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Equilibrium Swelling Measurements of Network and Semicrystalline
Polymers in Supercritical Carbon Dioxide Using High-Pressure NMR
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ABSTRACT: The extent of swelling of cross-linked poly(dimethylsiloxane) and linear low-density poly-
(ethylene) in supercritical CO2 has been investigated using high-pressure NMR spectroscopy and
microscopy. Poly(dimethylsiloxane) was cross-linked to four different cross-link densities and swollen in
supercritical COq. The Flory—Huggins interaction parameter, y, was found to be 0.62 at 300 bar and 45
°C, indicating that supercritical COs; is a relatively poor solvent compared to toluene or benzene. Linear
low-density poly(ethylene) was shown to exhibit negligible swelling upon exposure to supercritical COg
up to 300 bar. The effect of CO; pressure on the amorphous region of the poly(ethylene) was investigated
by observing changes in the 'H T relaxation times of the polymer. These relaxation times decreased
with increasing pressure, which was attributed to a decrease in mobility of the polymer chains as a result

of compressive pressure.

Introduction

Supercritical fluids have become an important me-
dium for polymer synthesis, processing, and character-
ization. In the past decade, supercritical COy has
emerged as the most important fluid in this class due
to its chemical inertness, easily accessible critical points,
noninflammability, low cost, and its classification as a
“green” solvent. Indeed, numerous industrial processes
now utilize the characteristics of supercritical COq to
achieve higher purity and a greater yield in the final
product.!

One particular area that has prompted considerable
interest is the modification of polymer substrates by the
incorporation of a secondary polymer or particles. This
includes the formation of polymer blends%~¢ and polymer
nanocomposites in which the nanoparticles are metals”8
or clay.® To understand the processes occurring upon
inclusion of a secondary species in a polymer substrate,
it is important to have an insight into the effects of
exposure of the matrix material to supercritical solvents.

It is well-known that supercritical COy is a poor
solvent for most polymers. However, despite the low
solubility of polymers in the solvent, it has been
extensively shown that most polymers will swell in
supercritical CO5.19712 In a separate communication we
have shown that PDMS fluids swell considerably when
exposed to supercritical CQ.13 Similarly, blending
experiments have shown that semicrystalline polymers
show some degree of swelling in this high-pressure
solvent.?

The solubility of supercritical COg in high-molecular-
weight polymers has been investigated in some detail.
Indeed, a wide class of semicrystalline polymers includ-
ing poly(ethylene),® poly(propylene),'* poly(vinyl chlo-
ride),!5 and poly(tetrafluoroethylene)!® have been ex-
amined. The intense interest in this class of polymers
is due to their suitability and appeal as substrates for
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the formation of blends. In addition to semicrystalline
polymers, recent interest has focused on the swelling
of polymer melts upon exposure to supercritical COg.10:17
Poly(dimethylsiloxane) has been well studied due to its
intrinsic solubility. Despite considerable investigation
of semicrystalline and polymer melts, little research has
been focused toward the swelling of elastomeric polymer
networks in supercritical COs. This class of polymer is
of huge importance commercially, and they typically
exhibit a high degree of swelling in many solvents.

A number of methods have been proposed to measure
polymer swelling at high pressures. Perhaps the most
common, and simple, is real-time optical observation of
the swelling polymer.!” This method has been used to
observe the swelling behavior of melt-phase polymers
upon exposure to supercritical CO,. However, applica-
tion of this method to the swelling of solid polymers is
difficult due to the inability to accurately measure the
small increases in polymer dimensions under pressure.
Wynne et al.18 have used a linear variable differential
transformer to measure the swelling of poly(vinylidene
fluoride) upon exposure to supercritical COy. Neutron
reflectivity has also been used to probe the extent of
swelling of thin polymer films under high pressure.!?
Recently, Kazarian et al.?® developed a method of
monitoring the swelling of polymers in supercritical CO2
using high-pressure FTIR imaging. In addition to
monitoring the swelling polymer at a resolution of
around 15 um, observation of CO absorption stretches
afforded in-situ observation of CO; gas sorption. These
methods all produce macroscopic data such as swelling
isotherms for a particular polymer and solvent system,
but secondary information, such as polymer chain
dynamics, may not be readily available.

