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ABSTRACT: In situ steady-state fluorescence (SSF) measurements were used for study-
ing dissolution of Latex films in real time. Latex films with various thicknesses are
formed from pyrene (P) labeled poly(methyl methacrylate) (PMMA) latex particles,
sterically stabilized by polyisobutylene (PIB). Annealing of latex films were performed
above T, at 220°C temperature for 60 min. UV-Visible (UVV) spectrometer was used to
measure the transparency of latex films. It was observed that thicker films formed more
opaque films than thinner films. Heptane (20%), chloroform (80%) mixture was used as
a dissolution agent. Diffusion of pyrene labeled PMMA chains was monitored in real
time by the change of pyrene fluorescence intensity, I in the polymer-solvent mixture.
Diffusion coefficients, D, and relaxation constants, k,, of PMMA chains were measured
and found to be strongly dependent on the latex films thicknesses. It is observed that
thicker and opaque films dissolved much faster than the thinner and transparent films.
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INTRODUCTION

The term “latex film” normally refers to a film
formed from soft latex particles where the forces
accompanying the evaporation of water are suffi-
cient to compress and deform the particles into a
transparent, void-free film.»? However, hard la-
tex particles remain essentially discrete and un-
deformed during the drying process. Film forma-
tion from these dispersions can occur in several
stages, as shown in Figure 1. In both cases, the
first stage corresponds to the wet initial state.
Evaporation of solvent leads to the second stage
in which the particles form a close packed array;
here if the particles are soft they are deformed to
polyhedrons. Hard latexes, however, stay unde-
formed at this stage. Annealing of soft particles
causes diffusion across particle-particle bound-
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aries, which leads the film to a homogeneous con-
tinuous material. Annealing of hard latex parti-
cles however first leads to void closure®* and after
the voids disappear diffusion across particle-par-
ticle boundary starts, i.e., the mechanical proper-
ties of hard latex films can be evolved by anneal-
ing after all solvent has evaporated and all voids
have disappeared.

The mechanism of polymer film dissolution is
much more complicated than small molecule disso-
lution. The small molecule dissolution can be ex-
plained by Fick’s law of diffusion with a unique
diffusion rate.® However, in polymeric systems
many anomalies or deviations from Fick’s law of
diffusion are observed,® particularly below the glass
transition temperature of polymer. It has been well
known that polymeric films dissolve mainly in three
sequential steps as presented in Figure 2: Solvent
penetration, polymer relaxation, and diffusion of
polymer chains into the solvent reservoir.

In the last decade it has become possible to
observe latex film formation at the molecular
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Figure 1 Stages of film formation from latex parti-
cles. (a) dispersion, (b) close packed particles after
evaporation, (¢) transparent film after annealing.

level. Polymer interdiffusion has been studied by
direct nonradiative energy transfer (DET) using
fluorescence decay measurements in conjunction
with particles labeled with appropriate donor and
acceptor chromophors.”'° These studies all indi-
cate that in the particular systems examined, an-
nealing the films above T, leads to polymer inter-
diffusion at the particle-particle junction as the
particle interface heals. Stephan Mazur'' has
written an extensive review on coalescence of
polymer particles, where he mainly discusses the
neck growth mechanism and its several geomet-
rical approximations before interdiffusion of poly-
mer chains takes place. Recently, the steady-state
fluorescence and photon transmission techniques
have been used in our laboratory to study void

closure and interdiffusion processes during film
formation from hard latex particles.'>15

Poly(methyl methacrylate) (PMMA) film disso-
lution was first studied using laser interferometry
by varying molecular weight and solvent qual-
ity.1® The interferometric technique was used to
study dissolution of fluorescence labeled PMMA
films. By monitoring the intensity of fluorescence
from the film along with the interferometric sig-
nal, the solvent penetration rate into the film and
the dissolution were measured simultaneously.!”
A real-time, nondestructive method for monitor-
ing small molecules diffusion in polymer films
was developed.'®2° This method is essentially
based on the detection of excited fluorescence
dyes diffusing out of a polymer film into a solution
in which the film is placed. Recently, we have
reported a steady-state fluorescence (SSF) study
on dissolution of both annealed hard latex films
and PMMA discs using real-time monitoring of
fluorescence probes.?!~2* In these studies effect of
stirring, temperature, and solvent quality has
been studied and second and last steps of polymer
dissolution were investigated.

