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Introduction. Blends composed of poly(methyl meth-
acrylate) (PMMA) and poly(vinylidene fluoride) (PVDF)
are of commercial interest due to their synergistic
physical properties. These blends marry the chemical/
flame resistance, toughness, and piezoelectric nature of
PVDF1,2 with the modulus, tensile strength, low smoke
toxicity, and optical properties of PMMA3 and likewise
exhibit intriguing phase behavior. The intermolecular
interactions that arise from the electric moments of the
polymers, as well as from hydrogen bonding between
the carbonyl oxygen of PMMA and the acidic hydrogens
of PVDF,4,5 are responsible for lower critical solution
temperature (LCST) behavior at temperatures well
above the normal melting point (Tm) of PVDF. Thus,
the blends are completely miscible over a wide temper-
ature window in the melt. They are also partially
miscible, existing as amorphous media, over a broad
composition range (up to ∼50 wt % PVDF) at temper-
atures below Tm (extending to the solid state at tem-
peratures below the glass transition temperature of the
blend, Tg,mix). Under these conditions, the blends can
be processed or used as macroscopically homogeneous

materials with intermediate properties. This benefit has
been exploited by Siripurapu et al.,6 who report that
miscible PMMA/PVDF blends yield well-defined micro-
cellular foams upon exposure to supercritical CO2,
whereas heterogeneous blends, as well as PVDF alone,
do not.

In addition to its LCST behavior at elevated temper-
atures, there is considerable evidence to indicate that
this blend also exhibits upper critical solution temper-
ature (UCST) behavior at temperatures below the Tm
of PVDF. Inoue and co-workers7 have demonstrated the
existence of such behavior by annealing miscible PMMA/
PVDF blends at temperatures above Tg,mix and following
the onset of phase separation. Their first report places
the coexistence curve between 110 and 140 °C, whereas
their subsequent study suggests that the phase bound-
ary lies closer to 140 °C. Using electron spin resonance,
Shimada et al.8 have arrived at a similar conclusion,
with the critical temperature (Tc) estimated to be ∼100
°C. Grinsted and Koenig9 and Papavoine et al.10 have
employed nuclear magnetic resonance techniques to
show that miscible PMMA/PVDF blends undergo phase
separation at temperatures in the solid state as well as
in the melt. While the existence of UCST behavior has
been established, the phase diagram for PMMA/PVDF
blends remains ambiguous. Moreover, relatively little
is known about how the phase behavior of this blend
changes upon exposure to a compressible fluid, such as
high-pressure CO2, which can be used to improve
rheological properties6 for facilitated processing or
modify phase behavior11 for specific applications. In this
work, we explore the effects of temperature and CO2
pressure on the Flory-Huggins ø parameter and the
phase behavior of PMMA/PVDF blends.

Experimental Section. a. Materials. The PVDF
(with Mh w and Mh w/Mh n reported by the manufacturer to
be 140 000 and 2.5-3.0, respectively) was supplied by
Polysciences, Inc. (Warrington, PA), whereas perdeu-
terated (d8) PMMA (with Mh w ) 58 500 and Mh w/Mh n )
1.06) was purchased from Polymer Source, Inc. (Dorval,
Quebec, Canada). Both materials were used as-received.
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Carbon dioxide with a purity of 99.8% was obtained
from Air Liquide Co. (Augusta, GA) and used without
further purification.

b. Methods. A miscible 55/45 d8-PMMA/PVDF blend
was prepared by first hand-mixing and then melt-
pressing the homopolymer powders at 185 °C for about
2 min. The mold assembly was quenched under pressure
by flowing cold tap water through the cooling coils of
the platens, and the resultant plaque was removed from
the mold, cut into pieces, stacked, and subsequently
melt-pressed again according to the “baker’s” proce-
dure,12 which was repeated 10 times. High-temperature
and pressure small-angle neutron scattering (SANS)
experiments were performed on the SANS facility at
Oak Ridge National Laboratory. Two-dimensional iso-
tropic scattering patterns were collapsed to one-dimen-
sional I(q) plots via radial averaging. Here, I is the
absolute scattered intensity corrected for detector ef-
ficiency and calibrated with respect to a secondary
standard,13 and q is the scattering vector defined as (4π/
λ) sin(θ/2), where λ is the neutron wavelength (4.75 Å)
and θ denotes the scattering angle. The thermal proper-
ties of the neat homopolymers, as well as of the blend
before and after exposure to high-pressure CO2 at
ambient and elevated temperatures, were determined
by differential scanning calorimetry (DSC) with a Seiko
DSC220C SSC/5200 calorimeter operated under an inert
N2 atmosphere. Each specimen examined was cooled at
100 °C/min to -100 °C, where it was held for 10 min. It
was then heated at 10 °C/min from -100 to 200 °C, after
which the cycle was repeated a second time.