Recently, high-pressure nuclear magnetic resonance
has been used to investigate reactions and processes
occurring within supercritical solvents.?1=24 In particu-
lar, organic reactions involving COs as the reaction
medium have been monitored using high-pressure
NMR.?5 On the other hand, NMR microimaging at
ambient pressure has been shown to be effective in
observing the swelling of polymer matrices in conven-
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Table 1. Density of PDMS Irradiated to Four Different
Doses Using y-rays and a Comparison of the Cross-Link
Density Calculated by Swelling Measurements and from

the G value
density/ yeo/mol g1 yeo/mol g1
sample gem™!  dose/kGy  (swelling) (G(value))
PDMS-250 0.9782 250 6.04 x 107> 6.00 x 10°®
PDMS-550 0.9799 550 1.60 x 107%¢ 1.32 x 10™*
PDMS-750 0.9809 750 240 x 107*  1.80 x 107
PDMS-1050  0.9819 1050 2.82 x 107*  2.52 x 107*

tional solvents.26-28 This method yields very accurate,
real-time measurement of the polymer dimensions upon
swelling. NMR microimaging can be utilized for obtain-
ing swelling data, and simultaneous measurements can
be made to probe the polymer chain dynamics using
other NMR pulse sequences. For example, NMR relax-
ation times can give an insight into polymer chain
mobility. Thus, NMR is one of the most versatile
methods for investigating the properties of polymers
during swelling under high pressure.

In this paper we report the swelling of cross-linked
poly(dimethylsiloxane) (PDMS) in supercritical CO2 and
compare it to the effects of this solvent on semicrystal-
line linear low-density poly(ethylene) (LLDPE). The
swelling of cross-linked PDMS upon exposure to super-
critical CO2 was monitored using high-pressure NMR
microimaging. In a parallel experiment, the mobility of
LLDPE was investigated following exposure to super-
critical COg by measurement of NMR relaxation times
of the polymer protons as a function of increasing COq
pressure.

Experimental Section

Materials. Poly(dimethylsiloxane) (PDMS 200 fluid) was
obtained from Dow Corning. The PDMS had a number-average
molecular weight of 35 000 Da and a viscosity of 12 500 ¢St.%°
Linear low-density poly(ethylene) (LLDPE Dow 2056) was
obtained from Dow Chemicals and processed as received. The
LLDPE 2056 had average values of M, and M,, of 110 000 and
26 000, respectively, and contained 15.6 C6 branches per 1000
main-chain carbon atoms, as determined by '3C solution-state
NMR.3® The degree of crystallinity was initially 33% as
determined by DSC. This was ascertained by comparison of
the enthalpy of melting for the sample to that of a 100%
crystalline material (292.65 J g=1).5!

Preparation of Cross-Linked PDMS. The PDMS 200
sample was irradiated with high-energy radiation to different
doses in order to obtain various cross-link densities. y-Irradia-
tions were carried out in a 220 AECL %Co facility at room
temperature (303 K) in air. The dose rate was 3.47 kGy h™!
as measured by Fricke dosimetry. The subsequent PDMS gels
were then cut into strips ~1 x 1 x 10 mm? to fit inside the
high-pressure NMR cell. The densities of the four cross-linked
PDMS samples were measured by a helium pycnometer. These
are given in Table 1 along with the absolute doses received by
each sample.

Analysis. All high-pressure NMR experiments were un-
dertaken in a custom-made NMR cell manufactured from poly-
(ether ether ketone). The cell was based on the design of
Wallen et al.,?? and details of the cell design will be published
elsewhere.!® The cell is able to fit closely into a 10 mm Bruker
birdcage resonator.

High-pressure NMR imaging measurements were carried
out on an AMX 300 spectrometer operating at 300.13 MHz
for proton nuclei. The swelling of the polymer networks was
monitored using a standard Bruker three-dimensional spin
echo pulse sequence. The images were acquired using a 90°
pulse with duration of 14 us, an echo time of 7.38 ms, and a
repetition time of 2.0 s. The read gradient was 1.5 T m~!, and
the images consisted of 128 x 128 x 8 voxels with a slice
thickness of 5 mm in a field of view of 1.5 x 1.5 x 4 ¢cm®. The
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Figure 1. NMR images of a cross section of cross-linked
PDMS-250 at equilibrium swelling: 1 bar (a) and 250 bar (b)
at 45 °C. The image dimensions are 1 x 1 ecm?2.

acquisition time for a single image was 17 min. Typically, the
swelling equilibrium was reached in less than an hour after
pressurization.

