Effects of Aging on Latex Film Formation from Polystrene
Particles: A Photon Transmission Study
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ABSTRACT: Aging due to the storage time on latex film formation was studied using the
photon transmission method. The UV visible technique was used to monitor the evo-
lution of transparency during film formation from two different polystyrene (PS) par-
ticles produced by using two different steric stabilizers, i.e., polyvinyl alcohol and
polyvinyl pyrrolidone. The latex films were prepared from PS particles at room tem-
perature before and after aging and annealed at elevated temperatures in various time
intervals above glass transition (7). The increase in the transmitted photon intensity
I, was attributed to the increase in the number of disappeared particle—particle
interfaces. Relative decrease in transparency and delay in film formation were observed
in the aged latex films compared to the nonaged ones. The Prager-Tirrell model was
employed to interpret the increase in crossing density at the junction surface. The back
and forth activation energies (AE) were measured and found to be dependent on aging
for a diffusing polymer chain across the junction surface. © 2001 John Wiley & Sons, Inc.
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INTRODUCTION

Chemical and physical aging are important pro-
cesses for the film formation from latex particles
that determine the properties of a coating includ-
ing its durability. Physical aging occurs in all
polymeric materials stored at a temperature be-
low their glass transition temperature (7,), which
is a reversible process by heating the material at
a temperature above T,. Physical aging can be
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achieved by cooling the polymer from a tempera-
ture above T, to one below it, which brings a
polymer to a nonequilibrium state since the val-
ues of volume, enthalpy, and entropy are higher
than in equilibrium state.! In fact, physical aging
is a process of many terms related to volume,
enthalpy, and structural relaxations. On the
other hand, chemical aging includes irreversible
composition changes induced in a polmeric mate-
rial by temperature, moisture, and photooxida-
tion.

In the past few years, water-based polymer
latexes have gained more attention in the coating
and adhesives industries over conventional sol-



vent-based systems, mainly due to restrictions
imposed by environmental requirements. The me-
chanical properties of latex films are dependent
on the molecular weight and its distribution,®?
and are sensitive to stabilizers* and surfactants.®
In addition, the quality of these films, for a given
molecular weight, depends on the annealing time
and annealing temperature.®=®

Several stages during film formation have been
observed experimentally and a phenomenological
description of the process can be divided into the
three following steps'®: (1) Water evaporation and
colloid concentration—as water evaporates, a uni-
form shrinkage of the interparticle distance oc-
curs and the voids are gradually filled by particle
sliding, until a dense packing of spheres is ob-
tained. (2) Particle deformation and evaporation
of the bounded water—this stage, also called co-
alescence, results in a honey can like structure of
deformed particles. (3) Interdiffusion of macro-
molecules—in this stage the mechanical strength
increased and the water permeability of the film
decreases. Under certain conditions the polymer
chains can diffuse through the particle bound-
aries and an homogeneous, continuous film is
formed.

The research on diffusion across polmer—poly-
mer interfaces started with the pioneering work
of Voyutskii.!’ In general, when two identical
polymeric materials are bought into intimate con-
tact and heated at a temperature above the glass
transition, the polymer chains become mobile,
and interdiffusion of polymer chains across the
interface can occur. After this process the junction
surface become indistinguishable in all respects
from any other surface that might be located in
the polymeric material. This process is called
“healing of the junction” at which the joint
achieves the same cohesive strength as the bulk
polymeric material. The word “interdiffusion” in
polymer science is used for the process of mixing,
intermingling, and homogenization at the molecu-
lar level, which implies diffusion among polymer
chains. In the bulk state, polymer chains have a
Gaussian distribution of segments. Chains confined
to the half space adjacent to the junction have dis-
torted conformations.'>'* Diffusion across the junc-
tion leads to configurational relaxation and recov-
ery of Gaussian chain behavior. Polymers much
larger than a certain length are often pictured as
confined to a tube, and diffusion occurs by a rep-
tile-like motion. In this model, each polymer
chain is confined to a tube along the length of
which it executes a random back and forth mo-
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tion. This reptile-like motion will cause the chain
to slip out of a section of tube at one end or the
other. The reptation time (T;) describes the time
necessary for a polymer to diffuse a sufficient
distance for all memory of the initial tube to be
lost. This is the time it takes for initial configu-
ration to be forgotten and the first relaxation to be
completed.

