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Abstract

Morphological changes that take place in poly(e-caprolactone) upon exposure to carbon dioxide at high pressures have been explored as
a function of pressure and temperature. SEM and DSC results point to a competition between CO,-modulated crystallization and pressure-
induced phase separation which leads to unique morphologies. At 293 K, exposure to CO, at pressures up to 45 MPa leads to recrystallization
resulting in higher level of crystallinity and higher melting temperatures. Highest crystallinity levels along with distinct crystal morphology were
observed after exposure to CO, at 308 K and 21 MPa. At a higher pressure at this temperature (308 K/34 MPa) polymer undergoes melting, and
foaming is achieved during depressurization prior to solidification. At 323 K, the polymer is found to display unique crystal morphology with
concave crystal geometry as well as porous domains. The results are discussed in terms of the crystallization and phase separation paths that are

followed during exposure to CO, and the depressurization stages.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(e-caprolactone) (PCL), —[(CH,)s—COO],,—, is a semi-
crystalline, biodegradable aliphatic polyester which is of much
interest in drug delivery, tissue engineering and biomedical
device applications [1—5]. It has a relatively low melting tem-
perature in the range 323—333 K. Its glass transition tempera-
ture is reported to be at around 211 K [2]. Its blends, in
particular with poly(ethylene glycol), are being explored for
biomedical applications [6,7]; and its blends with other poly-
mers such as styrene—acrylonitrile copolymers, poly(vinyl
chloride), or polystyrene are under investigation in which
PCL is considered as a plasticizer or used to control morphol-
ogy [8—11]. Morphological features, foaming and pore forma-
tion in PCL and its blends and copolymers are of particular
interest in construction of scaffolds for tissue engineering
applications [12—15].
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There have been several earlier studies on the solubility of
CO, in PCL [19] and on the influence of carbon dioxide on
PCL and its blends [9,20—22]. Leeke et al. [19] reported that
the solubility of CO, reaches about 3 g CO,/g PCL at 313 K at
200 bar, and 1.5 g CO,/g PCL at 333 K. The plasticization
effects were negligible if pressures were lower than 80 bar. Shieh
and Yang [22] have reported CO, sorption levels at 308 K which
were 4% at 8.5 MPa and 6% at 31 MPa. From the changes in the
opacity of the samples, the authors deduced that at 308 K and
31 MPa, PCL must be undergoing melting, which would then
undergo recrystallization upon depressurization. The extent of
melting was inferred to be less at lower pressures. They proposed
aheterogeneous morphology based on small angle X-ray scatter-
ing data and the endothermic shoulders that were observed in the
DSC scans of the processed samples. SEM results were not
reported. In a later study, the same authors reported on the mor-
phological changes of PCL in supercritical CO, in the presence
of poly(vinyl chloride) [9]. In the presence of PVC, the melting
temperature of PCL was depressed. At a given composition, the
blends were observed to exhibit lower melting temperatures
following exposure to CO, and depressurizations, which were
attributed to PCL crystals becoming thinner.
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Fig. 1. Pressure and temperature change during decompression of the view cell
from an initial pressure of 23 MPa to ambient pressure.

There have also been some studies on the foaming of PCL
with CO,. Xu et al. reported foaming experiments in which
PCL samples were first saturated at 323 K and 10—16 MPa,
which were then depressurized [21]. They reported that the
pore cell size decreased when samples were saturated in the
higher pressure range (14—16 MPa) compared to foaming
conducted at 10 MPa. Foaming of PCL has also been explored
with CO, and N, and their mixtures [20]. At 313 K, the au-
thors reported CO, sorption levels of 4% at around 3 MPa
and 8% at around 6 MPa, and noted the suppression of the
melting temperature of PCL. They have reported foaming
results for saturation pressures in the range 3—6 MPa and tem-
peratures in the range from 300 to 308 K. The SEM results for
foams obtained at around 303 K and for a sample saturated at
5.5 MPa show closed-cell morphology with relatively large
pores, with cell pore diameters at around 400 pm.

