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ABSTRACT: Well-mixed blends of poly(ethylene) and poly(styrene) have been synthesized using
supercritical carbon dioxide as a solvent. The morphology of the blends has been conclusively characterized
using differential scanning calorimetry (DSC), small-angle X-ray scattering (SAXS), Raman microprobe
microscopy, and 13C solid-state cross-polarization magic angle spinning NMR (13C CPMAS NMR). DSC
measurements demonstrate that poly(styrene) in the blends resides solely in the amorphous regions of
the poly(ethylene) matrix; however, corroborative evidence from the SAXS experiments shows that poly-
(styrene) resides within the interlamellar spaces. The existence of nanometer-sized domains of poly-
(styrene) was shown within a blend of poly(styrene) and poly(ethylene) when formed in supercritical
carbon dioxide using Raman microprobe microscopy and 13C CPMAS NMR spectroscopy coupled with a
spin diffusion model. This contrasts with blends formed at ambient pressure in the absence of solvent, in
which domains of poly(styrene) in the micrometer size range are formed. This apparent improved
miscibility of the two components was attributed to better penetration of the monomer prior to
polymerization and increased swelling of the polymer substrate by the supercritical carbon dioxide solvent.

Introduction

The use of supercritical fluids (SCFs) in the formation
of polymer blends has received intense interest over the
past decade. Numerous researchers have synthesized
polymeric blends through use of a SCF, generally
supercritical carbon dioxide (sc-CO2), as both a swelling
agent and a solvent for vinylic monomers.1-6 McCarthy
and Watkins1 originally reported the use of sc-CO2 as a
solvent, and as a swelling agent, for the infusion of a
monomer into a polymeric substrate. This work was
based upon the initial work of Berens et al.7 and Sand,8
whereby organic penetrants were infused into poly-
(carbonate) and fragrances into thermoplastics, respec-
tively. The process leading to the formation of blends
involves the dissolution of the penetrant into carbon
dioxide, followed by a period of infusion, and then
polymerization of the penetrant usually via thermal
decomposition of an initiator.

It has been shown that many polymers can be swollen
considerably and in a controlled manner by SCFs. This
is achieved through the manipulation of the density of
the SCF by careful control of pressure and temperature.
Similarly, SCFs can also expedite the diffusion of small
molecules into polymer substrates. Berens et al.9 showed
that the rate of diffusion of dimethyl phthalate into poly-
(vinyl chloride) could be up to 6 orders of magnitude
faster if the substrate was swollen by sc-CO2 compared
to a nonswollen film. Such large increases in diffusivity
upon swelling and plasticization by SCFs are not often
reported in the literature; however, an increase in the
order of magnitude by 1 or 2 is generally observed.1 In

this way, Muth et al.6 showed that the use of sc-CO2 as
a solvent enhanced the rate of diffusion of vinylic
monomers into rigid polymeric substrates but that an
improvement in the compatibility between the substrate
and monomer was not necessarily achieved.

When two nonpolar polymers are mixed, miscibility
is rarely achieved. This is because the sum of the
dispersion forces between the two polymers is smaller
that the sum of the dispersion forces within each
homopolymer. Specifically, the free energy term in
Gibbs’ equation, ∆Gm ) ∆Hm - T∆Sm, needs to be
negative, and the system must be beyond the stability
limit of the spinodal10 for miscibility to be thermody-
namically favorable. Since poly(ethylene) and poly-
(styrene) are essentially nonpolar or weakly polar, then
the dominant interactions between the polymers are the
weak dispersion forces.11 This leads to a positive ∆Hm
and necessitates a significant entropic term upon mixing
for miscibility to be realized in the blends. For blends
of nonpolar high molecular weight polymers the entropic
term in Gibbs’ equation is often not large enough to
counteract this positive enthalpic term. In normal
circumstances for poly(ethylene)-rich blends with poly-
(styrene), discrete regions of the minor component will
be formed within the matrix of the major poly(ethylene)
component.

The ability to measure the phase separation in
polymers depends on not only the degree of phase
separation but also the method which is used to probe
the miscibility. Numerous methods have been used to
probe the extent of mixing in a polymer blend. This is
outlined in the work of Gedde,12 who explains, for
example, that light scattering experiments with mi-
crometer resolution may suggest miscibility of mixed
polymers while FT-IR, with nanometer resolution,
might lead to the conclusion that two polymers do not
mix well.
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Studies of the morphology of polymer blends formed
using SCFs are rare in the literature, with the exception
of reports on the use of electron microscopy techniques.5
Hence, despite numerous researchers claiming an im-
provement in the mechanical properties of polymer
blends formed in sc-CO2,5 little quantitative information
has been provided of the domain sizes within these
blends and of physical interactions which occur between
the components of the blends.

