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ABSTRACT: Methanol- and ethanol-induced convex de-
formation and macrovoid formation in poly(methyl methac-
rylate) (PMMA) through sandwich structures, consisting of
polycarbonate (PC)/PMMA/PC was investigated. The
sandwich structures had a circular hole on the outer PC
layer, which allowed the solvent to contact with PMMA.
Both single-convex and double-convex deformations of the
PMMA layer were produced, depending upon the hole di-
ameter. For a fixed hole diameter, there was an optimum
PMMA thickness, which produced maximum curvature for
the double-convex deformation. The physical mechanism

for these phenomena can be well explained by the relative
strength of the swelling stress and the deformation resis-
tance of the PMMA layer. We also used the wet phase-
inversion method to produce porous convex deformation
for the sandwich structures. The size, number, and location
of the convex pores can be prescribed. This may have po-
tential applications in local filtering and other areas. © 2004
Wiley Periodicals, Inc. ] Appl Polym Sci 93: 2254-2261, 2004
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INTRODUCTION

The diffusion or mass transfer of an organic solvent
into a polymer is influenced by diffusion-induced me-
chanical stress in the polymer and the chemical poten-
tial energy. The existence of the chemical potential
energy gradient helps the solvent molecules to diffuse
into the polymer. When the solvent diffuses into the
polymer, it forces the molecular chains of the polymer
to relax, migrate, and reorganize. The large-scale
movement and rearrangement of molecular chains, or
swelling, produces more free volume to accommodate
more solvent molecules. This action also induces me-
chanical stress in the polymer. The mechanical stress
can be released by swelling as well as movement and
rearrangement of molecular chains.'

The process described above usually takes some
time to accomplish; it is not a fast reaction. When the
chemical potential energy and the mechanical stress
reach equilibrium state, the mass transfer ends.” The
relaxing rate of mechanical stress in a polymer de-
pends on the working temperature. If the working
temperature is below the glass-transition temperature
(T,) of the polymer, the polymer is situated at a glassy

Correspondence to: C. B. Lin (cblin@mail.tku.edu.tw).
Contract grant sponsor: National Science Council, Taiwan,
Republic of China.

Journal of Applied Polymer Science, Vol. 93, 22542261 (2004)
© 2004 Wiley Periodicals, Inc.

state and the relaxing time is prolonged. If the work-
ing temperature is above the T, of the polymer, the
polymer is situated at a rubber state and the relaxing
time is shortened.> When a polymer is immersed in an
organic solvent, the bonding in its molecular chains
weakens. This reduced bonding enhances the molecular
chain’s mobility and decreases the corresponding T,.
Hopfenberg and Frish* demonstrated that the diffu-
sive behavior of an organic solvent inside a polymer
can be classified into three types: (1) Case I or Fickian
diffusion; (2) Case II diffusion; and (3) anomalous
diffusion. They are introduced in the following:

1. Case I diffusion: When the diffusive speed of the
solvent is much lower than the relaxing rate of
molecular chains of the polymer, the absorption
balance is achieved immediately. The molecular
chains have only local and restrictive movement.
There is no swelling in such case.

2. Case II diffusion: When the diffusive speed of the
solvent is much higher than the relaxing rate of
molecular chains of the polymer, the molecular
chains have large-scale movement to produce
swelling. More mass transfer occurs after swelling.

3. Anomalous diffusion: When the diffusive speed of
the solvent is about the same as the relaxing rate of
molecular chains of the polymer, both Case I and
Case II diffusions proceed at the same time.

Some researchers” ° reported that the diffusive be-
havior of polymers in a glassy state belongs to the



METHANOL- AND ETHANOL-INDUCED PMMA

anomalous diffusion. According to Alfrey et al. and
Thomas et al.,”~® the anomalous diffusion can be fur-
ther divided into three regions: swelling region, un-
swelling region, and mixed region. At the beginning,
the solvent weakens the molecular chains of the poly-
mer to undergo stress relaxation and produce more
free space inside the polymer. This free volume allows
more solvent molecules to enter until equilibrium is
reached. The probability for the solvent molecules to
enter or leave the polymer surface is equal. However,
if the solvent concentration inside and outside of the
polymer is different, the accompanying difference in
chemical potential energy forces mass transfer to pro-
ceed.