In this work various films formed from PMMA
particles labeled with pyrene (P) with different
latex content were prepared and annealed at
220°C in 60 min. Transmitted light intensity, I,,
from annealed latex films were measured by UV-
Visible (UVV) technique to study the thickness
effect on latex film formation. It is observed that
I, obeyed Lambert’s law.

Chloroform (80%) -heptane (20%) mixture was
used as dissolution agents for latex film dissolu-
tion. SSF experiments were performed for the
films with various thicknesses in real time mon-
itoring of the dissolution process. The dissolution
experiments were designed so that P labeled
PMMA chains, diffusing from swollen gel were
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Figure 2 Polymeric film dissolution. (a) solvent penetration into film, (b) polymer
chain relaxation in swollen gel, (¢) diffusion of polymer chains into solvent reservoir.
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Table I
Desorption Relaxation Constant
Coefficient ko X 1071
d(um) D X 1071°(cm?s™ 1) (mg/cm? min)
10 3.7 —
20 5.2 4.1
30 81.5 4.5
40 41 9.2
50 176.3 8.36
60 64.6 8.33
80 870 —
100 795.7 17.71

detected by the fluorescence intensity of P. The
goal of the presented work is to prepare mechan-
ically strong films with various thicknesses, and
then study the effect of packing on dissolution
processes. It is observed that thicker film dis-
solved much faster than the others. Diffusion co-
efficients, D were measured in between 3 X 10~ 1°
to 8 X 1078 cm? s~ ! from thinnest to thickest film
samples.

EXPERIMENTAL

Latex Film Formation

PMMA-Polyisobutylene (PIB) polymer particles
were prepared separately in a two-step process.
First MMA was polymerized to low conversion in
cyclohexane in the presence of PIB containing 2%
isoprene units to promote grafting. The graft co-
polymer produced served as dispersant in the sec-
ond stage of polymerization, in which MMA was
polymerized in a cyclohexane solution of the poly-
mer. In this stage PMMA chains are labeled co-
valently with pyrene groups. Details have been
published elsewhere.?® A stable dispersion of
spherical polymer particles was produced, rang-
ing in radius from 1 to 3 um. A combination of
'H-NMR and UV analysis indicated that these
particles contain 4 mol % PIB and 3 mol % pyrene.
(These particles were prepared by B. Williamson
in Prof. M. A. Winnik’s Laboratory in Toronto,
Canada.)

Latex film preparation was carried out in fol-
lowing manner. Latex particles were dispersed in
heptane in a test tube with 20% solid content.
Eight different film samples with different thick-
nesses were prepared from this dispersion, by
placing various number of drops on a glass plates

with the size of 2.5 X 0.8 cm? The heptane was
allowed to evaporate. Then the films were an-
nealed above the glass transition temperature of
PMMA for 60 min at 220°C. During annealing,
temperature was maintained within +2°C. Sam-
ples were weighed before and after the casting to
determine the latex contents and film thick-
nesses. These values are summarized in Table 1.
The average size of the particles was taken as 2
um to calculate the thickness of the films. UVV
experiments for latex film formation were carried
out with the model Lambda 2 UV-Visible spec-
trometer of Perkin Elmer and transmitted light
intensity, I,,, was detected between 330 and 400
nm as seen in Figure 3 for the films with different
thicknesses.

Film Dissolution

Dissolution experiments were performed in a 1.0
X 1.0 cm quartz cell that was placed in the spec-
trofluorimeter (Perkin Elmer L.S50). Fluorescence
emission intensity was monitored at 90° angle so
that film samples were not illuminated by the
excitation light. Film samples were attached at
one side of quartz cell filled with chloroform
(80%)-heptane (20%) mixture. The cell was then
illuminated with 345 nm excitation light. Pyrene
fluorescence intensity, I, was monitored during
the dissolution process at 395 nm using the “time
drive” mode of spectrofluorimeter. Emission of P-
labeled polymer chains was recorded continu-
ously at 395 nm as a function of time until there
was no observable change in intensity. The disso-
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Figure 3 The plots of transmitted light intensity, I,,,
versus wavelength for the film samples in various
thicknesses.
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Latex Film

chloroform-+heptane

Figure 4 The cartoon representation of the dissolu-
tion cell and the film position in the spectrofluorimeter.

lution cell and the film position is presented in
Figure 4. Eight different dissolution experiments
were run for the films with different thicknesses.