In this paper we report a detailed analysis of the
phase structure of blends of poly(ethylene) and poly-
(styrene) formed in the presence of the solvent sc-CO2.
Specifically, we report measurements of the sizes of
domains of poly(styrene) following infusion and poly-
merization within a poly(ethylene) substrate. When
mixed under normal conditions, poly(ethylene) and poly-
(styrene) are incompatible, forming grossly phase-
separated blends. Part of this study has involved
forming blends at ambient pressure for comparison with
the blends formed in sc-CO2. The methods of analysis
used in this paper include Raman microprobe spectro-
scopy, 13C solid-state magic angle spinning nuclear
magnetic resonance spectroscopy (13C MAS NMR),
small-angle X-ray scattering (SAXS), and differential
scanning calorimetry (DSC). These techniques were
used to determine the extent of phase separation within
the blends and the effect of blending on the morphology
of the substrate.

Experimental Section

Materials. Linear low-density poly(ethylene) (LLDPE Dow
2056) was obtained from Dow Chemicals and processed as
received. LLDPE 2056 has average values of Mw and Mn of
110 000 and 26 000, respectively, and contains 15.6 C6 branches
per 1000 main-chain carbon atoms.13 The degree of crystal-
linity was initially 33% as determined by DSC, as described
below. Styrene monomer was obtained from Sigma Aldrich and
was purified by initially passing it through an Al2O3 column
to remove the tert-butylcatechol inhibitor, followed by distil-
lation in a microdistillation system under vacuum. The
monomer was then stored at -4 °C away from light for up to
2 weeks. Azobis(isobutyronitrile) (AIBN) was obtained from
Sigma Aldrich, recrystallized three times from methanol, and
stored at -4 °C away from light.

Preparation of Film and Blends. LLDPE pellets were
pressed in a hot press for 5 min at 190 °C under an applied
pressure of 10 ton. The resulting sheets were approximately
10 × 5 × 0.1 cm3 in dimension. The sheets were washed in
ethanol to remove any processing impurities and then cut into
strips with dimensions of approximately 0.5 × 5 × 0.1 cm3.

The polymer blends were prepared using a procedure similar
to that described by Muth et al.6 In this procedure, the films
were placed in the reaction vessel with 30 vol % styrene + 1
mol % AIBN initiator. The reaction vessel, containing the poly-
(ethylene) substrate, styrene, and AIBN, was placed in a 40
°C water bath and allowed to come to equilibrium. The system
was then purged with CO2 and the pressure increased to the
desired pressure (generally 150 bar). After an initial soaking
of various time periods up to 24 h, the vessel was vented and
purged three times to remove excess styrene. The styrene was
polymerized within the poly(ethylene) matrix by heating of the
vessel to 80 °C while maintaining the pressure of the vessel
at 90 bar. Following polymerization for 4 h at the elevated
temperature, the sample was weighed. Control experiments
were performed at ambient pressure and 40 °C, allowing the
styrene monomer and AIBN to soak into the poly(ethylene)
substrate without the assistance of any solvent. Following the
desired soaking period, polymerization was induced at 80 °C
in a closed vessel.

Analysis. Raman microprobe spectroscopy was undertaken
on a Renishaw System 1000 Raman microprobe spectrometer

equipped with a He-Ne laser operating at 632.8 nm. The
microscope was an Olympus MD Plan microscope with a 50×
objective lens giving a focus spot size of approximately 1 µm.
Images were collected using 1 µm steps through the cross
section of a precut polymer sample which had been securely
mounted on the microscope stage.

Differential scanning calorimetry experiments were per-
formed on a Perkin-Elmer DSC7 with a TAC7 computer
interface. The DSC was coupled to a Windows-based software
program for the analysis of the results. The instrument was
calibrated using known standards: indium (Tm ) 165.8 °C)
and zinc (Tm ) 419.5 °C). The sample, typically 2-6 mg of
finely chopped polymer, was packed into aluminum DSC
sample pans with the lid tightly crimped. All endotherms were
baseline corrected by comparison with two scans of empty
pans. The endotherms were for the first heating of the blends.

