®
A smaller value for copolymer of MMA and 2 ethyl-
hexyl acrylate lattices were attributed to the plas-
ticizing effect of water.?? In our case, no such plas-
ticizing effect is expected, because our PMMA latex
has a glass transition of 380 K, which is very high
compared to water-borne acrylic lattices (T, ~ 280
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Figure 9 Logarithmic plots of the data in Figure 2(a) versus reverse of annealing
temperature (T) ! for (a) 5-, (b) 10-, (c) 15-, and (d) 30-min time intervals.

K). The values of B = 12.4 X 103 K and B = 24.72
X 10? K for our system seems to be quite reasonable
for our hard-latex particles and the measured val-
ues of B suggest that heptane has no plasticizing
effect on the PMMA latex particles.

Crossing Density at Junction Surface

When the film samples were annealed at elevated
temperatures in various time intervals, a contin-
uous increase in the I, and I,; intensities above
160°C were observed. The increase in I, and I,

was already explained in the previous section, by
the increase in the transparency of the latex film
due to the disappearance of the particle—particle
interfaces. As the annealing temperature is in-
creased, some part of the polymer chains may
cross the junction surface and particle boundaries
start to disappear; as a result, the transmitted
and reflected photon intensities increase due to
the creation of high-quality, transparent mirror
film.

To quantity these results, the Prager—Tirrell
(PT) model'” for the chain-crossing density was



MOLECULAR WEIGHT EFFECT ON LATEX FILM FORMATION 349
0.0
®9 o
-1.0 -1.0 4
o
~-2.0 4 4
—_ °
v‘- ’\\__
:-3 0 - 3.0
c £
4.0 N
L o
-5.0 - -5.0 -
(a) (b)
-6.0 T T T T T T T 1
18 2.0 2.2 2.4 2.6 2.8 2.0 2.2 2.4 2.6 2.8
1000x T7 (°K)™ 1000x T (°K)™
T A
~10 4 1.0
A
— 7 T A
.-
- i S 20
5-30 = 3.0 AEy,
c £
'y
-5 0 A -5.0 ‘
(c) (d)
T T T T T T T T
1.8 2.0 2.2 2.4 2.6 2.8 2.0 2.4 2.8

1000 x T (°K)

1000 x T (°K)™
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employed. These authors used de Gennes’s “rep-
tation” model?® to explain configurational relax-
ation at the polymer—polymer junction where
each polymer chain is considered to be confined to
a tube in which it executes a random back-and-
forth motion. A homopolymer chain with N freely
jointed segments of length L was considered by
PT, which moves back and forth by one segment
with a frequency v. In time, the chain displaces
down the tube by a number of segments, m. Here,

v/2 is called the “diffusion coefficient” of m in a
one-dimensional motion. PT calculated the prob-
ability of the net displacement with m during
time ¢ in the range of n — A ton — (A + dA)
segments. A Gaussian probability density was ob-
tained for small times and large N. The total
“crossing density” o(t) (chains per unit area) at
the junction surface then was calculated from the
contributions o4(¢) due to chains still retaining
some portion of their initial tubes, plus a remain-
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der, o4(¢). Here, the o,(¢) contribution comes from
chains which have relaxed at least once. In terms
of reduced time 7 = 2ut/N?, the total crossing
density can be written as

o(rlo(e) = 27 272 4 2 S (= 1)+

k=0
X exp( — kY1) — m~ Yerfc(k/TV?)] (9)

For small 7 values, the summation term of the
above equation is very small and can be ne-
glected, which then results in

o(7)/o(®) = 27~ V2712 (10)

This was predicted by de Gennes on the basis of
scaling arguments.?? To compare our results with
the crossing density of the PT model, the temper-
ature dependence of o(1)/a(0) can be modeled by
taking into account the following Arrhenius rela-
tion for the linear diffusion coefficient:

v=v,exp( — AE/kT) (11)

Here, AE is defined as the activation energy for
the back-and-forth motion. Combining egs. (10)
and (11), a useful relation is obtained as

o(t)/o)» = Re xp( — AE/2RT) (12)

where R = (8vyt/mN*)Y? is a temperature-inde-
pendent coefficient.

The increase in I, and I ;is already related to
the disappearance of particle—particle interfaces,
that is, as annealing temperature is increased,
more chains relaxed across the junction surface,
and as a result, the crossing density increases.
Now, it can be assumed that I, and I, is propor-
tional to the crossing density o(7") and then phe-
nomenological equations can be written as

I, (T)/1;,()=Rexp(—AE, /2kT) (13a)
Irf(T)/Irf()=Rexp(—AETr{/2kT)  (13b)

Logarithmic plots of I,, versus 7" ' are presented
in Figures 9 and 10 for HM and LM films for 5-,
10-, 15-, and 30-min annealing time intervals.
The activation energies, AE,, are produced by fit-
ting the data to eq. (13(a) and the averaged values

are 35.24 and 24.88 kcal/mol for LM and HM,
respectively. Logarithmic plots of I ; versus 7!
are presented on the left-hand side of Figures 7
and 8 for the LM and HM films for 30-, 15-, 10-,
and 5-min annealing time intervals. The activa-
tion energies, AE,, are produced by fitting the
data to eq. (13(b) and the averaged values are
47.13 and 18.17 kcal/mol for the LM and HM
films, respectively. The measured AE,, and AE,;
values are listed in Table I. Here, the smaller
activation energies for the HM samples suggest
that chain segments need less energy to execute a
back-and-forth motion at the higher-temperature
range than for LM samples. However, chain seg-
ments for the LM samples need greater energy to
do the same motion at the lower-temperature re-
gion. The differences between the AE,. and AE
values in the HM and LM samples most probably
originate from the experimental positions in the
unmodified and modified UVV techniques. This
question will be answered in our future work. In
conclusion, this work offers a simple technique
(UVV) to study and measure the useful parame-
ters during latex film formation by observing the
surface and the bulk quality of films during the
annealing processes.
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