Results and Discussion. Figure 1a shows a series
of SANS patterns collected from the 55/45 d8-PMMA/
PVDF blend at several temperatures in the melt (Tm )
168 °C for the PVDF employed in this study, according
to DSC analysis). The data shown in this figure have
been acquired at ambient pressure in the absence of
CO2. Scattering patterns obtained from the blend in the
presence of 13.8 MPa of CO2 appear indistinguishable
and are not included for that reason. Values of the
Flory-Huggins ø parameter have been extracted using
the random phase approximation (RPA)14 expressed as

Here, S(q) is the structure factor equal to k/I(q) (where
k represents the neutron contrast factor), vi corresponds
to the volume of repeat unit i (i ) A or B), Nn,i is the
number-average degree of polymerization of polymer i,
φi denotes the volume fraction of polymer i in the blend,
and v0 is a reference volume (υ0 ) xυAυB). For polydis-
perse polymers, each S(xi) in eq 1 is defined15 as

where

and

In eq 3, bi represents the statistical segment length of
repeat unit i and Nw,i is the weight-average degree of
polymerization of polymer i.

The volume fractions utilized in eq 1 require the melt
densities of PMMA and PVDF at the experimental
temperatures. Polymer melt densities can be accurately
estimated from a variety of equations of state developed
for macromolecular systems. For this purpose, we elect
to use the Hartmann-Haque16 semiempirical equation
of state, which can be written as

where p̃ ≡ p/B0 (p corresponds to pressure), ṽ ≡ v̂/v̂0 (v̂
is the specific volume), and T̃ ≡ T/T0 (T denotes absolute
temperature). The values of B0, v̂0, and T0 are tabu-
lated15 for PMMA but must be estimated for molten
PVDF using the correlations described by van Krev-
elen.17 The normalizing parameters needed in eq 4, as
well as the melt densities (F) predicted therefrom at
ambient pressure, are listed in Table 1. Values of F
calculated from the empirical Spencer-Gilmore18 equa-
tion of state for PMMA are virtually identical (differing
by less than 1.1%) to those provided in Table 1.

Fitting eq 1 to SANS patterns such as those displayed
in Figure 1a yields ø as a function of temperature. This
relationship is presented in Figure 1b for d8-PMMA/
PVDF blends with and without CO2. In the absence of
CO2, ø is quadratically dependent on reciprocal tem-
perature:
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Figure 1. In (a), small-angle neutron scattering (SANS)
patterns acquired from the 55/45 d8-PMMA/PVDF blend at
ambient pressure and five temperatures in the melt (in °C):
175 (O), 180 (b), 190 (4), 200 (2), and 210 (0). The data sets
are shifted vertically by a factor of 5× to facilitate examination.
In (b), dependence of the Flory-Huggins ø interaction para-
meter extracted from SANS data as a function of reciprocal
temperature at ambient pressure (]) and 13.8 MPa of CO2
(9). The solid lines denote regressed fits to quadratic and linear
relationships, respectively.

p̃ṽ5 ) T̃ 3/2 - ln ṽ (4)

ø ) -4.76 + 4390/T - 1.02 × 106/T 2 (5)
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According to the Flory-Huggins19 equation of state, this
functional relationship generally signifies that the blend
exhibits both LCST and UCST behavior. However, since
ø is always negative (indicating that the temperatures
investigated are far from any critical point), a phase
diagram cannot be generated20 from eq 5. Instead,
Figure 2 is provided as an illustration of the phase
diagram based on critical temperatures previously
reported7,8,21,22 for various PMMA/PVDF blends. Within
the context of this illustration, the UCST boundary
inersects the composition-dependent Tg,mix line gener-
ated from the Jenckel-Heusch23 equation given by

where wj (j ) PMMA or PVDF) represents the mass
fraction of j and m is a constant set equal to 0.40. The
glass transition temperatures of the neat homopolymers
are 130 °C (d8-PMMA) and -37 °C (PVDF), and Tg,mix
of the 55/45 d8-PMMA/PVDF blend is 67 °C. Intersection
of the UCST boundary with the Tg,mix line is responsible
for the observation that homogeneous PMMA/PVDF
blends can be kinetically frozen-in at temperatures
within the two-phase envelope.