13C solid-state MAS NMR experiments were run on an MSL
300 spectrometer operating at 75.46 MHz for 13C. Samples
were spun in 4 mm MAS probes at spinning speeds of up to 8
kHz. 13C spectra were collected via cross-polarization using a
cross-polarization contact time of 1 ms. The 90° pulse time for
1H and 13C nuclei was 5 µs. Values of 1H T1F relaxation times
were determined from the decay of magnetization during a
spin-locking period prior to cross-polarization to the 13C nuclei.

Small-angle X-ray scattering measurements were performed
in the Research School of Chemistry at the Australian National
University using SAXS camera which is described elsewhere.14

This is a focusing Huxley-Holmes geometry with copper KR â
radiation at a wavelength of 1.54 Å. Detection is with a one-
dimensional position-sensitive gas detector at 1 m from the
scattering sample. In the current experiments the minimum
Q was set at 0.015 Å-1. (Q is the momentum transfer whose
modulus Q ) 4π sin θ/λ, where θ is the scattering angle, and
λ is the X-ray wavelength.)

The samples were 1 mm thick taken directly from the
experimental preparation and had a transmission for the
X-rays of between 63% and 73% so multiple scattering was
low. The data were corrected for detector sensitivity and
corrected to an absolute scale (cm-1) using a 1 mm water
standard.

Results and Discussion

Diffusion of Styrene in Poly(ethylene). A number
of previous studies have reported the characterization
of the kinetics of diffusion of monomers into a polymeric
substrate by measurement of the increase in weight
during the sorption process. For example, Li and Han15

have investigated the effect of pressure on the maximum
monomer uptake for styrene diffusing into low-density
poly(ethylene). Contrary to expectations, Li and Han15

showed that a limiting pressure was reached beyond
which any further increase in pressure would result in
less poly(styrene) being incorporated into the final
blend. This phenomenon was attributed to the competi-
tion between the increasing solvent power of the sc-CO2
with increasing pressure (which tends to reduce the
mass uptake) and the greater ability of sc-CO2 to swell
the poly(ethylene) substrate as the pressure increases
(which makes the system more amenable to a higher
mass uptake). Consequently, the blending experiments
reported in this work were undertaken at a pressure of
150 bar, close to the optimum pressure determined by
Li and Han.15

Figure 1 shows the increase in weight of LLDPE
exposed to styrene monomer within sc-CO2 at a pressure
of 150 bar at a temperature of 45 °C. Figure 1 also shows
the increase in weight of LLDPE during soaking in pure
styrene at atmospheric pressure and 45 °C. After both
sorption experiments the styrene was polymerized at
80 °C. A direct comparison of the two systems is shown,
and a number of differences are observed.
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From Figure 1 we can see that the blend formed in
the presence of sc-CO2 as a solvent contains approxi-
mately three times the poly(styrene) of the blend formed
under ambient pressure and 45 °C. This is likely due
to the enhanced swelling induced by the supercritical
solvent. In a parallel study,16 we have shown that sc-
CO2 penetrates and swells most polymers including
poly(olefin)s and have measured increases in volumes
of amorphous polymers using NMR imaging. We were
unable to detect increases in volume on exposure of
LLDPE to sc-CO2 using this technique. However, mea-
surements of 1H NMR T2 relaxation times of this
polymer as a function of pressure showed that the
polymer chains within the amorphous phase experi-
enced significantly enhanced degrees of motional free-
dom.16 Therefore, it appears likely that the higher
poly(styrene) content in the blend formed in sc-CO2 is
a result of increased free volume within the poly-
(ethylene) substrate.

In addition to an increased total amount of poly-
(styrene) formed with the blend, the data in Figure 1
show that the rate of incorporation of styrene into the
LLDPE sheets is enhanced in the presence of super-
critical CO2. The maximum PSTY loading is achieved
after approximately 15 h of soaking in sc-CO2 compared
with 30 h or more at ambient pressure. It has been
shown previously that at the temperature and pressure
used in this experiment styrene monomer and carbon
dioxide exist as a single phase.17 In this way, not only
does the sc-CO2 increase the potential free volume
within the poly(ethylene) substrate through swelling,
but it also imparts greater diffusivity to the styrene
monomer. The data in Figure 1 were fitted to the Fick’s
second law for diffusion of a penetrant into a planar
sheet (eq 1),18 and the result of the best fit is shown as
the solid line in Figure 1. The calculated diffusion
coefficients are shown on the figure. In eq 1, Mt and M∞
are the masses of the blend at time t and at infinite
time, D is the diffusion coefficient of the styrene
monomer, and l is the thickness of the polymer sheet.

