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Detection of melting point depression and
crystallization of polycaprolactone (PCL) in scCO2

by infrared spectroscopy

Catherine A Kelly1, Katherine L Harrison2, Gary A Leeke1 and Mike J Jenkins2

The use of supercritical CO2 to facilitate the processing of polymers is becoming increasingly popular. In light of this, it is

important to understand the effect supercritical CO2 has on these polymers especially in terms of glass transition temperature

and melting point depression and the induction of crystallization. The aim of the current study is to use infrared spectroscopy

to probe these properties. Plaques of polycaprolactone were exposed to supercritical CO2 at a range of temperatures (41–60 1C)

and pressures (0–200bar). Examination of the carbonyl peak at 1720 cm�1 at 41 1C while increasing the pressure shows a

change in morphology at 100bar, indicative of a melting point. This is a 221C reduction in the melting point compared with

atmospheric pressure. Repetition of this experiment over a range of temperatures shows that the pressure required to induce

melting reduces as the temperature is increased. Infrared spectroscopy is also used to observe the crystallization of

polycaprolactone during the depressurization of CO2.
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INTRODUCTION

The use of supercritical carbon dioxide (scCO2) to facilitate polymer
processing is widespread particularly in the production of scaffolds
and particles for medical applications.1–3 scCO2 is able to plasticize
and liquefy polymers, at temperatures below the normal glass
transition and melting temperatures, thereby allowing in some
cases, the incorporation of thermally sensitive compounds.4 scCO2

can also reduce the melt viscosity,5 change the polymer morphology
by inducing crystallization6 and can be used to create foams.7

The plasticizing effect has been attributed to the ability of scCO2 to
dissolve within amorphous polymers whereupon it interacts with
basic sites on the polymer chains.5,8 This is similar to Lewis-acid/base
interactions and has been shown to occur between CO2 and carbonyl
groups.9,10 Such interactions reduce the intermolecular bonding
between polymer chains and increase the mobility of the polymer
segments,11 leading to depressions of the glass transition temperature
(Tg).12 For example, it has been reported that the Tg of poly(ethylene
terephthalate) can be lowered by as much as 40 1C in the presence of
scCO2.13

The role of scCO2 in semicrystalline polymers is less understood.
It is assumed that the gas molecules preferentially penetrate into the
amorphous regions, where Lewis-acid/base interactions occur
between the polymer and CO2.9 This leads to a reduction in the
chemical potential of the amorphous regions, driving the morphology

to a more amorphous state and therefore reducing the crystallinity.
This results in a depression of the melting point.14–16 In addition,
scCO2 is known to weakly solvate the molecular segments of the
polymer and behave as a molecular lubricant. It has been suggested
that the presence of CO2 at the surface of the polymer crystals
enhances the mobility of the polymer molecules, reducing the
effective time for the polymer molecules to reach a pure molten
phase. These effects have been shown to reduce the melting point of
polyethylene glycol by 9 1C at a pressure of B240 bar.17

In addition to acting as a solvent to reduce the processing
temperature of polymers, scCO2 is also known to induce crystal-
lization.6 Crystallization will occur in the amorphous regions of semi-
crystalline polymers, when the operating temperature is above the Tg

but below the melting temperature of the polymer. Upon heating a
polymer above its Tg, there is a sharp increase in the mobility of the
polymer chains, allowing the chains to rearrange into the more
thermodynamically stable crystalline state.18 The crystallization
temperature of numerous polymers have been seen to decrease in
the presence of scCO2.6,19,20 It is believed that the absorbed CO2

increases the free volume of the amorphous regions as discussed
above, enabling greater chain mobility than at ambient pressure. This
allows the ordinarily rigid chains to rearrange into a more kinetically
favored state at lower temperatures, forming lower free energy,
crystalline structures.
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The real-time conformational and structural changes that occur
during scCO2 processing can be investigated by infrared spectroscopy
(IR). Previous studies have shown that, as melting and crystallization
occurs in polymers, the intensities of some functional group bands
change and can also shift in frequency.21,22 This frequency shift has
been attributed to morphological changes between the amorphous
and crystalline states.

We have previously shown that IR can be used to determine the
melting point and crystallization temperatures of polycaprolactone
(PCL) with a good correlation to differential scanning calorimetry.23

In this paper, we expand on this knowledge to determine the
morphological changes experienced by PCL during scCO2

processing. IR studies are used to investigate the melting point
depression of PCL caused by the addition of CO2 and the
crystallization behavior upon venting.

MATERIALS AND METHODS

Materials
Polycaprolactone (CAPA 6800) (Mw 120 kDa; PDI 2.82) was supplied in pellet

form by Solvay Interox Ltd (Warrington, UK) and used as received. CP grade

CO2 (99.995% CO2) was provided by BOC (Birmingham, UK).