Small-angle neutron scattering (SANS) has
been used to study latex film formation at the
molecular level. Extensive, studies using SANS
have been performed by Sperling and co-workers
on compression-molded polystrene film.'® Direct-
nonradiative energy transfer (DET) method has
been employed to investigate the film formation
process from dye-labeled polymeric particles.16~18
The steady state fluorescence technique combined
with DET has been used to examine healing and
interdiffusion processes in the dye-labeled polym-
ethylmethacrylate (PMMA) latex systems.'®-2°
Recently photon transmission method has been
performed to study latex film formation from
PMMA and polystrene (PS) particles, using the
UV-visible (UVV) technique as a function temper-
ature and time 223

In this study, PS latexes were produced by
dispersion polymerization of the monomer (sty-
rene) in an ethanol/water mixture. Polyvinyl al-
cohol (PVA) or polyvinyl pyrrolidone (PVP) were
used as steric stabilizers with a disperse phase
soluble initiator (i.e., 2,2-azobisisobutyronitrile).
This work aims to study the effect of storage time
on latex film formation from PS latexes. Trans-
parencies of the films formed from these PS la-
texes were monitored by measuring the transmit-
ted photon intensities (;,.) by using a UVV spec-
trophotometer. With increasing aging (storage
time) delay in film formation and a relative de-
crease in the transparency were observed. The
method developed by Prager and Tirrell (PT)!?
was employed to investigate the healing processes
at the junction surfaces of the these films.

MATERIALS AND METHODS

Preparation of PS Latexes

The monomer, styrene (S) (Yarpet A.S., Tur-
key), was treated with aqueous NaOH to remove
the inhibitor and stored in a refrigerator until
use. The initiator was 2,2-azobisisobutyronitrile
(AIBN) (BDH Chemicals Ltd., UK). Ethyl alcohol
(Merck, Germany)/water mixture were used as
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the dispersion medium. PVA (MW: 50,000, Al-
drich, USA) and PVP (MW: 60,000, Fluka, Swit-
zerland) were used as steric stabilizers.

Polymerization were carried out in a magnetic-
driven, sealed, cylindrical reactor equipped with a
temperature-control system.?*?®> Two grams of
the steric stabilizer was dissolved in the disper-
sion medium containing 180 mL of ethyl alcohol
and 20 mL of water. The monomer phase was
prepared by dissolving 0.28 g AIBN in 20 mL of
styrene. These two phases were mixed and
charged to the reactor agitated with an anchor-
type agitator at a speed of 150 rpm, and the
polymerization was conducted at 80°C for 24 h.

The PS latex was cleaned first using a serum
replacement as also given in our previous publi-
cations.?*?® The latex from the reactor was cen-
trifuged and the supernatant was removed. The
particles were washed with fresh dispersion me-
dium few times, then distilled water was added
and a new dispersion was stirred for 24 h at room
temperature to remove any stabilizer remaining
on the surface of the polymeric particles. The PS
latex was treated with a mixed bed of anion- and
cation-exchange resins (H" and OH™ type, Am-
berlite, BDH) at the last step.

Average particle size of each type of PS parti-
cles was evaluated using scanning electron micro-
graphs. The latex solution was spread onto a
metal disk and the solvent (i.e., water and alco-
hol) was evaporated. The dried beads were coated
with a thin layer of gold (about 100 A) in vacuum.
Three separate photographs (each containing
100-300 beads) were taken for each latex sample
with 2000—2600 magnification using a scanning
electron microscope (SEM; JEOL, JEM1200EX,
Japan). The size of beads was measured on pho-
tographs and checked using calibration samples.