The diffusion coefficient for styrene diffusing into the
LLDPE substrate was determined by fitting the mass
uptake data to the Fickian diffusion model. The diffu-
sion coefficient of 3 × 10-11 m2 s-1 for the blend formed
in the presence of sc-CO2 compares well with values
reported by other authors. Muth et al.19 measured a
diffusion coefficient of 2.5 × 10-11 m2 s-1 for diffusion
of sc-CO2 into poly(vinyl chloride). Similarly, Kung et
al.5 measured the diffusion of ethylbenzene into and out
of high-density poly(ethylene) and determined a diffu-
sion coefficient of 9.23 × 10 -11 m2 s-1. In this case, the
ethylbenzene was used as a nonpolymerizing model for
styrene diffusion. The larger diffusion coefficient may
be ascribed to the higher pressure of 240 bar being used
by these authors.

Effect of Blending on Crystallinity. The incorpo-
ration of up to 120 wt % poly(styrene) into the LLDPE
films is likely to result in disruption of the crystalline
chain packing of the poly(olefin). The melting endo-
therms determined using DSC for the LLDPE sheets
and the blends are shown in Figure 2. The DSC
endotherm of LLDPE (Figure 2A) shows two main
melting peaks with a long tail to lower temperatures.
The main melting transition peak is observed at 120
°C. This is the characteristic peak of the semiordered
LLDPE. The minor peak observed at 116 °C is associ-
ated with high molecular weight fractions with a low
degree of branching.20 The low-temperature tail of the
melting endotherm is attributed to smaller and less-
perfect crystals, resulting from the relatively high level
of branching in this material.20 The degree of crystal-
linity of the LLDPE sample prior to blending was found
to be 33%, determined by comparison of the enthalpy
of melting for the sample to that of a 100% crystalline
material (292.65 J g-1).1

Figure 1. Mass uptake data for blend formed in supercritical
CO2 (circles) with a soaking pressure of 150 bar and blends
formed at ambient pressure (triangles) in the absence of
solvent. Solid curves are fits based on Fick’s second law, and
the calculated diffusion coefficient for each curve is included
in the figure.

Figure 2. DSC endotherms for virgin LLDPE (A), LLDPE
following swelling in sc-CO2 for 12 h (B), and a blend of poly-
(ethylene) and poly(styrene) formed in sc-CO2 at 150 bar with
soaking period of 4 h (C).
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To determine the effect of sc-CO2 and swelling on
LLDPE, pure LLDPE was swollen in sc-CO2 (absence
of styrene monomer) for 24 h at 150 bar and 45 °C. The
sample was vented slowly and the melting endotherm
measured using DSC (Figure 2B). We can see from
Figure 2 that there is little difference between the
endotherms for the virgin poly(ethylene) and poly-
(ethylene) swollen in sc-CO2. The crystalline content was
determined to be 33%, identical to the starting material.
The DSC results suggest that the application of high-
pressure CO2 to the material does not result in volume
changes within the polymer sufficient to substantially
disrupt the crystalline packing of the polymer.

The DSC trace for the LLDPE-PSTY blend formed
in the presence of sc-CO2 is shown in Figure 2C. This
trace shows the two main melting peaks as observed
for the original resin (Figure 2A); however, melting in
the low-temperature region is significantly more pro-
nounced. This is likely due to disruption of the crystal-
line order and formation of smaller crystallites by
incorporation of the poly(styrene) domains into the
LLDPE matrix. Despite an overall decrease in crystal
size, an analysis of the enthalpy of melting of the
LLDPE in this blend shows that the degree of crystal-
linity is not significantly altered in the blending process.
This suggests that the poly(styrene) resides solely in the
amorphous domains of the poly(ethylene). The poly-
(styrene) acts to disrupt the crystalline structure of the
poly(ethylene) lamellae, as has been observed by other
authors.1 The DSC trace for the blend formed at
atmospheric pressure (not shown) was very similar to
that for the blend formed in sc-CO2. This suggests that
the styrene is diffusing into the amorphous regions of
the LLDPE regardless of whether the polymer is swollen
by the supercritical fluid or not. The glass transition
temperatures of the two polymer could not be deter-
mined using DSC since that of PSTY is expected to lie
below the melting endotherm of LLDPE while that of
the amorphous phase of LLDPE could not be resolved
from DSC measurements at low temperature. Changes
in the glass transition temperatures of the two ho-
mopolymers are not expected since, as we report below,
the NMR measurements confirm a degree of phase
separation of the two homopolymers.