Preparation of PCL plaques
Plaques of PCL were prepared using a Moore E1127 hydraulic hot press

(George E. Moore & Sons Ltd, Birmingham, UK). The pellets (7 g) were

compression-moulded at 150 1C using a load of 10 kN. The resulting plaques

(100 mm� 100 mm� 1 mm) were then quenched by an ice/water bath and

warmed to room temperature to create a known thermal history. The moulded

polymer plaques were cut into 10 mm� 10 mm� 1 mm samples and stored at

ambient conditions, in sealed containers, before analysis.

Infrared spectroscopy
Changes to the IR spectra of PCL with CO2 pressure were monitored with a

Nicolet 860 IR (Thermoscientific, Hemel Hemstead, UK) coupled to a Golden

Gate ATR supercritical fluid analyser (Specac, Slough, UK) (Figure 1). The

high-pressure cell (1mm3) was fitted with two 1/16’’ tubes to allow the

introduction and venting of CO2. The temperature of the cell was controlled

and monitored by a heater control unit (Specac, Slough, UK) with an accuracy

of ±0.1 1C. The pressure was measured using a Bourdon gauge (Budenberg,

Manchester, UK) with an accuracy of ±4 bar.

Variation in the IR spectra of PCL with increasing pressure, at a series of

isothermal temperatures, was investigated. Briefly, a PCL plaque was

placed into the preheated cell. The temperature then remained constant

while the pressure was varied from 0 to a maximum of 200 bar, in 10 bar

increments. Samples were allowed to stabilize in the CO2 environment for

10 min at each pressure before being scanned 200 times at a resolution of

2 cm�1. Isothermal measurements were taken at 41, 46, 51, 56 and 60 1C and

the variation in peak intensity of both the amorphous and crystalline carbonyl

bands (B1720 cm�1) were recorded as a function of pressure.

Crystallization induced by the venting of CO2 at 41 1C was also evaluated.

Spectra were taken every 2 s throughout the experiment, to generate a real-time

profile of the conformation changes. Spectra were initially taken for 1 min

prior to CO2 being delivered to the cell. scCO2 was then introduced to give a

pressure of 160 bar, and spectra were recorded over a 1-min period. The cell

was subsequently vented to atmospheric pressure over 5 min and the recording

of the spectra continued for a further 4 min to ensure the complete removal of

the CO2. Background spectra in the presence of CO2 were also run and

subtracted from the sample spectra.

RESULTS AND DISCUSSION

The IR spectra of polymers are sensitive to the local molecular
environment and, as a result, can be used to distinguish between
crystalline and amorphous morphologies. PCL displays three distinct
regions in its spectrum (Figure 2). The two absorbances at B2930 and
2850 cm�1 have been attributed to the asymmetric and symmetric
stretching modes of the CH2 groups in the gauche conformation, while
the peak at 2906 cm�1 corresponds to the stretching vibration of the
trans conformation.24 PCL also displays a large peak at 1720 cm�1,
containing a shoulder at 1735 cm�1, which is typical of the stretching
vibration of free bonded carbonyls. The major peak is characteristic of a
crystalline conformation, whereas the shoulder indicates an amorphous
structure.25,26 The remaining region to note is that of the C–O stretch
at 1500–1000 cm�1. Although the main peak appears at 1200 cm�1, it
is the peak at 1100 cm�1 (circled) that provides conformation
information about the morphology. This peak is characteristic of the
C–O stretching vibration in gauche conformations and contains a
shoulder at 1095 cm�1 that denotes the trans conformation.22

Previously, we have successfully probed the region at 1720–
1735 cm�1, to observe the conformational changes that occur as
PCL melts and subsequently recrystallizes.24 It was therefore

Figure 1 Diagram illustrating the high-pressure IR system: 1. pressure

gauge; 2. ball valve; 3. high-pressure pump; 4. flow control valve; 5. high-

pressure cell; 6. polymer sample and 7. heated plate. Figure 2 IR spectra of PCL highlighting the primary components.
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postulated that CO2-induced melting of PCL could also be detected.
Plaques of PCL were placed inside the cell and subjected to 41 1C. The
CO2 pressure was increased from atmospheric pressure to 200 bar in
10 bar increments while continuously recording the IR spectra.

