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Poly(methyl methacrylate) (PMMA) and poly(ethyl
methacrylate) (PEMA) in contact with compressed CO2
at suitable conditions are known to exhibit the unusual
retrograde vitrification;1-6 that is, they undergo rubber-
to-glass transition on heating. This phenomenon arises
due to the rather high solubility, over 30 wt %, of the
gas at subambient temperatures coupled with a rapid
decrease in the solubility on heating. An important
feature of these systems is that ultramicrocellular or
nanocellular foams can be readily obtained under mild
temperature and pressure conditions.7,8 These cellular
materials have potential applications in electronics,
thermal insulation, environmental remediation, mem-
brane separation, and drug delivery systems. An un-
derstanding of the mechanism of molecular diffusion of
CO2 in polymers is key to development of processes for
making specialty cellular materials.

The diffusion behavior of a penetrant in polymers has
been studied extensively, both theoretically and experi-
mentally. Diffusion of a penetrant in a rubbery polymer
is often Fickian, whereas in a glassy polymer, diffusion
can exhibit non-Fickian (or anomalous) behavior, espe-
cially when there is extensive swelling of the polymer
matrix with the penetrant. Previous studies on the
diffusion behavior of CO2 in polymers were directed at
measuring swelling and sorption/desorption kinetics by
gravimetric techniques6,8-12 and, in some cases, at
directly observing the diffusion front using optical
methods.11-15 The PMMA-CO2 system has been well
characterized in terms of solubility and diffusivity using
the gravimetric method.6-8 In this Communication, we
report the first use of in-situ Raman spectroscopy and
microfocus X-ray computed tomography (X-ray CT) to
probe and assess the diffusion behavior of CO2 in
PMMA.

A Raman spectrometer (Jobin Yvon Ramanor T64000)
with a triple monochromator of 1800 grooves/mm grat-
ing and a CCD detector were used in this work. An Ar
ion laser source emitting a 514.5 nm line was used with
a power of 200 mW. The scattered radiation was

collected at 180° geometry with a slit width of 250 µm.
Spherical PMMA particles (Mw ) 116 000) with an
average diameter of about 200 µm were obtained from
Sumitomo Chemical Co. For the diffusion studies, the
PMMA sample was placed into a thermostated high-
pressure cell with a volume of approximately 2 cm3 and
equipped with a sapphire window. After evacuation, the
cell was quickly pressurized to initiate diffusion of CO2
into the polymer matrix. During the runs, the system
pressure was kept constant using a pressure control unit
and a metering valve. The cellular morphologies were
produced by conditioning 6 mm spherical samples (also
from Sumitomo Chemical Co.) at 273 K and 3.0 MPa
with CO2 for various times and then quickly transfer-
ring the samples into a water bath at 95 °C. Structural
images of the foamed PMMA samples were investigated
with a microfocus X-ray CT scanner (Shimadzu, SMX-
225CTS). The entire 6 mm foamed sample was used for
imaging. During measurements of the two-dimensional
structural images, a cone-shaped X-ray beam was
emitted from a 4 µm aperture while the samples placed
on rotation goniometer rotated through 360° for 10 min
radiation. The apparatus had a spatial resolution of
approximately 30 µm because of the use of a high-
resolution image intensifier detector.

Figure 1 shows the time-resolved Raman spectra for
the PMMA-CO2 system at 273 K and 3 MPa. An
interesting feature of Raman spectroscopy is that sig-
natures of the CO2 molecules in different environments
are easily observed. The characteristic Raman bands of
CO2 molecules in the gas phase are observed at 1287
and 1390 cm-1. In addition, two dominant peaks located
at 1279 and 1385 cm-1 attributable to dissolved CO2
molecules are also observed.16 At short times, these
peaks were relatively weak and, therefore, could not be
clearly distinguished from those due to CO2 in the gas
phase. At longer elapsed times, a sharp increase in the
intensity of the peaks for dissolved CO2 was observed.
After about 30 min, the relative intensity did not change
much, indicating establishment of equilibrium between
gaseous and dissolved CO2.

Sorption kinetics can be used to extract diffusion
coefficients and to delineate the transport mechanism
of CO2 through the PMMA matrix. Figure 2 shows the
reduced Raman intensity against square root of elapsed
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Figure 1. Time-resolved Raman spectra for CO2 molecules
in the gas phase and dissolved in PMMA at 273 K and 3 MPa.