Small-Angle X-ray Scattering Studies of LL-
DPE-PSTY Blends. The effect of blending with poly-
(styrene) on the poly(ethylene) matrix was studied by
small-angle X-ray scattering (SAXS). Comprehensive
studies of the morphology of poly(ethylene) materials
have previously appeared in the literature.21-23 It has
been well established that the crystalline regions of
poly(ethylene) generally adopt a “sheetlike” lamellar
morphology with respect to the amorphous regions, the
size of each region dependent on the branching length,
uniformity and density,23 as well as the thermal or
processing history of the polymer.

SAXS experiments were performed on original pressed
LLDPE sheets and the two blends formed either in the
presence of sc-CO2 at 150 bar or at atmospheric pressure
in pure styrene. Scattering plots for the original pressed
LLDPE sample and that from the blend formed in the
presence of sc-CO2 at 150 bar are shown in Figure 3.
The scattering function from the blend formed at
atmospheric pressure was only slightly different from
that for LLDPE. A log(intensity)-log Q scale has been
used to display the data because of the large dynamical
range of the scattering. The large rise in scattering,

peaking near 0.03 Å-1 (ca. 209 Å Bragg spacing) for all
samples, is that due to the crystalline lamellae. This
scattering has been observed by other researchers for
crystalline poly(ethylene).21

For the blend formed in sc-CO2, greatly enhanced
scattering is also observed at lower scattering angles
(Q < 0.03 Å-1). This enhanced scattering is not evident
for the virgin poly(ethylene) or the blend formed at
ambient pressure. This second population is consistent
with the generation of small-angle scattering from
extensive disruption of the crystalline lamellae upon
incorporation of poly(styrene) into the polymer blends.
This result is in agreement with the DSC results in
which we observed imperfections in the poly(ethylene)
crystallites in the blends formed in sc-CO2.

Measurement of Domain Sizes Using Raman
Microscopy and Solid-State NMR. It is well-known
that blending of the two incompatible polymers, poly-
(styrene) and poly(ethylene), without the addition of
compatibilizer, leads to immiscible blends,24 often grossly
phase separated. Materials formed with such morphol-
ogy generally have inferior mechanical properties com-
pared to well-mixed blends. In this work we therefore
endeavored to measure the size of the domains of poly-
(styrene) within the LLDPE matrix. Raman microprobe
microscopy is capable of measuring domain sizes down
to a size of approximately 2 µm. Mixing on a much finer
level can be confirmed by analysis of the decay of 1H
NMR magnetization during a 1H T1F experiment. Mea-
surement of NMR spin diffusion is now well established
as a sensitive method for determining the sizes of
discrete phases within heterogeneous polymers.25-27

Raman microprobe microscopy has a spatial resolu-
tion of approximately 2 µm28 and so is a convenient
method for studying phase-separated blends containing
relatively large poly(styrene) domains. Single-point
Raman spectra were collected for pure LLDPE, pure
poly(styrene), and a blend of LLDPE and poly(styrene)
(Figure 4). The mapping technique allows mapping of
the cross section of the blends (Figure 5) to provide a
two-dimensional profile of the concentration of poly-
(styrene) throughout the LLDPE substrate. In addition,
area mapping was used to determine the poly(styrene)
concentration in the sample (Figure 6) along a cross
section. The Raman technique can only be used to
determine concentrations of poly(styrene) if well-
separated peaks can be resolved due to both the poly-
(styrene) and poly(ethylene) components in the blends.
The peaks in the Raman spectrum at 1000 and 1300
cm-1 were used for analysis. These were assigned to the
carbon-carbon stretching band of poly(styrene)28,29 and
the CH2 twisting band of amorphous poly(ethylene),30

Figure 3. I(Q) vs log(Q) SAX scattering data for virgin poly-
(ethylene) (crosses), a blend formed at ambient pressure (filled
triangles), and a blend formed in sc-CO2 (unfilled circles).
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respectively. Other assignments are given in Table 1.
It is possible to attain semiquantitative measure-

ments of absolute concentrations of the components of
the blends within the area or the line maps by normal-
izing the spectra with the Raman cross section (φ) from
the pure homopolymers, as described by eq 2:

where øpsty is the mole fraction of poly(styrene), Ipsty and

Ipe are the intensities of the peaks at 1000 and 1300
cm-1, respectively and φpsty and φpe are the Raman cross
sections of these two peaks.