High-pressure 'H T, relaxation times were performed on
an MSL 300 spectrometer operating at 300.13 MHz for proton
nuclei. 'H T decays were acquired using the Carr—Purcell—
Meiboom—Gill?334 pulse sequence with a /2 pulse time of
11.5 us and a 7 value ranging from 300 to 1600 us for PDMS,
depending on the extent of swelling and 100 us for LLDPE.
512 data points were collected, and the signal-to-noise ratio
was enhanced by coadding 64 scans with a repetition time of
6 s.

Results and Discussion

Swelling of Radiation-Cross-Linked PDMS. PDMS
is distinct among high-molecular-weight polymers, in
that it is one of the only known to be readily soluble in
supercritical COq at relatively low temperatures and
pressures. This inherent solubility of PDMS in super-
critical COz advocates PDMS as an interesting polymer
for study in this important solvent.

PDMS 200 fluid was irradiated to various doses in
order to achieve different cross-link densities. The
radiation chemistry of PDMS has been intensely studied
by numerous authors over the past half a century.2%:35-37
As a result, the G(value) for cross-linking as well as the
mechanism of cross-linking is well-known.2? The G(val-
ue) is a measure of the number of cross-links formed
for every 16 adJ of energy absorbed by the sample.36
When PDMS is exposed to high-energy radiation, it
undergoes both scission and cross-linking, with cross-
linking processes exceeding the scission. Hill et al.29:38
showed that both H-linking and Y-linking occurred but
that Y-linking predominated. The cross-link density of
PDMS increases with received dose; hence, four samples
were irradiated to give increasing cross-link densities.
The method for calculating the cross-link density is
described later in this report. The first sample was
irradiated to 250 kGy, just above the gel point
(150 kGy)?? of the fluid (PDMS-250 in Table 1). The
largest dose received by the sample was 1050 kGy and
represented PDMS in a matrix which has become highly
cross-linked and elastomeric (PDMS-1050 in Table 1).

NMR images were acquired of the PDMS samples
during exposure to supercritical COqy. These images
show the proton density through a cross section of the
polymer. Examples of these images are shown in Figure
1. The degree of swelling for each network as a function
of COq pressure is shown in Figure 2. This was calcu-
lated from the NMR images by measuring the increase
in dimensions of the polymer upon swelling. The sample
with the lowest cross-link density has the highest
equilibrium swelling at all pressures. Un-cross-linked
PDMS would be expected to exhibit an even greater
degree of swelling. As the cross-link density increases,
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Figure 2. Volume fraction increase of cross-linked PDMS at
equilibrium swelling as a function of pressure: PDMS-250
(filled circle), PDMS-550 (open circle), PDMS-750 (filled tri-
angle), and PDMS-1050 (open triangle) at 45 °C.
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Figure 3. Polymer—solvent interaction parameter, y, as a
function of CO; pressure at 45 °C, calculated using the Flory—
Rheiner equation for PDMS-250.

0 50 100

a decrease in the degree of swelling is observed. Equi-
librium swelling is achieved when the osmotic swelling
stresses and the elastic forces due to cross-linking are
balanced. This is described quantitatively by the Flory—
Rheiner equation (eq 1).39:40

The solvent quality of supercritical COs for PDMS was
investigated by calculating the Flory—Huggins interac-
tion parameter from the Flory—Rheiner equation.39:40

Ge 13
RT)V1V2 + In(1 — vy) + v,
1= 2 (D
U2

In eq 1, y is the Flory—Huggins interaction parameter
which is a measure of the quality of a solvent for a
particular polymer. G, is the equilibrium modulus of the
unswollen network, v; is the molar volume of solvent,
and vgy is the polymer volume fraction at equilibrium
swelling. G, was calculated from the equilibrium swell-
ing ratio of the PDMS networks in toluene, using
published values of the interaction parameter.4%-4! The
polymer volume fraction (ve) was determined at each
pressure from the NMR images, examples of which are
shown in Figure 1. The calculated values of y are
presented for PDMS-250 at various pressures and
45 °C in Figure 3. As the pressure, and hence density,
of the solvent increases, the interaction parameter is
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Figure 4. Flory—Huggins interaction parameter, y, for PDMS-
250 as a function of the density of supercritical COz solvent
at 45 °C. The vertical dashed line lies at the density of CO; at
the critical point.
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seen to decrease. This is indicative of an increase in
solvent power at elevated pressures.

