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ABSTRACT: UV-visible (UVV) technique is used for monitoring of polymer film disso-
lution. These films are formed from pyrene (P)-labeled poly(methyl methacrylate)
(PMMA) latex particles, sterically stabilized by poly isobutylene (PIB, Annealing of
films was performed above T, at various temperatures for 30-min time intervals.
Diffusion of solvent molecules (chloroform) into the annealed latex film was followed by
desorption of PMMA chains. Desorption of P-labeled PMMA chains was monitored in
real time by the absorbance change of P in the polymer—solvent mixture. A diffusion
model with a moving boundary was used to quantify real time UVV data. Diffusion

coefficients of desorbed PMMA chains were measured and found to be between 2 and 0.6
X 107 em? s ! in the 100 and 275°C temperature range. © 2000 John Wiley & Sons, Inc.
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INTRODUCTION

The polymer dissolution process is very different
from, and more complicated than, small molecule
dissolution. The dissolution of small molecules
can be explained by simple diffusion laws! and a
unique diffusion rate. However, polymeric films
dissolve mainly in three different stages: (a) sol-
vent penetration, (b) polymer relaxation, and (c)
diffusion of polymer chains into the solvent res-
ervoir. A schematic representation of these three
sequential steps for the dissolution of a polymer
film is presented in Figure 1. In the first stage,
the penetration distance of solvent molecules
mainly depends on free volume, which in turn
depends on the flexibility of the chains and back-
bone and side groups, as well as the thermal
history of the polymer. These first solvent mole-
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cules act as a plasticizer, and as a result these
regions of the film start to swell. In the second
stage, a gel layer is created by the relaxing poly-
mer chains. This transition layer is composed of
both polymer chains and solvent molecules. If the
solvent—polymer interactions are more dominant
than the polymer—polymer interactions, maxi-
mum swelling is obtained. This is the case when a
good solvent is used during dissolution of a poly-
mer film. In the last stage, chain disentanglement
takes place, and then chains separate from the
bulk and diffuse into the solvent.

Poly(methyl methacrylate) (PMMA) film disso-
lution was studied using laser interferometry by
varying the molecular weight and solvent qual-
ity.?2 Limm et al.® modified the interferometric
technique and studied the dissolution of fluores-
cence-labeled PMMA films. By monitoring the in-
tensity of fluorescence from the film along with
the interferometric signal, the solvent penetra-
tion rate into the film and the dissolution are
measured simultaneously. A real time, nonde-
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Figure 1 Cartoon representation of polymer film dissolution. d, film thickness.

structive method for monitoring small molecule
diffusion in polymer films was developed.*~® This
method is essentially based on the detection of
excited fluorescence dyes desorbing from a poly-
mer film into a solution in which the film is
placed. Recently, we reported a steady-state fluo-
rescence study on the dissolution of both annealed
latex film and PMMA discs using real-time mon-
itoring of fluorescence probes.? 12

Dispersion of polymer colloid particles with a
glass transition temperature, 7,, above the dry-
ing temperature are called hard latex dispersions.
These particles remain essentially discrete and
undeformed during the drying process. The me-
chanical properties of hard latex films can be en-
hanced by annealing after all solvent has evapo-
rated. This process is called sintering and is an
important aspect of latex-coating technology.

In this work we study the dissolution of films
formed from hard latex particles labeled with
pyrene (P) dye molecules.'® These particles have
two components: the major part, PMMA, com-
prises 96 mol % of the material, and the minor
component, poly isobutylene (PIB) (4 mol %),
forms an interpenetrating network through the
particle interior,'*'® which is highly soluble in
certain hydrocarbons. A thin layer of PIB covers
the particle surface and provides colloidal stabil-
ity by steric stabilization. Film samples were pre-
pared by annealing latex powders above T, at
various temperatures for 30 min. Chloroform—
heptane mixture was used as dissolution agents.
UV-visible (UVV) experiments were performed
for real time monitoring of the dissolution pro-
cesses. The dissolution experiments were de-
signed so that P-labeled PMMA chains desorbing
from swollen gel were detected by the UV absorp-
tion of P. The main goal of the presented work

was to create transparent and mechanically
strong films by annealing and then study the
dissolution process by the novel UVV technique.
The moving boundary model,! which was used to
understand the diffusion in two distinct regions
separated by a moving interface, was used to in-
terpret the UVV data.