It should be noted that confocal Raman microscopy
is very sensitive to the focusing of the microscope, and
care was taken to ensure that the whole area of interest
was in focus at the time of measurement. Small dis-

Figure 4. Raman spectra of poly(ethylene) (A), poly(styrene)
(B), and a blend of poly(ethylene) and poly(styrene) (C).

Figure 5. Raman line map of the poly(styrene) concentration
across a blend formed at ambient pressure (A) and a blend
formed in sc-CO2 (B).

øpsty ) (Ipsty/φpsty)/[(Ipsty/φpsty) + (Ipe/φpe)] (2)

Figure 6. Raman maps of a surface through the cross section
of a blend formed in sc-CO2 (A) and at ambient pressure (B).
Z-axis is concentration of poly(styrene).

Table 1. Assignment of Raman Bands Observed in Blends
of Poly(ethylene) and Poly(styrene)24,25

wavenumber assignment polymer

996 C-C stretch PSTY
1034 C-H in-plane bending PSTY
1054 C-H in-plane bending PSTY
1059 C-C stretch PE
1125 C-H in-plane bending PSTY
1132 C-C stretch PE
1184 C-H in-plane bending PSTY
1296 CH2 twisting PE
1442 CH2 bending PE
1579 C-C stretch PSTY
1600 C-C stretch PSTY
1629 CdC stretch PSTY
2850 aliphatic C-H stretch PE
2884 aliphatic C-H stretch PE
2900 aliphatic C-H stretch PSTY
3050 aromatic C-H stretch PSTY
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crepancies in the focus can lead to sizable errors in the
absolute concentrations calculated.

The Raman microprobe microscopy method was ini-
tially used to measure the distribution of poly(styrene)
across the width of the blend sheet. A typical line map
is shown in Figure 5 in which the normalized concen-
tration of poly(styrene) through the cross section of a
blend formed in supercritical CO2 (Figure 5A) and at
ambient pressure (Figure 5B) is plotted. In all of the
materials studied, poly(styrene) was present across the
whole cross section of the sheet. The apparent decrease
in poly(styrene) concentration at the edges of the film
is probably due to desorption of styrene monomer
between the soaking period and polymerization.

The true advantage of the Raman technique is made
apparent in the area mapping of the samples (Figure
6). Maps were made by recording spectra in 1 µm steps
across an area of 50 × 50 µm. Concentrations of PSTY
were calculated using the relative peak intensities and
eq 2. Figure 6 shows the Raman maps obtained for a
blend formed in sc-CO2 and a blend formed at ambient
pressure. Note that the z-axis is a measure of PSTY
concentration, not topography. In the first instance, it
can be clearly seen that well-defined domains are not
observed in the blend formed in sc-CO2. The Raman
maps are relatively smooth and featureless and suggest
that the poly(styrene) domains in this blend are much
smaller than the approximately 2 µm spatial resolution
of the microscope. The map for the blend formed at
ambient pressure, however, reveals an intensity map
indicative of a cross section with micron-sized domains
of PSTY within the LLDPE. In this map, discrete
“humps” represent dense regions of poly(styrene) which
are up to 5 µm in diameter and are dispersed evenly
throughout the area of the map. This result concurs with
literature reports whereby the incompatible poly-
(styrene) and poly(ethylene) phase separate to a large
extent under normal blending conditions. Furthermore,
the area maps of the blends formed in sc-CO2 reveal
that the PSTY domains are much smaller than the 2
µm resolution of Raman microprobe spectroscopy.