The interaction parameter for PDMS in supercritical
CO;2 has a minimum value of 0.62 at 45 °C over the
pressure range investigated in this study. This value is
significantly higher than that for PDMS in toluene, 0.52,
or benzene, 0.55, at the same temperature.*! This
suggests that while the solvent power of supercritical
COq significantly increases with pressure, even at the
highest density of the fluid used in our investigation, it
is still a relatively poor solvent for PDMS. Fleming and
Koros*?2 measured the sorption of COz into silicone
rubber at 35 °C. They showed that at pressures greater
than 30 bar the sorption of COs deviated from Henry’s
law. At higher pressures, the observed nonlinear sorp-
tion isotherm was typical of a swelling rubbery polymer,
and the behavior was explained using the Flory—
Huggins equation. Fleming and Koros*? calculated a
Flory—Huggins interaction parameter of 0.75 for this
system at 35 °C; however, the maximum pressure that
they could attain using their apparatus was 62 bar, well
below the critical pressure of CO; (73.8 bar). However,
this value is considerably lower than the predicted value
of 1 by interpolation of the values plotted in Figure 1.
In addition, the interaction parameter measured by
Fleming and Koros at 35 °C should be higher than that
measured at 45 °C due to temperature effects. This
effect is not observed and may be due to differences in
the cross-link density of the samples, the effects of which
are described later in this report.

The calculated interaction parameters for PDMS-250
at 45 °C have been plotted against the density of
supercritical COq in Figure 4. For the region where the
COgq is a liquid, the density is very low and the solvent
is poor. This is denoted by a large interaction parameter
for pressures below the critical density for CO,, 0.468 g
cm™3. When the density of the fluid is increased by
elevating the pressure, the interaction parameter dras-
tically decreases. This implies that a large increase in
the solvent quality of the fluid is attained with an
increase in the pressure. Indeed, for densities above the
critical density, the interaction parameter decreases
approximately linearly with COy density. This is pre-
dicted by the Flory—Rheiner equation, eq 1, in which
the interaction parameter is directly proportional to the
solvent molar volume. Such a dependence highlights the
interesting properties of supercritical fluids and the
advantages of a highly “density variable” solvent over
conventional solvents.
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Under the conditions used in this experiment, super-
critical COg exists entirely within the so-called “poor”
solvent regime. Andre et al.*> and Melnichenko et al.**
have shown that for PDMS in supercritical COg9 a theta
temperature (To ~ 60 °C) and theta pressure (Pg ~ 520
bar) exist, beyond which the fluid passes into the so-
called “good” solvent regime. Melnichenko et al. used
neutron scattering to show that below the theta condi-
tions the radius of gyration (R,) of the polymer chains
was in an unperturbed state; however, above the theta
temperature and pressure, the chains expanded and R,
became much larger than the unperturbed dimensions.
Indeed, Andre et al. used light scattering to measure
the second virial coefficient and showed that the theta
temperature decreased with increasing COq density.
Unfortunately, the NMR cell used in this current
research could not withstand the high temperature and
pressure required to reach the theta conditions. Con-
sequently, all of the results presented in this report are
for PDMS in supercritical COy in the “poor” solvent
regime.

Koga et al.*> have used neutron reflectivity to inves-
tigate the solubility of sc-COy in polymer thin films.
Deuterated polymers such as poly(methyl methacry-
late), poly(styrene), styrene—butadiene random copoly-
mer, and poly(butadiene) were all investigated. The
pressure dependence of the Flory—Huggins interaction
parameter was presented and found to be important for
these polymers. In all cases, the interaction parameter
significantly decreased with increasing pressure. Koga
et al. also showed that the solubility of supercritical COq
in these polymers increases with increasing COy den-
sity.