We have been interested in the miscibility and phase separa-
tion of this polymer in dense fluid mixtures consisting of carbon
dioxide and organic solvents such as acetone. We have recently
reported on various properties of these solutions and the phase
boundaries [16a,b] as a function of pressure, temperature and
composition. We have also been exploring blending of PCL
with glassy polymers such as poly(methyl methacrylate) to
modulate its microstructural or morphological attributes [16b].
Morphological modification of polymers in dense fluids is
amore recent activity in our laboratory [17,18] with implications

on particle and fiber formation, and on formation of the porous
materials and foams. In this paper we are presenting recent
results on the unique morphological features of PCL that develop
upon exposure to high pressure carbon dioxide at different
pressures and temperatures.

2. Experimental

Poly(e-caprolactone) (M, =14,300; M, =2.3) was
obtained from Scientific Polymer Products, Inc. A Perkin—
Elmer Pyris Diamond DSC unit was used for thermal charac-
terizations. Microscopic characterizations were carried out
using Leo® 1550 field emission scanning electron microscope
(FESEM). For FESEM analyses, the samples were freeze-
fractured and coated with a thin layer of gold.

Exposure to CO, and depressurizations were carried out in
avariable volume view cell [17,23]. SCF/SFE grade carbon diox-
ide (Air Products and Chemicals) was used. The view cell is
equipped with two sapphire windows for direct observations,
and the changes in T, P during heating and pressurization, and
during depressurization are monitored in real time. For foaming
experiments, polymer samples (about 50—60 mg) were first
formed into cylindrical disks (with a diameter of about 12 mm
and thickness of 1 mm) using a mold and a Carver press by
applying 1 ton pressure at ambient temperature. They were
then exposed to CO, at selected pressures (21, 34, and
45 MPa) and temperatures (293, 308 and 323 K) for 30 min,
and then depressurized. Typical depressurization times were
2 s and always are accompanied with a reduction in temperature.
These are illustrated in Fig. 1 for a decompression from 23 MPa
to ambient pressures. Samples were then removed from the view
cell for further characterizations by SEM and DSC.

3. Results and discussions

3.1. SEM observations

Fig. 2a—c shows the FESEM micrographs for the fractured
cross-section of the PCL disk prior to exposure to carbon
dioxide at magnifications of 900, 2000 and 10,000. It is non-
porous solid, and close examination reveals features that indi-
cate presence of spherulitic domains, which are easier to
observe in Fig. 2b. These are similar to the SEM micrographs
reported for PCL in the literature [24].

Fig. 2. SEM results of PCL prior to exposure to CO,. Magnifications are at 900 (scale bar =20 um); 2000 (scale bar =20 um); and 10,000 (scale bar =3 um).
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Fig. 3. SEM results of PCL after exposure to CO, at 293 K and 21 MPa. Magnifications are at 300 (scale bar 100 um); 900 (scale bar = 20 um); and 10,000 (scale

bar =1 pm).

Fig. 3a—c shows the morphology after exposure and expan-
sion at 293 K and 21 MPa at magnifications of 300, 900 and
10,000. At high magnification, the appearance is as if there is
a nano-porous morphology, but as discussed below, this is due
to the crystalline lamellar growth patterns, rather than pores.

Fig. 4a—c shows the results after exposure to CO, at 293 K and
45 MPa. Here the micrographs demonstrate the spherulitic growth
more clearly. At magnifications of 10,000 (Fig. 4b) and 20,000
(Fig. 4c), the crystal boundaries and the details of the lamellar
growth on the crystal surface are distinctly displayed. Compared
to ambient conditions, and exposure to CO, at 21 MPa, at 45 MPa
it is clear that PCL undergoes recrystallization.