13C CPMAS NMR has been used extensively to probe
the miscibility of polymer blends.31-35 In particular, the
rate of diffusion of 1H magnetization through proton-
rich heterogeneous blends can be analyzed, using ap-
propriate models, to extract average domain sizes. 1H
T1F relaxation times, measured by observing the decay
of 1H magnetization prior to cross-polarization to 13C
nuclei, were evaluated for a number of polymer blends
formed in sc-CO2 and at ambient pressure. By varying
the spin-locking times, from 10 µs up to 25 ms, the
relaxation behavior of the system could be determined.
The 1H T1F relaxation curves were then fitted to a
biexponential relaxation function. As reported by many
authors including Packer and co-workers,32 the short
1H T1F relaxation time of poly(ethylene) arises from
decay of magnetization of protons within the amorphous
regions, while the long relaxation time is due to relax-
ation of the magnetization in the crystalline regions of
the polymer. The protons relaxing rapidly within the
amorphous region provide a “relaxation sink” for the
magnetization within other regions in the polymer,
provided they are coupled to each other by effective spin
diffusion pathways.

The DSC results discussed above indicated that the
poly(styrene) within the blends was concentrated in the
amorphous regions of the poly(ethylene). The DSC

results showed that the overall crystal size decreased
slightly on blending but that the total crystallinity was
not reduced. Greater mixing of protons would therefore
occur in the amorphous regions of the poly(ethylene)
with poly(styrene). To probe this interaction, we con-
centrated on the effects of mixing on the short 1H T1F of
poly(ethylene) upon addition of poly(styrene). Figure 7
shows a typical 13C MAS NMR spectrum of a blend of
poly(ethylene) and poly(styrene). The assignments to the
spectrum are given in Table 2.36,37 Relaxation times
corresponding to different chemical species, resolved in
the 13C CPMAS spectrum, were obtained by analysis of
the decay of magnetization in a two-dimensional NMR
experiment, in which the second dimension is the spin-
locking time.

A two-region, one-dimensional lamellar model of the
decay of magnetizaion31 was used to determine the poly-
(styrene) domain size in the samples studied. The
analysis uses intrinsic 1H T1F relaxation times for
amorphous poly(ethylene) and poly(styrene) of 2 and 8
ms, respectively. This model requires estimates of
relative concentrations of each component and the 1H
spin diffusion coefficients with each phase.31 The former
could be obtained from appropriate 13C CPMAS spectra
and the latter estimated from the line widths within
the broad-line 1H NMR spectra.38 Theoretical relaxation
time curves were generated using these parameters for
model blends with a range of values of average domain
sizes, i.e., repeat distances in the lamellar model of
morphology. The resultant relaxation behavior was
compared with the experimentally determined relax-
ation behavior, and limits to the domain sizes were
deduced. Figure 8 shows an example of results that we
obtained considering a representative blend formed in
sc-CO2. It can be clearly seen that for small domain sizes
within the model the 1H T1F relaxation times of the two
phases would be effectively averaged to a single value
by spin diffusion. As the size of the domains is increased,
the relaxation times are expected to approach the values
measured for the pure materials. Figure 8 also shows
that the 1H T1F of the protons within the poly(styrene)
would be expected to vary to a greater extent than the
1H T1F for the protons in amorphous poly(ethylene).
Indeed, the model suggests that for poly(styrene) do-
mains of approximately 5 nm in size the 1H T1F for poly-

Figure 7. 13C CPMAS solid-state NMR spectrum of a blend
of poly(ethylene) and poly(styrene).

Table 2. Assignment of NMR Peaks Observed in 13C
CPMAS Spectra of Blends of Poly(ethylene) and

Poly(styrene)31,32

chemical shift assignment polymer

21 amorphous PE
32.5 crystalline PE
40 methine and methylene carbons PSTY

127 protonated aromatic carbon PSTY
145 nonprotonated aromatic carbon PSTY
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(styrene) protons would decrease from 8 to 3 ms,
whereas for the poly(ethylene) protons the relaxation
time is predicted to increase only slightly above the
initial value of 2 ms (Figure 8). The figure also demon-
strates that in this system the observed values of 1H
T1F would be close to those observed for the pure
homopolymers when the blend domain size was greater
than approximately 100 nm.