The average molecular weights of polystyrenes
produced with different stabilizers were deter-
mined by a gas permeation chromatography
(GPC) system (Waters, USA). The GPC unit, con-
sisting of Waters Model 510 high performance
liquid chromatography pump and Waters U6K
injector, was equipped with two Ultrastryagel col-
umns (Waters, 10 and 500 A) in series and Water
486 Tunable Absorbance Detector. Choloroform
was used both as the solvent and the eluent.
Elution was performed at a temperature of 30°C
and at a flow rate of 1 mL/min, using a Waters 510
HPLC pump. The columns were calibrated with
polystyrene standards (Shodex Standards, SL-105,
Showa Denko, Japan). Molecular weights, mea-
sured before and after aging for 10 months, are

Table I Number Average Molecular Weights
of Polystyrene Produced with Two Different
Stabilizers Before and After Aging

for 10 Months

MW, MW,
Stabilizer Type (Before Aging) (After Aging)
PVA 1.5 x 10* 2.2 X 10*
PVP 1.8 X 10* 2.9 x 10*

given in Table I, where it is seen that MW are
increased due to aging.

Film Preparation and UUV Measurements

Films were prepared before and after aging for
10 months the polystyrene latexes prepared with
two different stabilizers, i.e., PVA and PVP, by
placing different numbers of drops of latex on
glass plates (with the size of 0.9 X 3.2 cm?) and
allowing the water to evaporate at room temper-
ature. Here we were careful to ensure that the
liquid dispersion from droplets covers the whole
surface area of the plates and remains there until
the water has evaporated.

In this work UVV experiments were carried
out with annealed latex samples. Annealing pro-
cess of the latex films was performed above the 7',
of PS after evaporation of water, in 2.5, 5, 10, 15,
and 25 min time intervals at elevated tempera-
tures between 100 and 155°C before aging and
between 100 and 180°C after aging. The temper-
ature was maintained within =1°C during an-
nealing. After annealing, transmissions of the
films were detected with an UVV spectrophotom-
eter (Lambda 2S of Perkin Elmer, USA) at a
wavelength between 300 and 400 nm at room
temperature. A glass plate was used as a stan-
dard for all UVV experiments.

RESULTS AND DISCUSSION

In this work PS latexes were produced by disper-
sion polymerization of styrene in a medium com-
posed of an ethanol/water mixture by using steric
stabilizers. PVA or PVP was used as a steric sta-
bilizer with a disperse phase soluble initiator (i.e.,
AIBN). With the recipe used, monosize PS parti-
cles with an average diameters around of 2.0 um
were obtained.
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Figure 1 Plot of transmitted photon intensity I, ver-
sus annealing temperature at various time intervals
for the PVP latex films: (A) before and (B) after aging of
10 months. Numbers on each curve indicate annealing
times.

The number average molecular weights (MW,)
of polystyrenes produced with two different sta-
bilizers (i.e., PVA and PVP), which were deter-
mined by using the GPC data, before and after
aging are given in Table I. As seen here, the
average molecular weights of the polystyrenes
were in the same order but changed with the
stabilizer type and increased aging for 10 months.

In this study, the type of stabilizer and aging
were selected as the critical parameters of focus.
It is known that the stabilizer plays an important
role in the dispersion polymerization pro-
cess.>*~27 The stabilizer determines both the par-
ticle stability during the particle formation step
and the viscosity of the continuous medium. A
graft copolymer (i.e., polymeric stabilizer-g-poly-
styrene) can be formed can in situ during the
particle formation stage when a precursor poly-
mer (i.e., PVP or PVA) that contains proper active
sites for chain transfer of the oligomeric radicals
is used as a stabilizer. The formation of graft
copolymer during the dispersion polymerization
is a complex process. The structure and concen-
tration of the percursor polymer control the rate
of formation, concentration, and the properties of
the graft copolymer. The formed graft copolymer
and the precursor polymer are both absorbed
competitively onto the surface of the resultant
polymer particles. Note that the adsorption of the
stabilizer molecules on the particle surface is de-
scribed as the physical adsorption, which is
rather weak and reversible, which means that it
can be removed from the surface by a careful
cleaning procedure. However, the adsorption of
graft copolymer (which carries the stabilizer mol-
ecules) are termed “anchorage adsorption” (in-
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cluding chemical bound and strongly entrapped
graft copolymer molecules on the surface), which
means these molecules cannot easily be removed
from the particle surfaces.

