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Abstract
The miscibility of blends of poly(3-caprolactone) (PCL, Mw¼ 14,300) with poly(methyl methacrylate) (PMMA, Mw¼ 15K or 540K)
in acetoneþ CO2 mixed solvent has been explored. The liquideliquid phase boundaries at different temperatures have been determined for
mixtures containing 10 wt% total polymer blend, 50 wt% acetone and 40 wt% CO2. The PCL and PMMA contents of the blends were varied
while holding the total polymer concentration at 10 wt%. The polymer blend solutions all displayed LCST-type behavior and required higher
pressures than individual polymer components for complete miscibility. Complete miscibilities were achieved at pressures within 40 MPa. The
DSC scans show that the blends are microphase-separated. The blends display the melting transition of PCL and the glass transition temperature
of the PMMA phases. The presence of PMMA is found to influence the crystallization and melting behavior of PCL in the blends. The DSC
results on heat of melting and the FTIR spectra, specifically the changes at 1295 cm�1 band show the changes (decrease) in overall crystallinity
of the blend upon addition of PMMA.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer solution blending in high-pressure carbon dioxide
or in fluid mixtures of carbon dioxide with an organic solvent
is of continuing interest, and several publications have already
appeared [1e5]. Specifically, the blends of poly(methyl meth-
acrylate) and poly(ethyl methacrylate) were prepared from
solutions in Freon-22 via rapid expansion of supercritical solu-
tions [2]. The blends of polycarbonate with poly(styrene-co-
acrylonitrile) were prepared from solutions in tetrahydrofuran
(THF) by precipitation with carbon dioxide or heptane as
anti-solvents [3]. The blends of isotactic polypropylene and
poly(ethylene-co-butene) copolymers were also prepared in
solutions of propane by rapid expansion [4]. Blends of PCL
with PMMA have been prepared from solutions in dichloro-
methane by precipitation with carbon dioxide [6].
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The interest in blends of PCL with other polymers stems
from its biodegradability and their potential use in biomedical
applications. It is used as a matrix for controlled-release drug
system [7e9] or as materials for scaffolds in tissue engineer-
ing [10,11]. In biomedical application, the advantages of using
PCL are linked to its slow degradation and its degradation
products being neutral. Because of its low glass transition
temperature (Tg¼�63 �C [12]) along with its biodegradabil-
ity, blends of PCL with other polymers have also been of in-
terest. A comprehensive review covering the literature prior
to 2000 is available [13]. It is used to lower the Tg of another
polymer or enhance its degradation for environmental remedi-
ation. Indeed, blends of PCL have been reported at ambient
pressures with poly(vinyl methyl ether), poly(styrene-co-acry-
lonitrile) [14], polypropylene [15], poly(L-lactic acid) [16],
poly(butylene terephthalate) [17], tetramethyl polycarbonate
[18] and polypyrrole [19]. PCL has also been explored as com-
patibilizer for polymer blends such as bisphenol polycarbonate
with styreneeacrylonitrile copolymer [20].
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In contrast to PCL which is semi-crystalline, poly(methyl
methacrylate) (PMMA) is an amorphous polymer also with a
wide range of utilization areas, including biomedical implants
such as replacement for intraocular lenses, bone cements, and
dentures. Its blends have therefore been extensively studied as
well. Among the recent publications are blends of PMMA with
poly(vinylidene fluoride) [21,22], poly(L-lactic acid) [23,24],
poly(vinyl chloride) [25e27], poly(ethylene terephthalate)
[28,29], polystyrene (PS) [30], poly(styrene-co-acrylonitrile)
[31] and poly(ethylene oxide) [32]. Studies on blending of
PCL with PMMA is of special interest not only because of
the potential modifications for biomedical applications or en-
vironmentally desirable attributes, but also because of the pos-
sibility of specific intermolecular interactions that may arise
from the ester groups in the backbone of the PCL molecules
and the ester groups in the side group in PMMA molecules.
Even though such specific interactions have not been reported
for blends of PCL with PMMA, interactions with other
polymers are known. These include the interactions between
carbonyl group (C]O) in PCL and PVC [33], poly(bisphenol
A carbonate) [34], and poly(hydroxyl ether of bisphenol A)
[35].