9302 Macromolecules 2004, 37, 9302-9304

10.1021/ma048742q CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/13/2004



time at four different temperatures and CO2 pressure
of 3 MPa. It is known from previous studies1-6 that at
3 MPa PMMA-CO2 is in the glassy state in the
temperature range 278-333 K and in the rubbery state
below 278 K, such that on heating at constant pressure
from 273 K the system undergoes a rubber-to-glass
transition and thence the retrograde behavior. Typical
Fickian sorption kinetics characterized by the initial
linear dependence on t1/2 are observed at 313 and 333
K in Figure 2. This implies that the gas transport is
controlled by a single parametersthe Fickian diffusion
coefficient. Assuming Fickian transport,17,18 the diffu-
sion coefficients are estimated to be 2.5 × 10-12 and 3.6
× 10-12 m2 s-1 at 313 and 333 K, respectively. These
results agree well with the values in the range 1 ×
10-12-3 × 10-12 m2 s-1 derived from sorption kinetics
by gravimetric techniques.8 In contrast, the sorption
kinetics at 273 and 293 K reveal characteristic features
that are commonly regarded as signatures for non-
Fickian behavior. The sorption curves at 273 and 293
K exhibit sigmoidal shape similar to that reported in
the past for a number of penetrant-glassy polymer
systems.19-24 This may be attributed to the formation
of a plasticized front during the swelling process,
resulting in the competing effects of Fickian diffusion
and stress relaxation. Though the sigmoidal kinetics
indicate non-Fickian behavior, it should be noted that
the transport mechanism in the two cases is markedly
different. At 293 K, the PMMA-CO2 system is in the
glassy state, and the polymer relaxation makes a minor
contribution to controlling the overall gas transport. On
the other hand, at 273 K, the outer shell of PMMA
sphere in contact with CO2 is transformed to the
rubbery state whereas the inner core is still in the glassy
state. Under these circumstances, the gas transport is
controlled by the superimposition of contributions from
the polymer relaxing on a time scale faster than the
Fickian diffusion time scale and the velocity of the
plasticized front on the underlying intrinsic Fickian
diffusion.

It can be shown17 that the distance r between the
surface of the spherical PMMA particle and the diffusion
front is related to the evolution time t via

where k is a constant related to the intrinsic diffusion
coefficient and exponent n is characteristic of the
transport mode. For transport of small molecules through
glassy polymers, n ) 0.5 and refers to Fickian kinetics;
n is between 0.5 and 1.0 when the Fickian transport

and polymer relaxation occur simultaneously, giving rise
to the so-called anomalous behavior; and n ) 1.0 for the
case II transport whereby the penetrant swells the
polymer, and this stress-induced relaxation front moves
through the polymer at a constant velocity. Figure 3
shows images of the diffusion fronts in a spherical
PMMA sample obtained using a microfocus X-ray CT
scanner after conditioning the polymer with CO2 for a
given time followed by foaming at 95 °C. The formation
of sharp fronts indicates that the inner core remains
glassy, resulting in a significant difference in the
diffusion coefficients between the inner (glassy) and
outer (rubbery) regions. The dynamics of propagation
of diffusion front can be often measured using optical
methods for polymers interacting with a solvent or
plasticizer.25-28 However, the optical techniques can be
applied only to transparent polymer-penetrant sys-
tems. On the other hand, the microfocus X-ray CT
scanning technique to study the formation and dynam-
ics of propagation of diffusion front applies to transpar-
ent as well as nontransparent matrices. More quanti-
tative and precise data can be obtained from the X-ray
CT scanning, in particular the kinetics of the diffusion
and swelling processes, than by optical imaging.

The r-t data obtained from the X-ray CT scans are
shown plotted in Figure 4. The results indicate that the
distance r is not proportional to t1/2 (Fickian diffusion)

Figure 2. Sorption kinetics of CO2 dissolved in PMMA as a
function of t1/2 at 3 MPa under various temperatures. The
reduced Raman peaks of CO2 molecules at 1385 cm-1 were
used for sorption kinetics.

r ) ktn (1)

Figure 3. X-ray CT scanning of 6 mm PMMA samples. Each
sample was exposed to compressed CO2 at 273 K and 3 MPa
for the given time interval and then instantly transferred to
hot water to generate the foamed structure in the outer shells.

Figure 4. Diffusion front propagation in 6 mm PMMA
samples obtained using X-ray CT at 273 K and 3 MPa.
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or t (case II diffusion), but to t0.72, thereby establishing
the transport mechanism to be non-Fickian. This is
consistent with the sorption kinetics observed by in-situ
Raman spectroscopy as shown in Figure 2.

In conclusion, the experimental tools and the results
presented here can be useful for developing a transport
model that takes into account the competing effects of
Fickian diffusion, stress relaxation, and phase transi-
tions. The information on sorption kinetics obtained
from the Raman spectra augmented with velocity of the
plasticized front obtained from the X-ray CT scans can
be used for developing processes to produce the desired
cellular morphologies.
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