EXPERIMENTAL

Hard Latexes and Film Preparation

P-labeled PMMA-PIB latexes were prepared sep-
arately 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 co-
polymer so produced served as a dispersant in the
second stage of polymerization in which MMA
was polymerized in a cyclohexane solution of the
copolymer. Details were published elsewhere.!® A
stable spherical hard latex dispersion of polymer
particles was produced, ranging in radius from 1
to 3 um. A combination of 'H-NMR and UV anal-
ysis indicated that these particles contain 6 mol %
PIB and 0.037 mmol P groups per gram of poly-
mer. We refer to these particles as P (The parti-
cles were prepared in M. A. Winnik’ s Laboratory,
University of Toronto, Toronto, Canada,

Latex film preparation was carried out in the
following manner. The P-labeled PMMA-PIB
particles were dispersed in heptane in a test tube.
The solid content was equal to 0.5%. After com-
plete mixing, film samples were prepared from
this dispersion by placing the same numbers of
drops on 0.9 X 3.2 cm? glass plates and allowing
the heptane to evaporate. The liquid dispersion
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Figure 2 (a) Film formation and (b) dissolution cell, in Perkin Elmer Lambda 2S

spectrophotometer.

from the droplets covered the whole surface area
of the plate and remained there until the heptane
evaporated. Samples were weighed before and af-
ter the film casting to determine the film thick-
nesses. The average size of the particles was
taken as 2 um to estimate the number of layers or
the thicknesses of film samples, and the average
film thickness was estimated as 10 um. The films
were annealed in an oven for 30 min above the T,
of PMMA, elevating the temperature to 275°C.
The temperature was maintained within (2°C
during annealing. Stock solution for dissolution
experiments was prepared from mixture of the
chloroform (90%) and the heptane (10%, Solvents
were purchased from Merck Co. (spectroscopically
pure grade) and used as received. Because chlo-
roform is a good solvent for PMMA, heptane is
introduced into the mixtures to slow down the
dissolution process.

UVV Measurements

Measurements of transmitted photon intensities
(Iy) during film formation and absorbance (A,)
change during polymer dissolution were per-
formed using a Perkin—-Elmer Lambda 2S spec-
trophotometer (Norwalk, CT, After annealing,

each sample was placed in the spectrophotometer,
and the I, of films were detected between 300
and400 nm to monitor film formation [see Fig.
2(a)]. Dissolution experiments were performed in
a 1.0 X 1.0 X 4.5-cm® quartz cell. Film samples
were attached at one side of a UV quartz cell filled
with a chlorofor—heptane mixture. The cell was
placed in the spectrophotometer and then illumi-
nated with 345 nm excitation light, which is
strongly absorbed by P. P absorbance (A,), which
is proportional to the number of P-labeled chains
in polymer—solvent solution change in the UV
cell, was monitored as a function of time during
the dissolution process, using the “time drive”
mode of the spectrophotometer. The dissolution
cell and the film position is presented in Figure
2(b). In dissolution experiments, film samples
were dissolved in (90 + 10%) chloroform—heptane
mixture. All UVV measurements were carried out
at room temperature.

RESULTS AND DISCUSSION

Transparency of Films and Crossing Density

Transmitted photon intensities (I,,) were ob-
tained and plotted versus annealing temperature
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Figure 3 Plot of transmitted photon intensity I, ver-
sus annealing temperature.

for the 30-min time interval (Fig. 3, It is seen that
exponential increase in the I, was observed as
the annealing temperature is increased. The in-
crease in I, can be explained by the increase in
transparency of latex film due to disappearing of
particle—particle interfaces.’®=2° As the anneal-
ing temperature increases, some part of the poly-
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Figure 4 Fit of the data in Figure 3 to eq. (4) which
produces AE,,.
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Figure 5 P absorbance, A, versus dissolution time.
Number on each curve indicate the annealing temper-
ature of films. The cell was illuminated at 345 nm
during dissolution experiment.

mer chains may cross the junction surface and
particle boundaries start to disappear; as a result
the transmitted photon intensity I, increases and
the latex film becomes mechanically strong and
transparent.

In order to quantify these results, the Prager—
Tirrell (PT) model®! for the chain-crossing density
was used. These authors used de Gennes’ “repta-
tion” model to explain configurational relaxation
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. The total “crossing odensity”
o(t) (chains per unit area) at junction surface was
calculated from the contributions o4(¢) due to
chains still retaining some portion of their initial
tubes, plus a remainder, o4(¢). Here the o,(¢) con-
tribution comes from chains that have relaxed at
least once. In terms of reduced time 7 = 2uv¢/N?
the total crossing density can be written for small
values T as

o(m)/o(x) = 2w V212 D

In order to compare our results with the crossing
density of the PT model, the temperature depen-
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dence of o(1)/o(°) can be modeled by taking into
account the following Arrhenius relation for the
linear diffusion coefficient:

v = veexp(—AE/RT) (2)

Here AE is defined as the activation energy for
the back and forth motion. Combining eqgs. (1) and
(2) a useful relation is obtained as

0(T)/o(<) = R exp(—AE/2kT) 3)

where R = (8v,t/mN?)"? is a temperature indepen-
dent 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, it
can be assumed that I, is proportional to the
crossing density o(7) and then the phenomenolog-
ical equation can be written as

I (T)/I(*) = R exp(—AE/2kT) (4)

The logarithmic plot of I, versus T ! is presented
in Figure 4. The activation energy, AE,, is pro-
duced by fitting the data to eq. (4) as 21.61 kcal/
mol. The obtained activation energy is typical for
a backbone that crosses the polymer—polymer in-
terface.?2724

Film Dissolution and Moving Boundary Model

Labeled pyrenes in a polymer—solvent mixture in
the UV cell was excited at 345 nm during disso-
lution experiments, and the variation in absor-
bance (A,) was monitored with the time drive
mode of the spectrophotometer. P absorbance A,
is plotted in Figure 5 as a function of “dissolution
time” for the film samples annealed at 100, 150,
200, 225 and 275°C temperatures. It can be seen
that as the dissolution time increases, a continu-
ous increase in A, is observed for all film samples.
It is interesting to note that film annealed at
100°C dissolved faster than the film annealed
at 275°C.