Fig. 5a—c shows the results of exposure at a higher temper-
ature, 308 K and 21 MPa. Here the crystalline morphology is
remarkably distinct. The SEM pictures show the three-dimen-
sional views of the crystals with their impingement boundaries
and strikingly flat surfaces that are decorated with the lamellar
growth patterns. Compared to the 293 K case, recrystallization
is greatly promoted at this temperature even at 21 MPa.

Fig. 6 shows the results at the same temperature (308 K) but
at a higher pressure, at 34 MPa. Here the morphology is much
different. PCL at this condition appears to basically melt and
undergoes foaming during depressurization. A micro-porous

g

morphology is displayed with pore sizes of about 1 um. How-
ever, at lower magnification some elements of ““straight-edge”
morphology reminiscent of the morphologies observed in
Fig. 5 are still noted.

Fig. 7 shows the morphology after exposure to CO, at
323 K and 34 MPa. Here a heterogeneous morphology is dis-
played. There appears to be spherulitic crystalline domains
with a concave topography and also porous non-crystalline
domains in-between.

3.2. DSC observations

The changes in the crystalline melting temperatures and the
heat of melting in the samples after exposure to CO, were
assessed by ambient pressure DSC measurements at a heating
rate of 20 K/min in inert nitrogen atmosphere. Fig. 8 is a com-
parative plot (normalized to unit mass) of the first heating
scans for the samples discussed in Figs. 2—7. Table 1 provides
the melting temperatures and the heat of melting values that
were evaluated from these scans.

Many of the DSC scans shown in Fig. 8 display double
melting transitions. As discussed in our earlier publications,
multiple melting peaks during DSC measurements are

Fig. 4. SEM results of PCL after exposure to CO, at 293 K and 45 MPa. Magnifications are at 900 (scale bar = 20 pm); 10,000 (scale bar =2 um); and 20,000

(scale bar = 1 pum).

Fig. 5. SEM results of PCL after exposure to CO, at 308 K and 21 MPa. Magnifications are at 300 (scale bar = 100 pm); 900 (scale bar = 20 pm); and 10,000

(scale bar =2 pum).
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Fig. 6. SEM results of PCL after exposure to CO, at 308 K and 34 MPa. Magnifications are at 300 (scale bar = 100 pum); 900 (scale bar =20 pum); and 10,000

(scale bar = 1 pum).

Fig. 7. SEM results of PCL after exposure to CO, , 323 K and 34 MPa. Magnifications are at 900 (scale bar = 20 pum); 2000 (scale bar = 10 um); and 10,000 (scale

bar =1 um).

common in crystals formed under extreme pressure in melts or
crystals formed from solutions at high pressures [17]. There
are several possibilities. These include (a) recrystallization
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Fig. 8. DSC 1st heating scans (at 20 K/min) of PCL samples exposed to CO, at
the indicated T (K)/P (MPa) conditions.

of metastable crystals upon heating during which the fold
length of the folded-chain crystals is altered (increased) and
thus melting temperatures are shifted (to higher temperatures),
(b) crystallization in the amorphous regions between the
lamellae, (c) actual presence of crystals with different lamellar
thicknesses, which may arise from the different crystallization
kinetics and/or the different undercooling experienced during
the rapid cooling or depressurization paths. In systems where
the crystallization is preceded by a liquid—liquid phase sepa-
ration, different crystals with different fold lengths are
expected.

In the present system at 293 K, compared to the original
sample, the melting temperatures are increased by about
15 K indicating increased lamellar thickness, and the heat of
melting data indicate about 40% more crystallinity after expo-
sure to CO, at high pressures. At 308 K, the doublet in the
melting peak becomes clear, which is indicative of the hetero-
geneity of the crystal sizes. The lower melting temperature
fractions constitute a smaller portion. Compared to treatment

Table 1

Melting temperatures and the heat of melting of PCL after exposure to carbon
dioxide at various 7/P conditions as determined from DSC scans with 20 K/
min heating rate at ambient pressure