From the above discussion one can easily draw
the conclusion that the surface chemistry of the
PS latex particles would be different when one
uses different stabilizer molecules in the disper-
sion polymerization. This also means that the film
formation of the latexes carrying different stabi-
lizer molecules (most probably chemically at-
tached) on their surfaces would be different,
which was the main question to be addressed in
this study. Another parameter that effects the
film formation process is the storage time, which
is probably caused by chemical aging of the latex
material. The results related to film formation
from nonaged and aged latexes are discussed in
the following sections. Note that, for convenience,
the films formed from the PS latexes prepared
with different stabilizers are called by the stabi-
lizer name, i.e., “the PVA or PVP films,” in the
rest of this article.

Aging and Transparency of Latex Film

Transmitted photon intensities I, from the PVP
and PVA films made before and after aging are
plotted versus annealing temperature for various
time intervals in Figure 1(A,B) and Figure 2(A,B)
respectively. It can be seen that all I, intensity
curves start to increase around 110°C, which is
above T, (105°C) of PS with increasing annealing
temperature. Relatively small I, intensities are
observed in latex films annealed at short time
intervals (2.5 and 5 min), indicating that photons
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Figure 2 Plot of transmitted photon intensity I, ver-
sus annealing temperature at various time intervals
for the PVA latex films: (A) before and (B) after aging of
10 months. Numbers on each curve indicate annealing
times.
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Figure3 Comparison of,, data of A-PVP and B-PVA
for 10 min. Annealing before and after aging of 10
months.

cannot reach the photodiode after they pass
through these films. It was observed that I,, be-
comes larger by an increase in the annealing time
interval. These changes in I, may be interpreted
that annealing the films for larger times result in
the formation of more transparent films.

It can be seen from Figure 1(A) that PVP films
prepared from nonaged particles can form 95%
transparent films when they are annealed around
150°C for 5 and 10 min. However, Figure 2(A)
shows that the nonaged PVA films can form only
55% transparent films when they are annealed
around the same temperature for 5 and 10 min.
Figure 1(B) and 2(B) present the I,, data from the
PVP and PVA films prepared from the aged par-
ticles for 10 months, where it is seen that the PVP
film needs higher temperature to reach a plateau
compared to nonaged films. On the other hand,
PVA films prepared from aged particles unable to
reach a plateau even they are annealed at 180°C.
Figure 3(A and B) compare the I,, data of PVP
and PVA for the aged and nonaged samples for 10
min annealing time interval.

The transparency of the films can be explained
by knowing that homogeneous media do not scat-
ter light. In other words, lattice heterogeneities
cause scattering of light; as a result, transmitted
photon intensity decreases in heterogeneous la-
texes compared to the homogeneous ones. The
average diameters of all PS latexes were very
close to each other and were around 2 um. There-
fore the difference in the extent of homogeneity of
the PVP and PVA films mentioned above cannot
result from the size differences of latex particles.
Table I shows that the average molecular weights
of the PS produced with different stabilizers are
different (but not very significantly). If we con-
sider only the molecular weights, we expect a

higher transparency from the latex prepared with
PVA, which has a lower molecular weight. Here
we assume that short polymer chains move easier
than longer chains, which leads faster coalescence
of the particles, and therefore better transpar-
ency. However, this is not the case here. The
average chain length of PVP (which forms a more
homogeneous film) is larger than the chain
lengths of the other one (which forms more het-
erogeneous films). Therefore, the variation in ho-
mogeneities of the latex films cannot be due to the
differences in the average molecular weights of
PS. On the other hand, an increase in the molec-
ular weight of PS due to aging creates more het-
erogeneous films than nonaged films. After aging,
delays in the film formation are also observed,
especially for PVA particles.

We can also consider the effects of T, values of
the stabilizer molecules located at the surface of
the particles. The T, values of PVP and PVA are
327 and 358 K, respectively.?® The PS particles
prepared with PVP (which have a lower T, than
PVA) may lead to easier coalescence of the parti-
cles, and resulting films with higher transparen-
cies, as we obtained, both in the aged and non-
aged samples.

One further explanation may be the compati-
bility of these polymeric stabilizers with the form-
ing polystyrene chains during the dispersion po-
lymerization. The solubility parameters obtained
by different methods for PS, PVA, and PVP are
8.5-9.1, 12.6, and 10.1-11.8 (cal/cm®)'2, respec-
tively.?® As seen here, the solubility parameter of
PVP is closer to that of PS than of PVA—in other
terms, PVP is more compatible with PS than
PVA. Higher compatibility may result in particle
surfaces where more polystyrene molecules may
be located on the surface (in parallel, more stabi-
lizer molecules penetrate from the surface to the
bulk). Because of this, the particles prepared with
PVP form films with higher transparencies than
those prepared with PVA.