As a polymer changes from a glassy state to a rub-
ber state, its diffusion coefficient increases dramati-
cally. The diffusive process inside a polymer weakens
the bonding of molecular chains and produces swell-
ing. Swelling generates a large-scale movement of mo-
lecular chains of the polymer and increases its volume.
This increased volume generates more free space for
the solvent to enter. The polymer therefore translates
from a glassy state to a rubber state.”'® For example,
Nicolais et al.'' demonstrated that polystyrene’s T,
drops from 100 to 20°C, when it is immersed in pure
hexane solvent.

This article studies the methanol- and ethanol-in-
duced convex deformation in PMMA experimentally.
Both single- and double-convex deformations were
produced. The mechanism and factors that influence
the deformation process were explored and discussed.
A wet phase-inversion method was also used to pro-
duce porous convex deformation in poly(methyl
methacrylate) (PMMA). The size, number, and loca-
tion of the convex pores can be prescribed. A variety
of asymmetric membrane structures, such as open-cell
sponge, closed-cell sponge, and macrovoids, can
be fabricated by using the wet phase-inversion
method."*"

EXPERIMENTAL
Absorption study of PMMA

Rectangular samples with 20 X 10 X 1 mm dimensions
were cut from PMMA sheets to study the solvent
absorption rate of PMMA with inherent viscosity of
0.284 dL/g. These PMMA samples were annealed in
the air at 120°C for 24 h and then furnace-cooled to
room temperature to release the residual stress. The
residual stress came from machining. The solvent ab-
sorption of PMMA and PC samples was conducted by
measuring the weight gained by the samples at differ-
ent time intervals. Each sample was preheated to 60°C
before being put into the methanol or ethanol. The
glass cup which contained the methanol or ethanol
was placed in a thermostatic water bath to maintain its
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Figure 1 The schematic diagrams of (a) a double-hole and
(b) a single-hole sandwich structures.

temperature at 60°C. The sample was removed from
the solvent at a fixed time interval, blotted, and then
weighed in a 0.1 mg digital balance. After weighing,
the sample was quickly put back into the solvent to
continue the absorption test.

Glass-transition temperature

The experimental procedure for measuring the effec-
tive T, of PMMA in methanol and ethanol is described
below. Circular samples having 0.4 mm thickness
were punched from PMMA sheets. The samples were
annealed at 120°C for 24 h to eliminate the residual
stress. The samples were immersed in methanol (or
ethanol), which was maintained at 60°C in a thermo-
static water bath, until diffusion saturation was
reached. Each solvent-saturated sample, having a
mass of ~ 10 mg, was then blotted and placed in an
aluminum pan. The pan was placed in a Seiko 1 SSC-
500 differential scanning calorimeter (DSC) to deter-
mine the effective Tg at a scanning rate of 5°C/min.

Mass transport of sandwich structures

Sandwich structures with various hole diameters and
PMMA layer thicknesses were tested for comparisons.
Figure 1 illustrates the schematic diagram of the sand-
wich structures [polycarbonate (PC)/PMMA/PC].
Both outer layers were PC and the inner layer was
PMMA. The reason for using PC as the outer layers
was that PC does not easily interact with methanol or
ethanol; thus, it can be regarded as an insulator for the
PMMA region where interaction is to be avoided. Two
PC layers were glued on the two sides of a PMMA
layer by using epoxy adhesive to construct a sandwich
structure. Two types of sandwich structures were
made. The first type had one hole on both sides of the
outer PC layers, as shown in Figure 1(a). The solvent
could diffuse into PMMA through these two holes.
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Figure 2 The schematic diagram of the solvent transport in
sandwich structure.

The two holes on both sides had the same diameter
and were aligned on the same axis. The second type
had only one hole on one outer PC layer, as shown in
Figure 1(b). The solvent could diffuse into PMMA
through only one hole.

Figure 2 illustrates the schematic diagram of solvent
transport in sandwich structure. Methanol and etha-
nol were used as the solvents. PMMA and PC do not
dissolve in methanol and ethanol. The relative equi-
librium solubility of methanol and ethanol in PMMA
at 60°C are 53 and 67%, respectively. However, the
corresponding values for PC are only 3 and 7%, re-
spectively. Therefore, these two solvents can diffuse
into PMMA much easier than into PC. Each sandwich
structure was preheated to 60°C in the thermostatic
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water bath before being put into the solvent, which
was maintained at 60°C. After the PMMA region ex-
posed to the solvent reached saturation, the sandwich
structure was taken out from the solvent. It was then
placed on a pan at room temperature until the PMMA
layer converted to its glassy state. The two outer layers
were removed and the swelling deformation of the
PMMA layer was measured by using a Nikon Op-
tiphot-100 optical microscope.