RESULTS AND DISCUSSION

Opacity of Latex Films

Transmitted light intensity, I,,, at 400 nm is plot-
ted versus film thicknesses in Figure 5 for eight
different latex films. It is seen that I,. decreases
as film thickness is increased. In other words
when the latex film is formed and annealed it goes
from opaque to transparent state. Usually the
opacity of a medium is created by the scattering of
the light. If the intensity of incident light is I,
and on passage of the light through a medium of
thickness d the incident intensity is reduced to I,
as a result of scattering, then the opacity of the
medium is determined by the following equation

Itr
7= exp(—7d) (1)
0

which is called Lambert’s equation. Where opac-
ity 7 is defined as the fraction of primary light
beam scattered in all directions on passage
through a medium with thickness of 1 cm.

The expression I, /I, has been known as the
light transmission or relative transparency. In
general opacity is given by 7 = (¢ + k)¢, where ¢
and c are the molar absorption coefficient and
molar concentration, respectively. k is known as
imaginary absorption coefficient. ¢ is usually de-
pends on the wavelength of the light being ob-
served, temperature, and nature of the medium.
presents the true absorption of light, i.e., when
light is absorbed by a system its energy is trans-

formed into thermal or electronic energy. The mo-
lar absorption coefficient, k does not include the
size of particles if they exist in the medium. It is
known that the size of particles affects light ab-
sorption indirectly through either light scattering
or reflection. In general light is scattered only
when its wavelength is greater than the size of a
particle in the medium. If the wavelength of the
light is much smaller than the particle diameter,
light is reflected. When the size of particles be-
comes considerably greater than A, light is no
more scattered but reflected, regardless of the
light wavelength. If the particles are too large,
light reflection from them increases which causes
the reduction of the intensity of scattered light.
The fact is that, as a result of light scattering, the
white light that passes through a medium still
loses some radiation in the short wavelength re-
gion that is not the true absorption. Such absorp-
tion is known as the imaginary absorption that is
identified with k, which is a function of particle
size. If ¢ = 0 the system has no true absorption.

In our experiments, because the latex films
annealed at 220°C for 60 min, it is believed that
no voids between latex particles can exist, i.e., at
220°C PMMA as bulk reaches a melting state and
flows easily by filling up the voids. Here opacity of
the thicker films may be explained by the existing
of cracks or pores in the latex film due to high
packing. The size of these cracks and pores can be
either larger or smaller than the wavelength of
the light that result either reflection or scattering
of light from the film, where both causes the re-
duction of transmitted light intensity, I,,, accord-
ing to eq. (1). In our experiments it is assumed
that films has no true absorption for the wave-
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Figure 5 The plots of I, at 400 nm versus film thick-
nesses.
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Figure 6 The fit of the data in Figure 5 to eq. (1). The

slope of the linear relation produces the absorption

coefficient u as 314 cm ™ 1.

lengths of greater than 360 nm, i.e., it is believed
that latex film either scatters or reflects light. But
does not make true absorption at these wave-
lengths.

The data in Figure 5 are fitted to the logarith-
mic form of eq. (1) and plotted in Figure 6. The
slope of the linear relation in Figure 6 produced «
value as 314 cm ™! where it is assumed that & = 0.