Various mechanism and mathematical models
were considered for the polymer dissolution. Tu
and Quano?® proposed a model that includes poly-
mer diffusion in a liquid layer adjacent to the

polymer and moving out of the liquid—polymer
boundary. The key parameter for this model was
the polymer disassociation rate, defined as the
rate at which polymer chains desorb from the gel
interface. Lee and Peppas?® extended this model
for films to express the polymer dissolution rate
where gel thickness was found to be proportional
to (time)?. A relaxation-controlled model was
proposed by Brochard and de Gennes,?” where
after a swelling gel layer was formed, desorption
of polymer from the swollen bulk was governed by
the relaxation rate of the polymer stress. This
rate was found to be of the same order of magni-
tude as the reptation time. The dependence of the
radius of gyration and the reptation time on poly-
mer molecular weight and concentration were
studied, using the scaling law,2® based on the
reptation model.

In this paper we considered a model in which
diffusion occurs in two distinct regions, sepa-
rated by a moving interface.! The moving inter-
face can be marked by a discontinuous change
in concentration as in the absorption by a liquid
of a single component from a mixture of gases or
by a discontinuity in the gradient of concentra-
tion, as in the progressive freezing of a liquid.
The motion of the interface relative to the two
regions it separates may be caused by the dis-
appearance of matter at the interface in one or
both regions, which results in a bodily move-
ment of the matter in one or both regions rela-
tive to the interface. Discontinuities have been
observed in several practical systems, for in-
stance when two metals interdiffuse.’ The
sharp advancing boundary is well know in
many polymer—solvent systems,?® which is con-
sidered as a discontinuity for same purposes.
When the diffusion coefficient is discontinuous
at a concentration c, i.e., the diffusion coeffi-
cient is zero below ¢ and constant and finite
above c, then the total amount, M, of diffusing
substance desorbed from unit area of a plane
sheet of thickness d at time, ¢ is given by the
following relation:

M D 1/2
e E ®

where D, is the constant diffusion coefficient at
concentration c¢;. Here M,, = c;d is the equilib-
rium value of M,. If one assumes that the diffu-
sion coefficient of polymer chains in film is negli-
gible when compared to the desorbing coefficient,
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Table I Desorbing Diffusion Coefficients Obtained by Fitting the Data in Figure 6 to Eq. (6)

at Various Temperatures

Annealing Temperature (°C)

100 125 150

175 200 225 250 275

D, x 107" (em?s™h) 1.76 1.06 0.90

2.10 1.88 1.25 1.42 0.60

D, of polymer chains into solvent, then eq. (5) can
be written to use our UVV data as follows:

A D 1/2
A p_ 2( 77d12) £z 6)
pee

here it is assumed that M, is proportional to A, at
time, ¢.

Plots of A, versus t2 are presented in Figure
6(a—e) for 100, 150, 200, 225, and 275°C anneal-
ing temperatures, respectively. The desorption
diffusion coefficients, D, are obtained from the
linear fits in Figure 6 using eq. (6) and are listed
in Table I. It is seen that D, values are indepen-
dent of the annealing temperatures of the films
except at 275°C. The low value of D, (0.6 X 10~ !
em? s71) at 275°C compared to average value of
D, (1.5 X 10" ecm? s 1) is attributed to very high
annealing temperature, where mechanically
strong film is obtained that is quite difficult to be
dissolved. The delay in dissolution at early times
is seen in Figure 6(a—e), which can be explained
with the stage (b), where the gel layer is created
by the relaxing polymer chains and as a result, no
desorption has been showed yet. The observed D,
values are consistent with our early findings, ob-
tained using fluorescence technique.’~'?> When
one compares the observed D; (10" cm? s71)
values with the backbone diffusion coefficient of
the interdiffusing polymer chains during film for-
mation from PMMA latex particles,?%31 (=107 15—
107 1%) 5 to 3 orders of magnitude difference can
be seen. This is reasonable for the chains desorb-
ing from swollen gel during dissolution of PMMA
latex films.

In conclusion, this paper introduces a UVV
technique for monitoring latex film formation and
dissolution processes. It is observed that dissolu-
tion of latex film obeys the Moving Boundary
model, and desorption diffusion coefficients are
found to be independent of the annealing temper-
ature. Here we have to also note that UVV tech-

nique is quite useful for measuring very small
(=107 ecm? s~ 1) diffusion coefficients.
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