Numerous methods have been used to determine the
cross-link density of polymer networks. Inverse gas
chromatography (IGC),* dynamical mechanical analysis
(DMA),*! and differential scanning calorimetry (DSC)*’
have all been used to estimate cross-link density.
However, special sample preparation, in the case of
DMA, and the use of specialized equipment, in the case
of IGC and DSC, place limitations on these methods.
Estimation of the cross-link density of a polymer
network through swelling is perhaps the most commonly
used method. The cross-link density (y.) is related to
the swollen polymer network through the Flory—Hug-
gins interaction parameter as follows:

In(1 —vy) + (1 - 1)02 + yvy°
r
13 2)
ppUIUZ

Ve = —2

where p;, is the density of the polymer. The cross-link
density was calculated using swelling ratios at 300 bar
and 45 °C for each of the four irradiated samples. The
values are given in Table 1. The molar volume of the
solvent under these conditions was calculated to be
50 mL mol~1. These values are compared to the cross-
link density calculated using the published G(value) for
cross-linking when irradiated in air®? (Table 1). In all
cases, a larger cross-link density is determined from the
swelling method. The uncertainty involved in the cal-
culation of the G(value) for PDMS irradiated with high-
energy radiation would significantly alter the calculated
cross-link density estimated from the G(value) for cross-
linking. Hill et al.3738 estimated that the minimum
overall G(value) for cross-linking would lie between 1.9
and 2.3 under vacuum at 303 K, but it has been
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Figure 5. Flory—Huggins interaction parameter, y, of PDMS
in supercritical CO; as a function of the cross-link density v.
at 50 (filled circle), 150 (open circle), and 300 bar (triangle)
and 45 °C.

estimated to be as high as 3.4.36 This uncertainty might
explain the slightly different results obtained from the
swelling measurements.

In recent years, numerous reports have provided
evidence that the interaction parameter in some sys-
tems is not independent of cross-link density.48750
McKenna et al.*850 and Hrnjak-Murgic et al.*? showed
that significant dependence of the interaction parameter
on cross-link density existed for cross-linked natural
rubber and ethylene—propylene—diene rubber (EPDM).
By utilizing various solvents, McKenna and co-workers
showed that the relationship y. = y, + ay. held for all
solvents studied, where ¢ and o denote cross-linked and
un-cross-linked polymer, respectively. Indeed, the pro-
portionality constant oo was generally found to increase
for poorer solvents. For the EPDM system, Hrnjak-
Murgic and co-workers found a similar linear relation-
ship between cross-link density and interaction param-
eter. On the other hand, Malone et al.%? used measure-
ments of the shear modulus to show that there was no
cross-link dependence on the interaction parameter for
PDMS when swollen in the good solvents, di- and
trimethylpentane.

The effect of cross-link density on the measured
interaction parameter for CO2 and PDMS is shown in
Figure 5. Three different densities of supercritical COq
are shown, and the data have been fitted to the
relationship described by McKenna et al.*® The intercept
of each graph is the extrapolated value for the interac-
tion parameter of virgin PDMS fluid, and the slope is a
proportionality constant. For the three experiments
shown, both yo and a decrease with increasing solvent
density. This is indicative of an improvement in the
solvent quality as the density is increased. Indeed, as
supercritical COs approaches the “good” solvent regime
for PDMS, the proportionality constant approaches
unity. This indicates that the cross-link dependence of
x may be zero or negligible for good solvents and concurs
with the results of Malone et al.*0

Polymer Chain Mobility by Measurement of 1H
NMR T, Relaxation Times. The transverse relaxation
time (7T') of a polymer gives information on the molec-
ular motion of polymer chain segments.5! Traditionally,
spin—spin relaxation times have been used to investi-
gate the relatively slow, large chain-segment motion in
polymers.51:52 1H T, relaxation times were measured for
a number of polymers in sc-COs to determine the effect
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Figure 6. 'H T, relaxation times (log scale) measured for
cross-linked PDMS-250 as a function of pressure at 45 °C:
Ty (circles), Ty (triangles), and T (squares).

of pressure on the molecular dynamics of the polymer
chains. Initially, the 'H T9 relaxation times of cross-
linked PDMS were investigated as a function of pres-
sure, and the results are shown in Figure 6. The
relaxation decay for all four PDMS networks could be
resolved into three different relaxation times. The
shortest relaxation time (T), well below 1 ms, is due
to polymer chains that have significantly restricted
mobility. This represents those chains physically joined
via a cross-linking covalent bond or chain segments
adjacent to cross-links. This short relaxation time has
also been attributed to chains which are highly en-
tangled and whose motion is subsequently restricted.
Indeed, Shim et al.?3 suggested that there is very little
difference in transverse relaxation times for those
protons in a rigid environment as a result of either
cross-linking or through chain entanglement.