Processing condition DSC tests

T (K) P (MPa) T (K) AH* (Jg)
Original 0.1 327/329 71

293 21 343 113

293 45 346 113

308 21 335/345 104

308 34 333/343 110

323 34 327/329 79

 For those scans displaying doublet melting peaks the peak temperatures are
indicated, and the heat of melting corresponds to total heat of melting.
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at 293 K, here the melting temperature shifts to a lower
temperature which becomes more accentuated at higher pres-
sures. Heat of melting is also reduced. After exposure to CO,
at 323 K at high pressure, the DSC data show a thermal behav-
ior very similar to that of the original PCL. Here, it is clear
that the polymer undergoes complete melting in the presence
of carbon dioxide, and during depressurization, the dynamics
of the temperature reduction and the reduction in the amount
of dissolved CO, do not lead to immediate crystallization,
and the crystallization appears to have proceeded as if it would
be from melt at ambient pressures. Here, the thinner lamellar
fractions with a lower melting temperature appear to be the
more dominant fraction, which is in contrast to the samples
that were treated at lower temperatures.

4. Discussion

It should be noted that the DSC results support the SEM
results. The high melting temperatures are observed for the
samples prepared at 293 K and 45 MPa (Fig. 4) or at 308 K
and 21 MPa (Fig. 5). As shown by the SEM results, these sam-
ples indeed display the distinct crystalline domains. The low-
est Ty, is obtained for samples that were exposed to CO, at
323 K (Fig. 7). This is consistent with the comparatively
greater expansion with this sample and the formation of the
pores in the non-crystalline domains as shown in Fig. 7. Low-
ering of T,, promotes the possibility for porous structure for-
mation, which is also observed in samples prepared at 308 K
and 34 MPa (Fig. 6). The comparative assessment of the
SEM and DSC data shows that at 293 K, the process is recrys-
tallization that is promoted basically by the enhanced chain
mobility that would come about with sorption of CO; in the
polymer. The polymer does not undergo complete melting at
these conditions. The amount of CO, dissolved does not bring
the melting temperature below 293 K. During depressurization
the system simply crosses the solid—fluid phase boundary
(crystallization). At 308 K and 21 MPa, the crystal thickening
process is further facilitated, and it appears that depression of
the crystalline melting temperature of the original PCL with
the level of CO, incorporation in the polymer at this 7/P
may have brought it close to 308 K. At 323 K, it is clear
that the polymer melts, and the system is a fluid—liquid mix-
ture, which then undergoes solid—fluid phase separation upon
depressurization. The multiple melting transitions with higher
amount of the fraction with lower melting temperature indi-
cate that the system undergoes a liquid—liquid phase separa-
tion first upon pressure reduction, leading to a polymer-rich
and a polymer-lean phase. The crystallization that follows in
each phase leads to the crystals with different lamellar thick-
nesses and melting temperatures. In this context, the DSC
data for the experiments at 308 K and the appearance of
a shoulder at 21 MPa which becomes a small distinguishable
melting peak at 34 MPa are also suggestive of crossing the
L—L boundary first, but at that temperature the system imme-
diately afterwards appears to be crossing the solid—fluid
boundary forming the crystals.