Wet phase-inversion study

The double-hole sandwich structures were also used
to study the effect of wet phase inversion. PMMA
samples with 1.0 mm thickness and 3.0-mm hole di-
ameter were tested. The sandwich structure was pre-
heated in the thermostatic water bath to 60°C. It was
then immersed into the 60°C ethanol until saturation
was reached in PMMA. The solvent-saturated sand-
wich structure was quickly immersed into a 60°C dis-
tilled water bath. After precipitation, the sandwich
structure was taken from the water bath and dried in
the air. The microstructure of the precipitated PMMA
was examined by using a LEO-1530 scanning electron
microscope (SEM, Seiko Instruments, Inc., Japan).

RESULTS AND DISCUSSION

Figure 3 depicts the result of solvent absorption trans-
port of PMMA. The weight gained by PMMA due to
the diffusive transport of methanol or ethanol into
PMMA is depicted as a function of absorption time.
Notice that in this absorption study only PMMA sam-
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Figure 3 Solvent absorption in PMMA. Solid lines determined by eq. (1). Points are experimental data.



METHANOL- AND ETHANOL-INDUCED PMMA

2257

TABLE 1
The Effective Glass-Transition Temperature, D, v, and Equilibrium Solubility for the
Methanol and Ethanol Transport in PMMA at 60°C

Diffusion coefficient

Diffusion speed Equilibrium

Solvent Tg. (°C) D X 10® (cm?/s) v X 10° (cm/s) solubility (%)
Methanol 20.4 30.9 9.8 53
Ethanol 17.6 48.1 35 67

ples were used; there were no outer PC layers. Har-
mon et al.'*'*> proposed a correlation to predict the
anomalous diffusion. The correlation is written below
and is also depicted in Figure 3 for comparison,

— VA
M o )\i(l - 2cos)\n)exp<2D> Dt
4 L _ ot
M., 1-2 2 2D EXP( B 2 >
n=1 Bil1— ﬁcosz)\n

(1)

In the above equation, M, is the weight gained due to
absorption after a time interval t and M., is the final
weight of the sample after the equilibrium state is
reached. The parameter D is the diffusion coefficient
for Case I diffusion and v is the diffusion speed for
Case 1II diffusion. These two parameters for the mate-
rials used in this study are listed in Table I. The
parameter [ is half the sample thickness. The parame-
ters A, and S, can be obtained from the solutions of
the following expressions:
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As illustrated in Figure 3, the experimental data
agree quite well with the prediction, using eq. (1). The
coefficients listed in Table I also demonstrate that, for
PMMA, Case I diffusion is stronger in ethanol than in
methanol, whereas Case II diffusion is stronger in
methanol than in ethanol. The equilibrium solubility,
the diffusivity at infinite time, in ethanol is also larger
than in methanol.

The results of mass transfer in the double-hole sand-
wich structures are discussed next. Each sandwich
structure was first immersed in methanol, which was
maintained at 60°C. After saturation, the sandwich
structure was removed from methanol and desorbed
in the air at room temperature. The PMMA layer
returned to its glassy state at room temperature. A
double-convex deformation generated when the hole
diameter was =3 mm, as shown in Table II. Figure 4

illustrates the evolving process of the double convex
and its physical mechanism is explained next.

The effective T,'s of PMMA, in methanol and etha-
nol, are 20.4 and 17.6°C, respectively, as listed in Table
L. The effective T, is less than the solvent temperature,
which was maintained at 60°C. The PMMA layer was
in its rubber state when immersed in the solvent. The
solvent molecules diffused into PMMA, forcing the
PMMA molecules to expand and migrate, and in-
duced a mechanical stress. This mechanical stress is
called swelling stress in this study. The swelling stress
was not symmetrical because the structure of molec-
ular chains in PMMA was not symmetrical. This
asymmetrical swelling stress was able to conquer the
resistance of the PMMA layer and pushed it towards
the topside, as shown in Figure 4(b). The swelling
stress reached equilibrium with the reactive stress of
the PMMA layer after some time. The topside there-
fore stopped deforming. The lower side, however, had
not reached equilibrium, so that it continued to de-
form, as illustrated in Figure 4(c). The deformation in
the lower side continued until saturation was reached,
as shown in Figure 4(d). At saturation, the swelling
stress was balanced by the deformation resistant reac-
tive stress of the PMMA layer. The sandwich structure
was removed from the solvent after it reached satura-
tion state. It was then dried in the air at room temper-
ature. The two outer PC layers were taken off to
measure the convex deformation. Figure 4(e) depicts
the schematic diagram of a double convex. Figure 4(f)