Modeling of Dissolution

During in situ dissolution experiments, P labeled
polymer chains were excited at 345 nm where
latex film make true absorption and the variation
in fluorescence emission intensity, Ip, was moni-
tored with the “time drive” mode of spectrofluo-
rimeter. Figure 7 presents the P intensities, I, as
a function of “dissolution time, ty” for film sam-
ples in various thicknesses listed in Table I.
These curves reach a plateau almost in the same
fashion at long times. In order to quantify the
curves in Figure 7 various models can be pro-
posed. In general polymeric films dissolve mainly
in three different stages: (a) solvent diffusion, (b)
polymer relaxation, and (c) desorption of polymer
chains into the solvent reservoir. A schematic rep-
resentation of these three sequential steps for the
dissolution of a polymer film is presented in Fig-
ure 2. In the first stage, the penetration distance
of solvent molecules mainly depends on free vol-
ume, which in turn depends on the flexibility of
the chains, backbone, and side groups, as well as
the thermal history of the polymer. These first
solvent molecules 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 polymer chains. This transition layer is
composed of both polymer chains and solvent mol-
ecules. If the solvent—polymer interactions (solu-
bility) are more dominant than polymer—polymer
interaction, maximum swelling is obtained. This
is the case when the good solvent is used during
dissolution of a polymer film. In the last stage
chain disentanglement takes place, chains sepa-
rate from the bulk and desorb into the solvent.

Tu and Quano®® proposed a model that in-
cludes polymer diffusion in a liquid layer adjacent
to the polymer and moving 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. Later Astarita and Sarti*® proposed a
model that takes glassy to swollen transition ki-
netics explicitly into account. Lee and Peppas?’
extended Tu and Quano’s model for films to the
situations of the polymer dissolution rate where
gel thickness was found to be proportional to
(time)2. A relaxation controlled model was pro-
posed by Brochard and de Gennes?® where, after a
swelling gel layer was formed, desorption of poly-
mer 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 magnitude as
the reptation time. The dependencies of the ra-
dius of gyration and the reptation time on poly-
mer molecular weight and concentration were
studied, using a scaling law,? based on the rep-
tation model.

In this work we found it appropriate to use the
model developed by Enscore et. Al.2° to interpret

60 -
P o d {60 m

p

e 40 pm
I fro | B
e e 10 m
40 | T
N

"

A

0 T T Sl
o} 300 600 900 1200

dissolution time t,(sec)

Figure 7 Pyrene intensities, Ip, versus dissolution
time, t4, for the film samples dissolved in chloroform-
heptane mixture. Number on each dissolution curve
indicates the film thicknesses in um.
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Figure 8 The fit of the dissolution data at intermediate region according to eq. (8) for
the film samples in various thicknesses: (a) 10, (b) 20, (c) 40, and (d) 80 wm. Slope of the
curves produce diffusion coefficients D, which are listed in Table 1.

the results of film dissolution experiments. This
model includes Case I and Case II diffusion kinet-
ics, which are described below.

When the diffusion equation is solved in one
dimension for a constant diffusion coefficient, D
and fixed boundary conditions, the sorption and
desorption transport in and out of a thin slab is
obtained and given by the following relation®:

8 = 1 —(2n + 1)’D7t
1- 22 g, 17 eXp( & )

n=0

S/E

(2)

Here, M, represents the amount of materials ab-
sorbed or desorbed at time t, M« is the equilib-
rium amount of material, and d is the thickness of
slab. Equation (2) presents the model for Case I
diffusion, generally known as Fickian diffusion.
The mechanism of Case II diffusion is charac-
terized by the following steps. As the solvent mol-
ecules enter into the polymer film, a sharp ad-

vancing boundary forms and separates the glassy
part of the film from the swollen gel (see Fig. 2b).
This boundary moves into the film at a constant
velocity. The swollen gel behind the advancing
front is always at a uniform state of swelling.
Now, consider a cross-section of a film with thick-
ness d, undergoing Case II diffusion as in Figure
2, where L is the position of the advancing sorp-
tion front, C, is the equilibrium penetrant concen-
tration and k, (mg/cm? min) is defined as the Case
II relaxation constant. The kinetic expression for
the sorption in the film slab of an area A is given
by

dM,

The amount of penetrant, M, absorbed in time t
will be

M,=CiA(d - L) (4)
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Figure 9 The fit of the dissolution data at early times according to eq. (9) for the film
samples in various thicknesses: (a) 20, (b) 40, (¢) 60, and (d) 100um. Slope of the curves
produce relaxation constant, k,, which are listed in Table I.