These observations demonstrate the importance of the
phase separation path in polymer—fluid systems. We have
previously shown this with crystallization of polyethylene
[17]. Fig. 9 is a cartoon of temperature—composition phase
diagram in which liquid—liquid (shaded areas) and also the
fluid—solid (crystallization, T.) phase boundaries are depicted.
In a dense fluid increasing the pressure usually makes the fluid
a better solvent. It shifts the LCST to significantly higher tem-
peratures, the UCST to somewhat lower temperatures. Crystal-
lization temperature is lowered with fluid sorption, and shifts
the crystallization temperature to lower temperatures. At
a given composition x;, increasing the pressure would increase
the equilibrium crystallization temperature from T, P; to T,
P,. When the initial polymer (IP) is exposed to the fluid at
T,, fluid dissolves in the polymer, and the composition shifts
to x;. The degree of undercooling the polymer now experi-
ences changes from “a” to “b” (depicted by arrows), upon
which the lamellar thickening in the existing crystalline
domains may be promoted. As long as the prevailing T/P con-
ditions do not take the polymer above the T, curve, these trans-
formations occur in the solid polymer phase that is in
equilibrium with the fluid. During depressurization, the dis-
solved fluid escapes from the polymer matrix, the temperature
is further reduced, and the concentration moves towards the
100% polymer case. The end result is a polymer with crystals
with larger lamellar thickness and thus of higher melting tem-
peratures. This is what is observed in systems at 293 K and at
for example 21 MPa. When the pressure is increased to
a higher pressure like P =45 MPa, the degree of incorporation
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Fig. 9. Crystal modification of initial polymer (IP) with fluid sorption at high
pressure (path I) when the solvent + polymer (SP) system remains below the
equilibrium crystallization curve T.. The polymer does not melt. Because
of the increased chain mobility and the system getting closer to the melting
temperature (indicated by double-headed arrows), lamellar thickening is
promoted. This is locked-in during depressurization (Path II along which
temperature is further decreased and the polymer concentration increases
with fluid escaping from the matrix). At the end of depressurization, the final
polymer (FP) displays a higher melting temperature and greater level of crys-
tallinity than the original polymer. Dark shaded areas represent the liquid—
liquid two-phase regions at pressure P2, which shift at pressure P1 to new
boundaries shown with the dashed curves.
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Fig. 10. Crystal modification with fluid sorption at a higher temperature (T;,)
and high pressure (P,) upon which the initial polymer (IP) melts and forms
a homogeneous one-phase solution of solvent 4+ melt (SP). During depressur-
ization (for example to P;), the initially homogeneous system enters two-phase
region and first undergoes liquid—liquid phase separation forming a polymer-
lean and a polymer-rich phase. Crystal formation and modifications proceed
upon further cooling (for example to 7,) and final depressurization (Paths
IIa and b) as the fluid escapes from the polymer-rich and polymer-lean phases.
During the final decompression stage, the crystallization curve moves upward
and temperature is further reduced. Different degrees of undercooling and the
chain mobility experienced in the two-phases then lead to different crystalline
domains with different lamellar thicknesses, and as a consequence, the final
polymer (FP) displays double melting points.

of CO; in the polymer is increased, moving the position of the
polymer concentration to x, where T, is at a lower temperature
compared to the condition at x;, and the degree of undercool-
ing (indicated by the arrow c) that the polymer experiences
becomes even smaller. This further promotes the crystal rear-
rangement, as has been suggested by the SEM and DSC
results. At 308 K and 21 MPa, the systems still remain below
the polymers’ equilibrium crystallization T at the level of fluid
sorption at this 7/P conditions, and the process promotes the
crystal rearrangement in the solid state.

Fig. 10 is a cartoon depicting the process at a higher T (T,)
like 323 K or at 308 K but at a higher pressure (P,) (i.e.,
34 MPa). Here the initial polymer (IP) upon sorption of the
fluid in the polymer moves to composition x3. At this compo-
sition, and the temperature/pressure, the system is above the
equilibrium crystallization temperature (above T, P,), that
is, it melts and forms a homogeneous solution. This depends
on the location of the LCST or UCST in the system, which
we have not determined, and there is no direct experimental
information in the literature as to PCL 4 CO, system having
an LSCT- or UCST-like phase behavior. In PCL + CO, -
+ acetone, the behavior has been previously shown to be
LCST-type [15]. The discussion that follows is presented for
the LCST case, but descriptions can be generated equally
well for the UCST situation. It should be pointed out that in
ternary systems as the CO, amount is increased there is usu-
ally a switchover from LCST to UCST type behavior [25]
and thus PCL + CO, system could well be a UCST-type sys-
tem. Blends of PCL with polystyrene in the absence of

solvents are reported to show UCST [26,27] whereas its blends
with SAN show LCST [28].