TABLE 1II
The Effect of Hole Diameter on the Formation of Convex
Deformations, PMMA thickness = 1.2 mm

Diameter (mm)

3.5 3.4 3.3 3.2 3.1
Cap-structure
Methanol Single Single Single Single Single
Ethanol Single Single Single Double Double

Diameter (mm)

3.0 2.9 2.8 2.7 2.6
Cap-structure
Methanol Double Double Double Double Double
Ethanol Double Double Double Double Double
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Figure 4 The evolving process of a double-convex defor-
mation.

illustrates the cut-off picture of a double convex. The
inside of the double convex is a solid structure. From
a mass conservation point of view, the density of the
convex is less than the original PMMA. Figure 5 shows
a picture of a double convex.

To study the effect of hole diameter on the interac-
tion between PMMA and the solvent, double-hole
sandwich structures with various hole diameters were
tested. Methanol was first used as the solvent. The
results are listed in Table II. When the diameter of the
double-hole sandwich structures was larger than 3
mm, a single-convex deformation developed. The
physical mechanism of the deforming process of a
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Figure 6 Photograph of a single-convex deformation for a
double-hole sandwich structure.

single convex is similar to that described for the dou-
ble convex. However, the major difference was that
the hole diameter became larger. A circular membrane
with larger diameter is less capable of resisting defor-
mation. The swelling stress induced by the solvent
diffused into PMMA was able to push the membrane
further towards the topside, as shown in Figure 4(b).
The extent of deformation was too large, and only a
single convex developed. The space generated due to
the deformation of the PMMA layer towards the top-
side was large enough to accommodate the space
needed for the diffusion in the lower side. There was,
therefore, no convex on the bottom side. Figure 6
shows a picture of a single convex. We also conducted
the experiment described in the last paragraph with a
different solvent, ethanol. All the other parameters
were unchanged when the diameter of the double-
hole sandwich structures was >3.2 mm, as shown in
Table II.

A single-convex deformation with less curvature
was developed for the sandwich structure with only
one hole on one side, as shown in Figure 1(b). In this
case, a PC layer blocked one side of the structure and
the PMMA layer was not able to deform as in the
double-hole case. The solvent was diffused into
PMMA through only one hole and generated a single
convex. Without the benefit of deformation, the con-
vex was therefore shorter and less curved. Figure 7
shows a picture of a single convex for a single-hole
sandwich structure.

Figure 5 Photograph of a double-convex deformation for a
double-hole sandwich structure.

Figure 7 Photograph of a single-convex deformation for a
single-hole sandwich structure.
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Figure 8 The radius of curvature for the single-convex deformation is depicted as a function of PMMA thickness, hole
diameter = 4 mm.

To study the effect of PMMA layer thickness on the ~ were tested. The hole diameter was fixed at 4 mm. The
interaction of PMMA and the solvent, double-hole  deformations produced were all single convex. The
sandwich structures with various PMMA thicknesses  forming time of a convex differed for different PMMA

Figure 9 The effect of PMMA layer thickness on convex Figure 10 The effect of PMMA layer thickness on convex
curvature subject to the methanol, the PMMA layer thick- curvature subject to the ethanol, the PMMA layer thickness
ness was (a) 1.5 mm; (b) 1.2 mm; (c) 1.0 mm; (d) 0.7 mm; (e) was (a) 1.5 mm; (b) 1.2 mm; (c) 1.0 mm; (d) 0.78 mm; (e) 0.6
0.4 mm; (f) 0.2 mm. mm; (f) 0.4 mm.
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Figure 11 Photographs of (a) a porous single-convex deformation with macrovoid; (b) macrovoid structure inside convex

pores. Solvent = ethanol; coagulant = water.

thicknesses. The corresponding forming times in
methanol for the thicknesses of 1.2, 1.0, 0.7, 0.4, and 0.2
mm were 12, 10, 7, 4, and 2 h, respectively. The swell-
ing deformation rate of PMMA was about 100 um/h.
Figure 8 depicts the radius of curvature for the single-
convex deformation of the double-hole sandwich
structures at six different PMMA layer thicknesses.
We observe that the maximum curvature and there-
fore the minimum radius of curvature of the single
convex produced in the test occurred when the
PMMA thickness was about 0.8 mm for both methanol
and ethanol solvents. Increasing or decreasing the
PMMA thickness reduced the single-convex curva-
ture. The reasons are explained below.