The intermediate relaxation time, designated T; in
Figure 6, is due to unentangled polymer chains.5* The
longest relaxation time, 7', is due to the most mobile
sections of chains in the network, particularly dangling
chain ends and any free soluble (sol) components that
may be present. The NMR T relaxation behavior of
PDMS has been extensively studied in the literature for
conventional solvents or melts,53:5556 and therefore our
work has been mainly concerned with the effect of
supercritical COg pressure on the transverse relaxation
times. Figure 6 shows that all three relaxation times
increase with pressure. This is due to the significant
swelling of the polymer when exposed to the solvent.
The short and intermediate T relaxation times, T and
T, respectively, increase due to the enhanced mobility
of the polymer resulting from the increase in free
volume within the matrix. For the longest relaxation
time, T9, a significant increase in the value with
increasing pressure is observed. This implies that
greater mobility is achieved for these chain segments
as the COy pressure is increased. T is due to protons
attached to low-molecular-weight material and chains
with high mobility, so it is probable that these chains
gain enhanced mobility in supercritical COg with in-
creasing solvent density as the matrix swells.

All of the 'H Ty relaxation times increased with
increasing COq pressure. The proportion of each relax-
ation time in the decay curve indicates the relative
population of chains in each physical environment
described above. T, which is due to the low-molecular-
weight species in the network and chain ends, contrib-
utes approximately 25% of the relaxation decay curve
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at 50 bar. At 300 bar, the contribution to the relaxation
decay has risen to about 45% of the total signal. This
can be explained by the increase in solubilizing power
of the supercritical COq as the density is increased with
pressure. As a consequence of this increased density,
greater mobility is imparted on all chain segments
within the matrix. As the pressure increases, the
proportion of chains with high mobility increases at the
expense of chains with low mobility. This is due to
increasingly larger segments of the polymer chains
being able to undergo large-amplitude motions on
swelling.

Effect of Exposure of LLDPE to sc-COs. To study
the effect of supercritical COy pressure on more rigid
polymers, high-pressure NMR experiments were per-
formed on a semicrystalline polyolefin, linear low-
density poly(ethylene) (LLDPE). It is well-known that
supercritical CO2 does dissolve in LLDPE to a small
degree.?? However, no change in polymer dimensions,
upon sorption of supercritical COg, could be discerned
from the NMR imaging experiments. Note that in this
experiment the imaging signal arises from the long T
component of the transverse magnetization decay, iden-
tified below. Supercritical CO2 does not penetrate the
crystalline phase of semicrystalline polyolefins.23 The
resolution limit of the NMR experiment is ~20 um,;
hence, an increase in dimensions less than this value
would be undetectable. Since measurements were per-
formed on films having a thickness of 1 mm, it can be
stated that the degree of swelling of LLDPE in super-
critical COy must be less than 2%. Despite this lack of
observable swelling, the effect of pressure on the
polymer chain dynamics could be studied by measuring
the 'H transverse relaxation times of the polymer.

The mobility of polymer chains in poly(ethylene) has
received considerable attention in the literature due to
the economic importance of this family of polymers.
Solid-state NMR has provided considerable insight into
the molecular motion of polymer chains in the different
morphological regions of poly(ethylene). McBrierty?!:52
investigated the nonexponential decay of T relaxation
curves for branched and linear poly(ethylene). The study
showed that poly(ethylene), whether branched or linear,
exhibited numerous relaxation times denoting the dif-
ferent mobility of the polymer chains within the semi-
crystalline matrix. Kamel and Charlesby®” have mea-
sured the transverse relaxation times for high-density
poly(ethylene) at various temperatures and found that
the relaxation decays of both the crystalline and amor-
phous regions of the polymer could be identified. At
room temperature, the 'H T relaxation time of protons
in the amorphous region is of the order of hundreds of
microseconds and from the crystalline region a few tens
of microseconds.57