For effective design of pathways for solution blending, in-
formation on the phase behavior of the polymer mixtures is
needed. This type of data is, however, extremely limited, espe-
cially for high-pressure solutions. The phase behavior of poly-
ethyleneþ polypropylene blends in pentane [1] and the phase
behavior of the blends of isotactic polypropylene and poly(eth-
ylene-co-butene) copolymers in propane have been reported
[4]. Studies on blends of semi-crystalline polymers with amor-
phous, glassy polymers are of additional interest in that the
glassy polymers can alter the crystallization of the semi-crys-
talline polymers. In general, the presence of a glassy compo-
nent leads to a crystallization depression of the crystallizable
component due to either a reduction in chain mobility, or a
dilution of the crystallizable component at the growth front,
or a change in the free energy of nucleation [18,36]. In the
presence of an amorphous component, lamellar thickness,
crystal inter-phase, and the spherulitic growth rate of the crys-
tallizable component are altered [18]. How these features are
altered in dense fluids is not presently known.

In the present study, PMMA/PCL blends were prepared
from their solutions in acetoneþ carbon dioxide mixtures at
high pressures. We have recently reported on the properties
of the acetoneþ CO2 mixtures as tunable solvents [37]. We
have also reported the phase behavior, viscosity, and density
of PMMA solutions and PCL solutions in this mixture solvent
at high pressures [38,39]. We now extend the phase behavior
information from individual polymer solutions to the solutions
of PCLþ PMMA blends.

2. Experimental
Tf Ti
2.1. Materials

Temperature

Fig. 1. The schematic of phase separation process in the formation of the

blends.
The polymers PCL and PMMA were purchased from Scien-
tific Polymer Products (Ontario, NY). The molecular weight
(Mw) and polydispersity (PDI) of the PCL sample were 14,300
and 2.3, respectively. Two PMMA samples with different mo-
lecular weights (Mw¼ 15K, PDI¼ 1.8; and Mw¼ 540K,
PDI¼ 2.8) were used. In the text and the figure captions, the
molecular weights are expressed in shortened notations of
14K, 15K, and 540K. Acetone (Burdick & Jackson) with purity
of 99.5% and CO2 (Airgas) with a minimum purity of 99.9%
were used without further purification.
2.2. Determination of liquideliquid phase boundary
A variable-volume high-pressure view cell, described in
our previous publications [40], was used to prepare the PCL/
PMMA blends and to determine the liquideliquid (LeL)
phase boundaries in acetoneþ carbon dioxide mixtures at
high pressures. After the polymers and the solvent with known
amounts were charged, temperature and pressure were ad-
justed to achieve complete miscibility. The LeL phase bound-
ary (demixing pressure) was then determined by decreasing
the pressure at a given temperature while recording the trans-
mitted light intensity, or visually observing the cell content
through two sapphire windows. The pressureetemperature
phase diagram was generated by repeating this miscibility/
demixing pressure determination starting from homogeneous
conditions at different temperatures.
2.3. Preparation of blends
In preparation of the blends, we followed the two-step pro-
cess which is illustrated in Fig. 1. The first step is the depres-
surization at a given temperature to cross the liquideliquid
phase boundary. The second step is the further depressuriza-
tion and cooling to ambient temperature. Typically, in the first
stage, the pressure was decreased from about 20 MPa to
around 6e7 MPa at a rate of 10 MPa/min. After holding the
solution at the lower pressure (6e7 MPa) but still at the initial
solution temperature (348 K) for 30 min with stirring, the
system was completely depressurized by full discharge. The
discharge was collected. The fraction not removed with ex-
panding carbon dioxide during discharge and precipitates
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in the view cell was dissolved in acetone and collected with
the discharge. The solvent was evaporated by placing the
samples in vacuum (0.05 Torr) for 72 h. Either powders or
films were formed depending upon the composition of the
blend. Film formation was enhanced in blends that contained
higher fraction of PMMA. The polymer blends were then fur-
ther characterized by DSC (in the temperature range from �50
to þ150 �C) and FTIR (KBr disks were prepared using about
3 mg polymer samples).

3. Results and discussion
3.1. Liquideliquid phase boundary
The liquideliquid (LeL) phase boundaries were deter-
mined for 10 wt% PMMA (Mw¼ 15K; Mw¼ 540K), 10 wt%
PCL (Mw¼ 14K), and 10 wt% (PMMAþ PCL) blends. The
amount of acetone and carbon dioxide in the solutions was
maintained at 50 and 40 wt%, respectively. The blends with
the low molecular weight PMMA were prepared with PCL
concentrations of 2.5, 5.0, and 7.5 wt% (with PMMA concen-
trations being 7.5, 5 and 2.5%, respectively). In blends with
the higher molecular weight PMMA, the PCL and PMMA
concentrations were kept equal at 5 wt% each. The phase
boundary data for these solutions are presented in Table 1
and Figs. 2e4.