We may conclude the above discussions by say-
ing that the polymeric particles with smaller av-
erage molecular weights, prepared with more
compatible stabilizers with lower 7', values, form
films with high transparencies for the nonaged
and aged latex particles.

The temperature behavior of I, intensities was
explained by a simple rectangular lattice model
that is used to simulate the latex film formation
process.* A rectangular lattice is divided into
squares with side length, and the center of the
squares are taken as refraction centers for pho-



tons traveling in the lattice. The distance of a
photon between each consecutive collision is de-
fined as the mean free path (r) of a photon during
its journey in the lattice. Boundaries between
squares are randomly removed to simulate the
disappearance of particle—particle interfaces dur-
ing the annealing process of the film. In this pic-
ture the early stage of annealing can be simulated
by a rectangular lattice where a photon has short
a (r). As more boundaries are removed between
the square compartments in the lattice, (r) values
increase, which simulates the latter stage of an-
nealing. As boundaries are continuously removed,
(ry values increase and more photons can be
transmitted from the lattice, which indicates that
annealing causes high transparency.*

Here, even though all the interfaces between
particles are removed, the PVA film exhibit lower
transparencies than the PVP film; i.e., the PVA
films cannot attain complete homogeneity due to
incompatibilities between PS and PVA stabiliz-
ers, both for the nonaged and aged samples. Most
probably phase separation occurs between these
polymeric materials, and domain sizes of these
two phases are on the order of the wavelength of
light and scatter light tremendously giving opac-
ity to these latex films. On the other hand, high
compatibility between PS and PVP produces nice
homogeneous latex films after all the particle—
particle interfaces have disappeared, especially
for the nonaged films.

Interdiffusion and Activation Energies Before
and After Aging

When film samples prepared from the aged and
nonaged PS particles were annealed at elevated
temperatures for various time intervals, a contin-
uous increasing I, intensities was detected. The
increase in I, was already explained in the pre-
vious section by the increase transparency of la-
tex film due to the disappearance of particle—
particle interfaces. As the annealing temperature
is increased, some part of the polymer chains may
cross the junction surface and particle boundaries
start to disappear, and as a result, the transmit-
ted photon intensity I,, increases in both the aged
and nonaged samples.

In order to interpret these results, the PT-
model® for the chain interdiffusion was em-
ployed,* where the total crossing density can be
written for small reduced times 7 = 2 1t/N? as

o(7)/o(x) = Q7 V2712 1
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Here N is the number of freely jointed segment in
and v is the back and forth frequency of the rep-
tating polymer chain. This was predicted by de
Gennes on the basis of scaling arguments. In or-
der to compare our results with the crossing den-
sity of the PT model, the temperature dependence
of o(7)/o() can be modeled by taking into account
the following Arrhenius relation for the linear
diffusion coefficient (back and forth frequency):

v = veexp(—AE/RT) (2)

Here AE is defined as the activation energy for
the back and forth motion and % is the Boltzman
constant. Combining eqs. 1 and 2, a useful rela-
tion is obtained as

o(T)/o(x) = R exp(—AE/2kT) (3)

where R = (8 v, t/(N*)'2 is a temperature-inde-
pendent coefficient.

The increase in I, is already related to the
disappearance of particle—particle interfaces, i.e.,
as annealing temperature is increased, more
chains relaxed across the junction surface and as
a result the crossing density increases. Now, if it
can be assumed that I, is proportional to the
crossing density o (7), then phenomenological
equation can be written as

I.(T)/I.(*) = R exp(—AE/2kT) 4)

Logarithmic plots of I, versus T~ ! for the aged
and nonaged samples are presented in Figure 4(A
and B) for PVP and PVA films annealed for 10
min, respectively. The activation energies AE for
all samples are produced by fitting the data to the
logarithmic form of eq. 4 and are listed in Table II
for both the nonaged and aged samples.