Exposure of the blend to 13.8 MPa of CO2 promotes a
profound change in the effective ø(T) between d8-PMMA
and PVDF. Although we recognize that the ternary d8-
PMMA/PVDF/CO2 system rigorously involves three
pairwise-specific interaction parameters,24 we elect to
invoke a pseudo-binary approximation25 for this system
so that an effective ø(T) can be analyzed as a single
parameter for comparative purposes. In the presence
of CO2 at 33 °C and 10 MPa, PMMA is reported26 to
swell by 22%, whereas amorphous PVDF is estimated27

to swell by ∼10% at 75 °C and 15 MPa. While such
swelling is indeed substantial, it is neglected in the
present analysis of ø, since it has been found to have a
relatively small effect on the value of ø extracted from
small-angle scattering for this particular blend. Over
the same temperature range used to determine ø(T)
without CO2 in Figure 1b, ø in the presence of CO2
becomes linearly dependent on reciprocal temperature:

This relationship indicates that (i) the solvated blend
exhibits evidence of only LCST behavior and (ii) the
temperature range investigated is closer to a critical
point. The latter point implies that the LCST boundary
is lowered by the presence of CO2, which is consistent
with our observations of poly(ethyl methacrylate)/PVDF
blends. We refrain from using eq 7 to generate the
corresponding phase boundary predicted by the Flory-
Huggins19 equation of state, since this formalism does
not include compressibility effects. In related efforts,

RamachandraRao and Watkins28 have shown that high-
pressure CO2 can significantly lower the phase bound-
ary of the LCST polystyrene/poly(vinyl methyl ether)
(PS/PVME) blend. Their reported reduction in blend
miscibility is attributed to free volume, rather than
enthalpic, effects, which may be crucial in distinguishing
PS/PVME blends from PMMA/PVDF blends in terms
of their thermodynamic response to high-pressure CO2.
Recall that specific intermolecular interactions are
responsible for PMMA/PVDF blends exhibiting LCST
behavior at temperatures above Tm. In the presence of
high-pressure CO2, these interactions, as well as those
that are repulsive in nature, are screened, but to
different extents. The overall degree to which such
molecular screening occurs dictates the accompanying
shift in the phase boundary. In the case of PS/PVME
blends, CO2 amplifies the free volume disparity of the
constituent polymers and promotes immiscibility at
elevated temperatures. Since the phase behavior of
polymer blends in the presence of CO2 is becoming
increasingly important, we hasten to add that CO2 can
likewise serve to either improve or reduce the miscibility
of UCST blends composed of PS/polyisoprene29 or poly-
(dimethylsiloxane)/poly(ethylmethylsiloxane),30 respec-
tively.

Figure 3a displays SANS patterns acquired from the
55/45 d8-PMMA/PVDF blend in the solid state at 25 °C
and several different CO2 pressures. Using densities for
amorphous PMMA and PVDF (1.10 and 1.68 g/cm3,
respectively31) to determine the blend volume fraction
and fitting eq 1 to these four scattering patterns yields
the ø values provided in Figure 3b. An initial increase
in CO2 pressure from 0 to 6.89 MPa promotes a sharp
increase in ø from -8.85 × 10-2 to -3.28 × 10-3. At
higher pressures, the change in ø becomes slight,
suggesting that ø does not, within experimental uncer-
tainty, deviate much from zero under these conditions.
This trend is generally similar to that discerned from
small-angle X-ray scattering (SAXS) of miscible PMMA/
PVDF blends in the presence of high-pressure CO2,
although we note that our SAXS analysis reveals that

Table 1. Values of the Parameters Used in the
Hartmann-Haque16 Semiempirical Equation of State

(Eq 4) and Predicted Melt Densities

T (°C) PMMA PVDF

B0 (GPa) 3.84 3.6
v̂0 (cm3/g) 0.757 0.569
T0 (K) 1453 1170
F (g/cm3) 175 1.11 1.39

180 1.11 1.38
190 1.10 1.37
200 1.10 1.36
210 1.09 1.35

Tg,mix ) wPVDFTg,PVDF + wPMMATg,PMMA +
m(Tg,PMMA - Tg,PVDF)wPVDFwPMMA (6)

ø ) 8.61 × 10-2 - 61.3/T (7)

Figure 2. An illustrative phase diagram of the d8-PMMA/
PVDF system derived from the thermal characteristics of the
present blend, in conjunction with critical temperatures
(dashed lines) approximated by values previously reported.7,8,21,22