Fig. 2 shows the liquideliquid phase boundaries for the
10 wt% PCL (Mw¼ 14K), 10% PMMA (Mw¼ 15K) and the
blends 10 wt% (PCLþ PMMA) with PCL/PMMA mass
ratios of 25/75, 50/50, and 75/25, respectively. All PCL contain-
ing solutions show higher LeL demixing pressures than the
PMMA solutions at the same temperatures. All the blends dis-
play higher LeL demixing pressures than their corresponding
polymer. Among these blends, even though the differences
are slight, the 50/50 PCL/PMMA blend shows the highest dem-
ixing pressures and the 25/75 PCL/PMMA blend displays the
lowest demixing pressures. In all the solutions, at given pres-
sure, two-phase regions are entered when temperature is in-
creased, a feature that is characteristic of systems showing
LCST-type behavior.

Fig. 3 shows the LeL phase boundaries of 10 wt% PCL
(Mw¼ 14K), the PMMA sample with the higher molecular
weight (Mw¼ 540K), and their 50/50 blend solutions in
acetoneþ carbon dioxide mixture. The solution of the high
molecular weight PMMA shows higher demixing pressures
than the pure PCL solution. However, once again, the 50/50
PCL/PMMA blend shows higher demixing pressures than the
corresponding PCL or the PMMA solutions. A higher demixing
pressure in blends is a consequence of the immiscibility of the
polymer components. Indeed PCL and PMMA are known to be
immiscible [41]. This recent manuscript which has explored the
immiscibility of PMMA with a range of polyesters also pro-
vides an excellent perspective on the significance of these
blends, and the role of the competition between crystallization
and phase separation in altering the final morphology of these
blends. The observation of higher demixing pressures in poly-
mer blend solutions compared to their component solutions
has been observed in other polymer systems such as the blends
of polyethylene and polypropylene in pentane [1]. Polyethylene
and polypropylene are also incompatible. Fig. 4 shows the
phase boundaries for the solutions of the 50/50 blends of PCL
with PMMA for the low and high molecular weight polymer
samples. The blend with higher molecular weight PMMA
displayed higher demixing pressures.
3.2. Polymer blend characterizations

3.2.1. Differential scanning calorimetric (DSC) results
The DSC scans were carried out at 10 K/min heating and

cooling rates. The glass transition temperatures of the PMMA
samples were determined to be 80 and 120 �C for the low
(15K) and high (540K) molecular weight samples, respectively.
Fig. 5 shows the DSC scan for PCL. A double melting transition
is displayed with peak temperatures at 54.5 and 57 �C. The
blends all displayed similar double melting transitions. They
are shown in Fig. 6. This figure also shows the reduction in
heat of melting (displayed by the area under the melting curve)
with decreasing amount of PCL in the blends.

Fig. 7 shows the cooling scans immediately after the first
heating scans displaying the crystallization peaks. The 50/50
and the 25/75 PCL/PMMA blends showed distinct multiple
crystallization peaks. The heats of crystallization assessed
from total peak areas are given in Table 2. The heat of crystal-
lization and melting values show some differences. The
slightly lower heats of crystallization may be due to the com-
positional effect or influence of PMMA in reducing the degree
of crystallization of PCL in the blends. The heat of crystalliza-
tion data suggest PCL compositions in the blends to be 67, 36,
and 14 wt%, as compared to 75, 50, and 25 wt% initial mix-
ture compositions loaded into the view cell. If the heat of melt-
ing data are used, the results suggest blend compositions of 67,
42, and 13 wt%. It should, however, be noted that since the de-
gree of crystallization of PCL is decreased (as reflected by the
lower heats of crystallization), heat of crystallization data can-
not be directly used to calculate the PCL content in the blends.
For the high molecular weight PMMA blends, both the heats
of melting and crystallization lead to 40 wt% PCL in blends.

Fig. 8 combines the crystallization temperature for the
polymer blends and the LeL demixing temperatures at 15
and 20 MPa (from Fig. 2) of the PCL (Mw¼ 14K)/PMMA
(Mw¼ 15K) blends in acetoneþ carbon dioxide mixture.
The figure illustrates the variation of demixing and crystalliza-
tion temperatures with the PCL content. In this figure, the data
points corresponding to 0% PCL represent the LeL demixing
temperatures of pure PMMA solutions at 15 and 20 MPa. The
data points corresponding to 100% PCL represent the LeL
demixing temperatures of pure PCL solutions in acetoneþ
carbon dioxide at 15 and 20 MPa, and the crystallization
temperature of PCL at ambient pressure, shown as Tc*. The
regions above the demixing temperature curves correspond to
LeL phase-separated regions. The variation of crystallization
temperature with PCL concentration shows that the addition
of PMMA results in a decrease (even though small) in the
crystallization temperature of these blends.