In Fig. 10, during depressurization, the solvent strength is
reduced and LCST moves to lower temperature, and the
system undergoes a liquid—liquid phase separation. Upon fur-
ther cooling to T, and crossing the S—F boundary, the poly-
mer-lean and polymer-rich phases being at different distance
from the equilibrium crystallization curve experience different
degrees of undercooling. During further decompression, as the
fluid escapes from the polymer, the melting curve moves to
even higher temperatures. Two different crystal size domains
and double melting peaks are indeed observed in experiments
conducted at 308 K at higher pressures and at 323 K.

The present study confirms the deductions that were made
in the literature from X-ray data that PCL melts when exposed
to CO, at 308 K and 31 MPa [9]. In a recent publication [29],
melting temperatures of PCL in the presence of CO, has been
reported at pressures in the range from 0.1 to 27.6 MPa. At
27.6 MPa, T, is reported to be 307.2 K. The lamellar growth
patterns in Figs. 3 and 4 display some orientational changes.
Periodic twisting of lamellar crystals is reported in the litera-
ture to occur in PCL crystals formed in solution-cast films
[30]. Ring-banded spherulites are reported to arise from non-
linear diffusion during growth. Edge-on lamellar growth pat-
terns have also been observed in the spherulites formed in
blends of PCL with poly(ethylene oxide) [31] where some
of the unique morphologies were attributed to confinement
effects. It should be noted that crystallization of a different
polymer (high density polyethylene) in gas-assisted injection
molding that was reported recently displays lamellar growth
patterns that show strikingly similar attributes to the lamellar
edge patterns displayed in Fig. 4. Here the authors attributed
the orientational features to shear effects [32]. In Fig. 7,
SEM results display a concave geometry for the PCL crystals.
These lily-like spherulitic structures have been reported in
crystallization of PCL and its blends with polystyrene pre-
pared from 5 wt% solutions in THF where the dynamics of
L—L phase separation in the blend and the crystallization of
PCL influence the final morphology [26].

It should be noted that Fig. 5 displays a set of rare micro-
graphs which show the three-dimensional growth of the
spherulitic crystals with sharp impingement planes for
poly(e-caprolactone) — and for that matter, possibly for any
polymer. Essentially all crystallization studies in the literature
show micrographs for spherulitic crystals that are formed in
thin films or confined geometries where the spherulitic growth
and the impingement boundaries appear as lines. For example
in a study of poly(e-caprolactone) crystal growth in ultrathin
films (ca. 200 nm) the AFM height images show distinct
boundaries that would be very similar to what a cross-section
of the three-dimensional morphologies shown in Fig. 5 would
be [33]. Sharp boundaries of impingent spherulites have been
reported also, again in thin films (about 40 um), for isotactic
polystyrene [34]. These authors point out that during spheru-
litic crystallization, the crystallization front rejects the non-
crystallizable fractions (such as short chains or impurities),
leading to boundaries between adjacent spherulites that
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represent a high concentration of non-crystallizable materials.
They have further inferred that in-between the spherulitic
domains there is an amorphous region which appears as darker
line in the AFM images. In the present SEM studies, the sam-
ples were prepared by fracturing in liquid nitrogen, during
which some of the spherulitic domains appear to have been
dislodged from their positions and have fallen off (which
could be facilitated if indeed an in-between layer between
the spherulitic domains existed) exposing the impingement
planes, with the edge-on lamellar growth patterns remaining
visible. What is remarkable is the clear individual identity of
the crystalline domains without any visible tie chains between
the neighboring spherulitic entities.

5. Conclusions

The present results demonstrate the significance of the path
followed in the modifications of PCL in dense CO,. The
results show that recrystallization of PCL is promoted in car-
bon dioxide at temperatures and pressures where chain mobil-
ity is enhanced while the system remains below the crystalline
melting temperature. Foaming is promoted at higher tempera-
tures and pressures where the dissolution of CO, in the poly-
mer leads to melting of PCL. Final morphology is influenced
by the combined effect of recrystallization and phase separa-
tion processes.
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