These AE values are large enough to be respon-
sible for the translational motion of a polymer
chain and can be attributed to the backbone mo-
tion. Similar activation energies were measured
for deuterated and protonated polystyrene bilay-
ers during welding by using secondary ion mass
spectroscopy.?? AE values were produced using
Arrhenius relation for the self-diffusion coeffi-
cient D and are found to be varied with the mo-
lecular weight such as 84.9, 64.2, 59.9, and 61.4
kcal mol ! for 1.1 X 105, 1.9 X 10°, 6.9 X 105, and
1.1 X 10° molecular weights, respectively. The
SANS technique was also used to measure AE
values during film formation from deuterated and
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Figure 4 Logarithmic plot of I, data from Figures 1
and 2 versus inverse annealing temperature (7 ') for
A-PVP and B-PVA for 10 min. Annealing times before
and after aging. Data is fitted to eq. 4 to produce AE
values.

protonated polystyrene latex particles.>! Films
were annealed several times above T, and center
of mass diffusion coefficients were determined for
1.5 X 10° and 1.8 X 10° molecular weight sam-
ples. The activation energies for the above sam-
ples were obtained from the Arrhenius plots and
are found to be 48 and 55 kcal mol ~! respectively
for the temperature range 125 = 7' = 155°C. It is
observed that when the cosurfactant was used the
activation energy dropped to 30 kcal mol ! for the
1.5 X 10° sample.?° These AE values can be com-
pared with the very early ones measured as 40
and 15 kcal mol ! for 4.4 X 10* and 2.4 X 10° mol
weights at 180°C temperature.®32 All these
works indicate that AE values are strongly depen-
dent on the treated temperature range and the
molecular weight of the polymeric samples.

In this work the observed AE values for each
experimental set are found to be strongly de-
pendent on the molecular weight of the PS

chains in each particle. AE values were ob-
tained for the films prepared with higher mo-
lecular weight PS stabilized by PVP of PS in
particle cause high AE values in both cases. In
other words, PS chains need 150.5 and 110.2
kcal mol ! for interdiffusion to form the non-
aged and aged PS particles, respectively. The
lower molecular weight of PS chains stabilized
with PVA use less energy to move their center of
mass across the junction surface to form a sim-
ilar films from both the nonaged and aged sam-
ples. However, we may conclude that delay in
the film formation and bad quality of the form-
ing films of the aged particles most probably
was caused by lower motion of the higher mo-
lecular weight PS chains, which need less en-
ergy at higher temperature region to execute
their backbone motion. The nonaged samples
required larger activation energies at low tem-
perature region to execute their backbone mo-
tion. It should be noted that there is no corre-
lation between the observed AE values and the
annealing time interval. There is a strong phase
separation during film formation from the PVA
particles, which results in highly scattered AE
values.

In conclusion, in this work we used a very
simple method (UVV) and a model (PT) to calcu-
late the backbone activation energies for interdif-
fusion polymer chains during film formation from
aged and nonaged PS latexes. Here it is observed
that PVP stabilizer forms more homogeneous PS
films than do films prepared using the PVA sta-
bilizers. This phenomenon was explained by con-
sidering average molecular weight of PS, 7, val-
ues of the stabilizers, and compatibility of PS with

Table II Experimentally Observed AE Values in Various Time Intervals

of Annealing for the Nonaged and Aged Samples®

Time Interval

(min) 2.5 5.0 10.0 15.0 20.0 Average

PVA/nonaged

(1.5 x 10%) — 67.2 91.6 52.0 46.8 64.4
PVA/aged

(2.2 X 10%) 55.4 51.2 58.1 — — 54.9
PVP/nonaged

(1.8 X 10%) 144.7 155.3 146.7 155.5 — 150.5
PVP/aged (2.9

X 10%) 100.6 117.2 112.7 — — 110.2

2 AE values were found by fitting the I,, data to eq. (4). Energy units are in kcal/mol. The last column gives the average AE
values. The molecular weight of polystyrene in each particle are given in the parentheses.



these polymeric stabilizers. Here we have to note
that for very short annealing time intervals (2.5
and 5 min) the range of temperature slightly
moves to higher values, even though the slopes
produce similar AE values with the samples an-
nealed at longer time intervals (20, 15, and 10
min.) It is observed that aged PS latex particles
form less transparent (bad quality) films than the
nonaged latexes even when annealing them at
higher temperatures.
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