Table 1

Demixing pressures at different temperatures for 10 wt% PCL (Mw¼ 14,300),

PMMA (Mw¼ 15,000 or 540,000), and their blend solutions in acetoneþ
carbon dioxide mixtures

Temperature (K) Pressure (MPa)

PCL (Mw¼ 14,300) (10 wt%)þ acetone (50 wt%)þ carbon dioxide (40 wt%)

325.0 4.9

330.0 6.8

337.6 9.1

342.5 10.5

347.5 11.9

352.8 12.7

356.8 14.7

363.5 16.7

369.3 18.4

374.0 19.5

380.1 21.1

384.9 22.4

389.0 23.3

394.5 24.7

399.4 26.0

PMMA (Mw¼ 15,000) (10 wt%)þ acetone (50 wt%)þ carbon dioxide

(40 wt%)

347.1 10.5

352.0 11.5

356.0 13.0

360.3 14.0

366.5 15.4

370.0 16.5

374.8 18.0

380.4 19.0

385.4 21.0

390.0 22.0

393.3 23.0

399.1 24.5

PCL (Mw¼ 14,300) (2.5 wt%)þ PMMA (Mw¼ 15,000) (7.5 wt%)þ acetone

(50 wt%)þ carbon dioxide (40 wt%)

341.1 10.5

347.0 12.6

353.4 14.3

358.0 15.7

363.3 17.2

368.5 18.6

374.1 20.3

379.5 21.7

384.9 23.2

390.9 24.5

395.3 25.4

400.8 27.0

PCL (Mw¼ 14,300) (5 wt%)þ PMMA (Mw¼ 15,000) (5 wt%)þ acetone

(50 wt%)þ carbon dioxide (40 wt%)

326.1 7.5

333.1 9.7

337.4 10.9

343.8 13.0

347.5 14.3

354.8 16.0

359.8 17.3

365.5 19.2

370.1 20.4

375.5 22.0

380.6 23.0

384.9 24.2

390.4 25.6

(continued)

Table 1 (continued )

Temperature (K) Pressure (MPa)

394.3 26.4

400.6 27.8

PCL (Mw¼ 14,300) (7.5 wt%)þ PMMA (Mw¼ 15,000) (2.5 wt%)þ acetone

(50 wt%)þ carbon dioxide (40 wt%)

328.0 7.1

332.8 8.5

339.0 10.5

344.0 12.2

351.5 14.5

356.1 15.8

362.3 17.5

369.0 19.5

374.1 20.6

377.4 22.0

379.4 22.4

384.6 23.8

389.8 24.9

394.6 26.1

401.0 27.6

PMMA (Mw¼ 540,000) (10 wt%)þ acetone (50 wt%)þ carbon dioxide

(40 wt%)

330.0 15.5

335.5 17.0

340.5 18.5

348.3 20.0

353.1 22.0

359.0 23.5

365.4 24.5

370.1 25.5

376.0 27.0

381.9 28.5

386.6 29.5

391.9 30.5

396.4 32.5

400.4 34.0

PCL (Mw¼ 14,300) (5 wt%)þ PMMA (Mw¼ 540,000) (5 wt%)þ acetone

(50 wt%)þ carbon dioxide (40 wt%)

352.3 23.0

356.5 24.0

363.3 26.0

367.6 27.0

372.8 29.0

373.4 29.3

378.8 30.5

384.0 32.0

389.5 34.0

395.1 35.0

400.1 37.0

1558 K. Liu, E. Kiran / Polymer 49 (2008) 1555e1561
Fig. 8 is a rare diagram displaying the actual crystallization
data and LeL demixing conditions in a common plot for a blend
system prepared from high-pressure solutions displaying
LCST-type behavior. These types of diagrams for high-pressure
polymer solutions are not common in the literature yet would be
of great significance in providing direct information on the tem-
perature below which the system must be quenched to bring
about SolideFluid (SeF) phase separation when homogeneous
solutions are expanded. Ideally one should include the crystal-
lization temperature at high pressure in the presence of the sol-
vent [Tc(SeF)] along with the ambient pressure crystallization
curve. However, in our experimental system, we do not have the
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capability to cool the view cell to sub-ambient temperatures. In
systems where the SeF phase boundary remains at tempera-
tures above the ambient temperature even in the presence of
a solvent, such as polyethyleneþ pentane system, we have in
the past shown that the crystallization boundary is shifted to
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lower temperatures [40,42,43], and shows a small pressure de-
pendence, with crystallization temperatures becoming higher at
higher pressures. The net effect of solvent and pressure is, how-
ever, a lowered crystallization temperature. To further highlight
the expected shift to lower temperatures in the presence of a sol-
vent, a generalized diagram is included as an inset in Fig. 8
where Tc(SeF) boundary represents the crystallization curve
in the presence of the solvent, and Tc* represents the ambient
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Table 2