Table 3 presents the 1H T1F values measured using
NMR for a blend formed in the presence of supercritical
CO2 and for a blend formed at ambient pressure, along
with the intrinsic T1F values of the homopolymers.
Clearly, and as expected, the value of 1H T1F for poly-
(styrene) in the blend formed at ambient pressure was
similar to the intrinsic 1H T1F of pure poly(styrene). This
suggests that the domain sizes in this particular blend
are greater than 100 nm and therefore are too large to
allow effective averaging of the 1H T1F relaxation times
of the two polymer components in the blend. On the
other hand, the value of 1H T1F for poly(styrene) in the
blend formed in the presence of sc-CO2 was seen to
decrease considerably compared to the intrinsic value
for the homopolymer. Unlike the blend formed at
ambient pressure, the domain sizes in this blend are
sufficiently small to the extent that averaging of the 1H
T1F of the poly(styrene) protons is observed. These
results support the Raman microprobe measurements,
which showed that the size of PSTY domains in the
blends formed at ambient pressure are the order of
microns in sizeswell beyond the limit at which averag-
ing of 1H T1F occurs. The Raman microprobe microscopy
results also show that the PSTY phases within the
blends formed in the presence of sc-CO2 were much
smaller than 2 µm.

The aforementioned two-region, one-dimensional lamel-
lar model was used to estimate the domain sizes within
a typical blend formed in sc-CO2. The observed values
of 1H T1F for the protons in amorphous poly(ethylene)
and poly(styrene) regions suggest an average domain
size of 4 nm for this blend. This is approximately 3
orders of magnitude smaller than the domains within
the blend formed at ambient pressure as determined

by the Raman mapping. In this work many blends were
formed in sc-CO2 under various CO2 densities. For
samples with 40 wt % poly(styrene) or less, the NMR
relaxation properties were consistent with poly(styrene)
domains of approximately 14 nm. This is in agreement
with the results of Liu et al.,39 whereby improved
mechanical properties are reported for blends formed
using sc-CO2 compared to conventionally blended co-
polymers. For example, an improvement in the tensile
strength has been reported for blends formed in sc-CO2.
This is consistent with greater compatibility between
the two homopolymers in the blend.

Summary

The effect of use of sc-CO2 as a solvent for styrene
monomer on the morphology of LLDPE-PSTY polymer
blends has been examined. The use of SCFs as a solvent
and swelling agent leads to a much higher degree of
mixing of the two polymers when compared to blending
at ambient pressures. Some disruption of the crystalline
structure of LLDPE is observed upon blending; however,
the degree of crystallinity in the poly(ethylene)sthe
major component of the blendsis unaffected regardless
of whether the blending was undertaken under super-
critical conditions or at ambient pressure. Evidence of
crystallite disruption is also observed in the 13C MAS
NMR spectrum by the appearance of a small peak at
35 ppm assigned to monoclinic poly(ethylene) crystals.
Hence, the styrene monomer must only diffuse into the
amorphous regions of the LLDPE matrix, and the
amount of monomer absorbed must be sufficient to
cause swelling of the matrix upon polymerization.

The domain sizes of the blends formed in sc-CO2 and
at ambient pressure contrast dramatically, with the
blend formed at ambient pressure exhibiting greater
phase separation than the blend formed using sc-CO2
as a solvent. This may be explained by the swelling
power of sc-CO2 which provides greater free volume in
the amorphous regions of the poly(ethylene) matrix.
This allows the styrene monomer to penetrate the
matrix more freely. This swelling induces greater mix-
ing between the poly(ethylene) and poly(styrene) for the
blend formed in sc-CO2. The close proximity of the
polymer chains in the two components of the blend leads
to partial averaging of the 1H T1F NMR relaxation times.
Analysis of the relaxation times leads to the conclusion
that domain sizes of approximately 4 nm are being
formed within blends prepared using sc-CO2. This
contrasts with the blends formed at ambient pressure
which show no mixing on the nanometer scale. On the
contrary, Raman microprobe microscopy suggests that
the poly(styrene) domains in these blends have sizes of
the order of microns.
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Table 3. Comparison of the Values of 1H T1G and the Corresponding Domain Sizes for a Blend Formed in sc-CO2 and a
Blend Formed at Ambient Pressure

blend polymer intrinsic 1H T1F (ms) exptl 1H T1F (ms)
1H T1F (ms)

determined from model
calcd domain

size (nm)

blend formed in sc-CO2 LLDPE 8 4.91 4.95
PSTY 1 0.6 1.04 4

blend formed at 1 bar LLDPE 8 8.2 8
PSTY 1 1.2 1 >100

Figure 8. 1H T1F values for poly(styrene) (dashed line) and
the amorphous phase of poly(ethylene) (solid line) in blends
of poly(styrene) and poly(ethylene) calculated using the one-
dimensional diffusion model described in the text.
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