After eq. (4) is substituted into eq. (3) the follow-
ing relation is obtained:

dL -
&= c (5)

It can be seen that the relaxation front, positioned
at L, moves toward the origin with a constant
velocity, ky/C,. The algebraic relation for L, as a
function of time t, is described by eq. (6):

L=d ko 6
=d-¢t (6)

Because M, = k,At and Mo = CjAd, the following
relation is obtained:

ko

M, :
M, Cd! D

The dissolution curves, in Figure 7, can be quan-
tified by fitting the data to eq. (2). Figure 8a—d
present the plot of the following relation, for film
samples in various thicknesses, respectively.

(7]
Ln|l1—-+~| =B — At (8)
I,.
This is the logarithmic form of eq. (2) for n = 0
with A = D7%/d? and B = Ln(8/7%) parameters.
Here, it is assumed that I, is proportional to the
number of P labeled chains desorbing from the
latex film and I, presents its value at the equi-
librium condition. In Figure 8 all dissolution
curves are digitized for numerical treatment. De-
viations from the linearity in Figure 8a—d at long
times present equilibration of the dissolution pro-
cess. Linear regions of the curves at intermediate
times in Figure 8a—d follow the Fickian diffusion
model. When the linear portions of the curves in
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Figure 8a—d are compared with computations us-
ing eq. (8), chain desorption coefficients, D are
obtained and are listed in Table I. When one
compares the observed D ~ 1071° — 1078 cm?/s
values with the backbone diffusion coefficient of
interdiffusing polymer chains during film forma-
tion from PMMA latex particles,?%3! (=10 1€
— 10" e¢m?s) 6 to 4 orders of magnitude differ-
ence can be seen. This is reasonable for the chains
desorbing from swollen gel, during dissolution of
PMMA latex films.

Non-Fickian behavior of the curves short time
region in Figure 9a—d can be interpreted by using
eq. (7). When I /I are plotted as a function of
dissolution time, ty, reasonable linear fits were
obtained for the curves in Figure 9. If we assume
that the amount of solvent molecules is propor-
tional to the number of PMMA chains desorbing
from the swollen gel, than eq. (7) can be written
as

Ip ko
E—@t 9)

Fitting eq. (9) to the data presented in Figure 9
yielded k, parameter. Using known d and C, (1.33
g/mL) values, k, parameters were obtained and
listed in Table I. The measured k, values are
resulted three orders of magnitude difference
from those of Stannet and Hopfenberg.?*3! Thus,
for n-hexane sorption by polystyrene spheres and
film they reported k, around 10~° mg/cm®min.
This difference can be caused by the stronger
solvent-polymer interaction in our solvent-PMMA
system.

The plots of D and k, versus film thickness, d,
are presented in Figure 10a,b, where it is seen
that diffusion coefficient and relaxation constant
obey the following relations, respectively:

D = Dyexp(ad) (10)
ko=ky+ Bd (11)

Here a and B are the related constants and D,
and k;, are the diffusion coefficient and the relax-
ation constant at d = 0. The logarithmic plot of eq.
(10) is given in Figure 11, which presents a nice
linear relation by indicating that the thickness
dependence of D obeys the relation in eq. (10). On
the other hand relaxation constant, k, satisfies
the linear dependence on d.

Dx107 (em’s™)

kx1 0! (mg/cm’min)

film thickness d(pm)

Figure 10 The plot of D (a) and k, (b) versus film
thickness, d.

CONCLUSION

In previous sections opacity of the latex films are
related to the pores and cracks created in thicker
films during annealing. These pores and cracks
are imperfections created due to high packing of
latex particles in thicker films, which may cause
high dissolution rates. In other words pores and
cracks increase the surface area in films against
solvent molecules and as result thicker films dis-

LnD

-18 : P I T T T
20 40 60 80 100

film thickness d(um)

Figure 11 The plot of eq. (10), which obeys the data
in Figure 10a.
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solve faster. In order to quantify the above argu-
ment thickness of the film, d has to be related to
the number of pores and cracks in egs. (10) and
(11) as follows:

D = Dyexp(ayn) (12)
ko=Fki+ Bon (13)

where o, and B, are the related constants and n is
number of pores and cracks per unit volume in
the film. Equations (12) and (13) predict that
films with high n have larger relaxation constants
and diffusion coefficients due to easier penetra-
tion of solvent molecules into the pores films.
Equations (12) and (13) can be considered to be
the modifications of the case I and case II diffu-
sion kinetics for the thin slap model.
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