Melting and crystallization temperatures, and heats of melting and crystallization for PCL (Mw¼ 14,300) and its blends with PMMA (Mw¼ 15,000 or 540,000)

Polymer or polymer blends Cooling scan Heating scan

Heat of crystallizationa (J/g) Crystallization temperatureb (�C) Heat of meltinga (J/g) Melting temperatureb (�C)

PCL (14K) 78 28 84 54.5, 57

PCL(14K)/PMMA (15K)

75/25 52 27 57 54, 57

50/50 28 �22, 2, 18, 24 36 53, 57

25/75 11 0, 8, 12, 20 11 51, 55

PCL(14K)/PMMA (540K)

50/50 30 30, 32.5 35 53, 56

a Peak areas are based on total peak area including all peaks.
b Transition temperatures are included only for the major peaks that are distinct.
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pressure solvent-free crystallization temperatures. Along the
direction of the arrows, phase separation will occur upon either
increasing or decreasing the temperature. What is important to
realize is that the nature of the phase separation will be different
along the paths that accompany an increase or a decrease in
temperature. Starting at homogeneous conditions, increasing
the temperature leads to LeL phase separation, but lowering
the temperature leads to SeF phase separation.
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Fig. 9. Comparison of FTIR spectra for PCL (Mw¼ 14K), PMMA

(Mw¼ 15K), and their blends.
3.2.2. FTIR tests
Fig. 9 shows the IR spectra for PCL, PMMA and their blends.

Fig. 10 is an expansion of the region from 600 to 2000 cm�1

which shows the changes in the band at 1295 cm�1. The IR
spectral features of PCL and PMMA are available in the litera-
ture [44,45]. In the PCL spectrum, the bands in the range 2867e
2947 cm�1 are assigned to eCH2 stretching, the band at
1727 cm�1 is assigned to the C]O carbonyl stretching, the
band at 1295 cm�1 is assigned to CeO and CeC stretching in
the crystalline phase, and the band at 1241 cm�1 is assigned
to asymmetric COC stretching [41]. The band at 1295 cm�1

has been used in the literature to investigate the crystallinity
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leads to LeL phase separation, and lowering the temperature leads to SeF

phase separation.
change in PCL [44]. In the PMMA spectrum, the bands in the
range 2854e2998 cm�1 are assigned to CeH stretching, the
band at 1730 cm�1 is assigned to the C]O carbonyl stretching,
and the band at 1148 cm�1 is assigned to eOCH3 stretching
[45]. These bands were verified with the PCL and PMMA sam-
ples used in the present study. The band at 1295 cm�1 corre-
sponding to the CeO and CeC stretching in the crystalline
phase shows a decrease with inclusion of glassy PMMA in the
blend and eventually disappears in the pure PMMA spectrum,
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Fig. 10. Comparison of FTIR spectra for PCL (Mw¼ 14K), PMMA

(Mw¼ 15K), and their blends in the wavenumber range 600e2000 cm�1.

The band at 1295 cm�1 is used to characterize the crystallinity of PCL and

its blends with PMMA.
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demonstrating the transformation from PCL to PMMA. The IR
spectra confirm the formation of PCLþ PMMA blends. The
spectra do not show any new bands in the blends that can be as-
sociated with some specific interactions between PCL and
PMMA, thus suggesting the absence of specific interactions in
these blends.

4. Summary and conclusions

For the first time miscibility boundaries for blends of PCL
and PMMA in acetoneþ carbon dioxide mixtures have been
determined at high pressures. The solutions all show LCST-
type phase behavior and polymer blends require higher pres-
sures than the solutions of constituent polymers PMMA and
PCL to bring about complete miscibility. The DSC results
indicate that the blends are microphase-separated blends that
display both the Tg of PMMA and Tm/Tc of PCL. The FTIR
tests confirm the formation of polymer blends and the changes
in the band at 1295 cm�1 confirm the changes (decrease) in
PCL crystallinity upon addition of PMMA.
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