Homogeneous and heterogeneous regions are labeled as 1Φ
and 2Φ, respectively, and the temperatures at which the data
in Figure 1a were collected are denoted by (O). The melting
point of PVDF (4) and the glass transition temperatures of
d8-PMMA, PVDF, and the 55/45 d8-PMMA/PVDF blend with-
out CO2 are also shown (b), as are predictions of Tg,mix(φPVDF)
(solid line) generated from the Jenckel-Heusch23 equation (eq
6). The intersecting (dotted) lines identify the blend composi-
tion (∼60 vol % PVDF) at which Tg,mix coincides with ambient
temperature (25 °C), thereby indicating the range of φPVDF over
which a miscible blend could be kinetically frozen-in within
the UCST envelope (shaded).
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the ultimate increase in ø is preceded by little variation
in ø.11 While we cannot discount the possibility that ø
increases measurably beyond zero at higher CO2 pres-
sures, no evidence presently exists to confirm such
variation (to endothermic mixing). The limiting behavior
of ø apparent in Figure 3b implies that the PMMA and
PVDF components become chemically indistinguishable,
forming an “ideal” or Θ blend,32 which is consistent with
the CO2-induced elimination of the UCST phase bound-
ary. Another important characteristic of Figure 3a is
the abrupt increase in scattering intensity coincident
with increasing the CO2 pressure from 0 to 6.89 MPa.
This feature most likely reflects the onset of PVDF
crystallization. As discussed by Papavoine et al.10 and
Wellscheid et al.,22 crystallization of PVDF in miscible
blends with acrylics routinely ensues upon isothermal
annealing at temperatures above Tg,mix and below Tm
due to increased molecular mobility in the melt.

Similarly, Chiou and Paul33 and Briscoe et al.34 have
shown that CO2 can promote PVDF crystallization in
miscible PMMA/PVDF blends and neat PVDF, respec-
tively. In the case of the blends, PVDF crystallization
can occur near ambient temperature due to extensive
plasticization35 of the blend and a corresponding reduc-
tion in Tg,mix. Enhanced molecular mobility is therefore
achieved through the addition of high-pressure CO2 as
a diluent. The DSC thermograms presented in Figure
4 confirm that the 55/45 d8-PMMA/PVDF blend initially
exhibits a Tg,mix of 67 °C (trace a). Upon exposure to 13.8
MPa at 25 °C (trace b) or 180 °C and cooled (trace d),
the blend exhibits a melting endotherm whose peak is
centered at 150 °C, which is noticeably lower than Tm
of the neat PVDF at 168 °C (trace f). This reduction in
Tm reveals that the PVDF crystals are not as well

ordered as in neat PVDF, which is consistent with
transmission electron microscopy (TEM) results re-
ported elsewhere.11 Moreover, the degree of crystallinity
of the neat PVDF is estimated from the heat of melting
(∆hm) to be ∼39%, whereas that of PVDF in the
specimen displayed in trace d is less (∼30%). Thermal
cycling of the specimens exposed to high-pressure CO2
in the solid state (trace b) or in the melt and then cooled
under CO2 pressure (trace d) eliminates the melting
endotherms (see traces c and e, respectively), indicating
that CO2-induced crystallization in PMMA/PVDF blends
is thermally reversible.

Conclusions. This study explores the phase behavior
of PMMA/PVDF blends alone and in the presence of
high-pressure CO2. In the absence of CO2, ø for this
blend is quadratic in reciprocal temperature and always
negative, indicating that it cannot be used to construct
a phase diagram. In the presence of high-pressure CO2,
the dependence of ø on reciprocal temperature becomes
linear, confirming the existence of LCST behavior at
elevated temperatures and implying a reduction in the
LCST phase boundary. At ambient temperature, the
addition of CO2 at 6.89 MPa promotes an increase in ø
up to about ø ≈ 0. Increasing the CO2 pressure above
6.89 MPa further increases ø, but only to a relatively
small extent. The initial increase in ø is accompanied
by an increase in scattering intensity, which is at-
tributed to PVDF crystallization, as evidenced by ther-
mal calorimetry. This study confirms that high-pressure
CO2 can not only have a profound effect on the phase
behavior of polymer blends but also open new polymer
process, property, or morphology windows.
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Figure 3. In (a), SANS patterns collected from the 55/45 d8-
PMMA/PVDF blend at 25 °C in the solid state and four CO2
pressures (in MPa): 0 (b), 6.89 (O), 10.3 (2), and 13.8 (4). The
data sets are not shifted. In (b), dependence of the Flory-
Huggins ø interaction parameter extracted from the SANS
data in (a) on CO2 pressure at 25 °C. The critical pressure (Pc)
of CO2 is displayed as the dotted vertical line.

Figure 4. Differential scanning calorimetry (DSC) thermo-
grams of the 55/45 d8-PMMA/PVDF blend before (a) and after
(b, d) exposure to 13.8 MPa of CO2, as well as the neat PVDF
(f). Specimens have been exposed to CO2 in the solid state at
ambient temperature (b) and in the melt at 180 °C and
subsequently cooled to ambient temperature under CO2 pres-
sure (d). Second heating cycles for traces (b) and (d) are
displayed as (c) and (e), respectively. The traces are shifted
vertically to facilitate examination, and the dashed vertical
lines identify Tg,mix of the blend (67 °C) and Tm of the neat
PVDF (168 °C). The heating rate is constant at 10 °C/min.
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