H T relaxation decays for LLDPE were obtained
within our high-pressure probe using the CPMG pulse
sequence.?334 We have been able to measure the proton
T relaxation times from the amorphous regions of poly-
(ethylene); however, the signal from the crystalline
protons is obscured by the background signal from the
PEEK used in the construction of the high-pressure
NMR cell. Consequently, the initial part of the free
induction decay from the NMR experiment was dis-
counted. However, the Ty relaxation times for the
amorphous and more mobile protons could be measured
with our instrument. For LLDPE at room temperature
and pressure, we have been able to resolve three T
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Figure 7. 'H T, relaxation times as a function of pressure,
for LLDPE swollen in supercritical COy at 45 °C: Ty (tri-
angles), Ty (circles), and Ty (squares).

relaxation times. Two Ts relaxation times were less than
300 us and were ascribed to protons in the amorphous
region of LLDPE (T). The other relaxation time (7))
was greater than 1 ms (~2% contribution to the signal),
which was due either to protons on chains with signifi-
cantly enhanced mobility or to dangling chain ends.

An investigation into the effect of pressure on the
mobility of oligomer chains has been conducted by Prins
and co-workers using NMR.5859 For amorphous, atactic
poly(propylene) pressurized with an inert, nonsolvating
gas, it was shown that at a given temperature the
rotational correlation time increased as a function of gas
density or applied pressure.?® This indicated a decrease
in the mobility of the polymer chains with increasing
pressure. Prins and Kulik® also investigated the effect
of pressure on the mobility of chains in the amorphous
region of linear poly(ethylene). Again, an increase in the
motional correlation time was observed with increasing
pressure, consistent with a decrease in the mobility of
chains in the amorphous region under high pressure.

Figure 7 shows the three relaxation times measured
for amorphous LLDPE as a function of pressure. The
long T, corresponding to chain ends, initially increases
upon addition of liquid COq at 45 °C. This is due to a
slight swelling effect of the liquid. Upon further eleva-
tion of the pressure, however, all three relaxation times
decrease. Note that the proportion of the three compo-
nents remains largely unchanged with increasing pres-
sure. Unlike cross-linked PDMS, which gained increas-
ing mobility with pressure due to supercritical COq
being a moderately good solvent, the LLDPE chains
become more constrained in the amorphous region at
higher pressure. This agrees with the observations of
Prins and co-workers®®0 for poly(ethylenes) subjected
to pressure by an inert gas. Indeed, the very poor
solubility of supercritical COg in LLDPE is shown by
the absence of swelling in the NMR images. This low
degree of swelling is comparable to that observed in
other studies of the behavior of semicrystalline polymers
in supercritical COz.45

Summary

The effect of exposure of cross-linked PDMS and
semicrystalline LLDPE to supercritical CO2 has been
examined using high-pressure NMR spectroscopy and
imaging. In the case of cross-linked PDMS, a high
degree of swelling was observed for all cross-link densi-
ties. Equilibrium swelling was found to occur relatively
rapidly, within less than 1 h, and the extent of swelling
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increased with increasing fluid density. The polymer—
solvent interaction parameter, y, was determined, and
it was concluded that supercritical COq is a poor solvent
for PDMS with a molecular weight of 30 000 Da, when
compared to toluene or benzene. The interaction pa-
rameter, y, was found to have a linear dependence on
the cross-link density for CO; pressures investigated in
this work. The polymer chain mobility was enhanced
at increasing pressure in all regions of the matrix, as
evidenced by increases in the 'H T relaxation times.

In contrast to the rubbery PDMS networks, NMR
imaging showed no measurable increase in dimensions
of semicrystalline LLDPE upon exposure to supercritical
COq; at any pressure. This was due to the relatively low
sorption of solvent into the polymer compared to PDMS.
However, the 'H T relaxation times in the amorphous
regions systematically decreased as the pressure was
increased. This was related to the strain imposed on the
polymer chains by introduction of an external static
pressure.
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