When the PMMA thickness was larger than about
0.8 mm, there was more content of organic solvent
diffuses into the free volume of PMMA. This en-
hanced mass transfer increased the swelling stress and

the corresponding single-convex curvature. Mean-
while, a thicker PMMA was more capable of resisting
deformation. This increased resistance reduced the
convex curvature. Figure 9(a—c) illustrates the pictures
of the single convexes at three different thicknesses,
1.5, 1.2, and 1.0 mm. The solvent was methanol. Ap-
parently, as demonstrated by the experimental results,
the increase in deformation resistance outweighs the
increase in swelling stress so that the convex curvature
reduces when the thickness increases. Similar results
were obtained when ethanol was used as the solvent.
Figure 10(a—c) illustrates similar pictures of the single
convexes, obtained by using ethanol as the solvent.
When the thickness was less than about 0.8 mm,
there was less room for the solvent to enter. This
reduced mass transfer decreased the swelling stress
and the corresponding convex curvature. At the same
time, a thinner PMMA layer was less capable of re-
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Figure 12 Photograph of double-convex pores matrix pro-
duced by using the wet phase-inversion method, each hole-
diameter was 3.0 mm. Solvent = ethanol; coagulant = water.

sisting deformation and increased the corresponding
convex curvature. Figure 9(d—f) illustrates the pictures
of the single convexes at three different thicknesses,
0.7, 0.4, and 0.2 mm. The reduction in swelling stress
outweighs the reduction in deformation resistance.
The convex curvature therefore reduces. Figure
10(d—f) shows similar pictures of the single convexes
by using ethanol as the solvent.

The double-hole sandwich structures were also
used to study the effect of phase inversion. The test
conditions were described in the Experimental. A po-
rous double convex was produced as illustrated in
Figure 11. The hole diameter was 3.0 mm. It can be
seen that macrovoids were formed in the double con-
vex, because of the ethanol diffused out of the ethanol-
saturated PMMA and the coagulant (water) diffused
into the PMMA during phase inversion treatment,
which results in phase transition and PMMA precipi-
tation to form macrovoids in the double convex. Ad-
ditionally, the addition of surfactant (coagulant) re-
duced the interfacial tension between the polymer and
the coagulant. The reduction of the interfacial tension
induced interfacial instability and initiated the forma-
tion of macrovoid, as suggested by Matz.'® When the
ethanol diffused out of the ethanol-saturated PMMA,
the surfactant (water) is not used. The macrovoids
grow during air-cooling and desorption, while the
PMMA temperature remain above the T,. Air-cooling,
however, is so rapid that the T, is always reached
before macrovoids grow to a size equal to the wave-
length of the light."” Figure 12 shows a picture of a
matrix consisting of 12 double-convex pores produced
by using the wet phase-inversion method. The PMMA
layer thickness was 1.2 mm and the diameter of each
double convex was 2 mm. The diameter, number, and
location of the convexes can be prescribed. It demon-
strates that we can produce porous area selectively on

2261

a polymeric material. This manufacturing process may
have potential applications in selective filtering. We
are also exploring its applications in the other areas.

CONCLUSION

The interaction mechanism between PC/PMMA /PC
sandwich structures and the solvents, methanol and
ethanol, was studied. Both single-convex and double-
convex deformations were produced. The formation
of single- or double-convex deformation depends on
the relative strength of the swelling stress induced by
the mass transfer and the deformation resistance of the
PMMA layer. When methanol was used as the solvent,
a single convex was generated for the double-hole
sandwich structures as the hole diameter was >3 mm,
and a double convex was generated as the hole diam-
eter was =3 mm. Similar results were obtained when
using ethanol as the solvent, but the critical hole di-
ameter was 3.2 mm. For a fixed hole diameter, there
was an optimum PMMA layer thickness, ~ 0.8 mm,
which produced the maximum curvature. The reasons
can be well explained by the relative strength of the
swelling stress and the deformation resistance of the
PMMA layer. The wet phase-inversion method was
used to produce double-convex porous deformations
in the PMMA layer. This method allows us to produce
the porous area selectively. It may have potential ap-
plications in selective filtering and other areas.
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