It was found that the characteristic conformational changes within
the carbonyl region (B1720–1735 cm�1), previously associated with
melting,23 were observed as the CO2 pressure increased (Figure 3). At
atmospheric and low CO2 pressures, a peak is observed at 1720 cm�1

indicative of a crystalline morphology. However, as the pressure is
increased, the intensity of this peak reduces and the shoulder at
1735 cm�1, indicative of an amorphous structure, becomes more
prominent. Because the temperature remained constant throughout
the experiment, this melting phenomena is a result of the pressure
increase alone. Furthermore, PCL melts at 62 1C23 under ambient
pressures; however, in the presence of supercritical CO2, melting is
observed at 41 1C. The gaseous nature of CO2 enables it to diffuse into
the amorphous regions of the polymer chains. It undergoes Lewis
acid/base interactions with the chains disrupting the intermolecular
forces and, as a result, increasing the mobility of the chains. This
reduces the chemical potential of the amorphous regions, shifting the
equilibrium towards an amorphous morphology and thereby
reducing the crystallinity of PCL.16 As the pressure is raised, and
consequently the density of the CO2 increased, the free volume
difference between the polymer and CO2 decreases causing the solvent
power of the fluid to increase.18 As a result, the entropy of mixing
becomes more positive thereby allowing a greater concentration of
CO2 to be absorbed into the polymer. This lowers the chemical
potential of the amorphous morphology further leading to PCL
displaying melting behavior.

Another interesting point to note is that a shift in the absorbance
wavenumber is observed in the amorphous conformation as the
pressure is increased but not in the crystalline morphology. This
shows that CO2 diffusion is limited to the amorphous regions and
does not enter the crystal lattice.

This isothermal experiment was repeated for a range of tempera-
tures to observe how the melting point depression of PCL in the
presence of scCO2 varied. The overlapping of the two carbonyl peaks
prevented measurement of the absorbance of the crystalline peak

following melting.23 As a result, the pressure required to melt the
material was taken as the point where the crystalline peak could no
longer be resolved, that is, in this case, at 41 1C at a pressure of
100 bar (Figure 3). The results (Figure 4) show that the CO2 pressure
required to melt PCL decreases as the temperature is raised with a
70-bar reduction observed on heating the polymer by 19 1C. An
increase in temperature results in a concomitant increase in chain
mobility, and, therefore, less CO2 is needed to induce melting. Such a
reduction of the polymer melting temperature has important
implications, because it allows the viscosity of the polymer to be
significantly decreased without additional heating. This has already
enabled therapeutic agents such as proteins to be incorporated into
polymers without degrading or denaturing.3

It is also interesting to note that, under the conditions adopted in
this experiment, the CO2 was not supercritical over the entire
temperature and pressure range (Table 1). Despite this, the PCL
melting point was still reduced on the addition of CO2. This is
because, at high temperatures, there is greater chain mobility which
enables CO2 to penetrate the amorphous phases of polymers at lower
pressures.

The ability of CO2 to induce crystallization is generally known.18

An excess of thermodynamic free energy within the system, owing to
the presence of CO2, drives the polymer chains from a disordered
liquid phase into an ordered crystal phase. The onset of crystallization
can therefore be generated by initiating a change in the thermodynamic
state of the system by either lowering the temperature below a critical
(crystallization) value or by supersaturation of the system through the
venting of CO2.

The ability of CO2 to crystallize PCL was investigated using IR.
Spectra were recorded as PCL was exposed to CO2 and subsequently
vented. Initially, the carbonyl band at 1720 cm�1 was observed
indicating the presence of a crystalline morphology in the solid state.
Upon introducing 160 bar CO2, this peak shifted to 1735 cm�1,
indicative of an amorphous morphology, which shows that melting
has occurred (Figure 5). This shift in peak wavenumber is not created
by the CO2 gas alone, as this displays a sharp peak 2300 cm�1. On
venting, PCL originally retained its amorphous nature, but as the
pressure reduced further, it recrystallized. The spectra were recorded

Figure 3 Characteristic conformation changes observed in the presence of

scCO2 at 41 1C. On raising the pressure to 200bar in 10bar increments,

the peak at 1720 cm�1 decreases whereas the shoulder at 1735 cm�1

increases illustrating the transition from a crystalline morphology to an

amorphous one.

Figure 4 Pressure required to melt PCL at a range of isothermal

temperatures. As the temperature of the system is increased, the pressure

required to melt PCL reduces.
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for an additional 4 min following venting to ensure the complete
removal of CO2. During this time, PCL retained its crystalline nature.
The addition of CO2 plasticizes the amorphous regions of semicrystal-
line PCL. The increased mobility afforded by the chains following
plasticization allows the amorphous regions to adopt a more
kinetically favorable crystalline form. Upon venting, the more ordered
configuration results in induced crystallization and concomitant
changes in the morphology.12

This behavior follows the classical thermodynamics concept of
nucleation described by Gibbs and extended to polymers by Turnbull
and Fisher28 (Equation 1):

DG¼DH�TDS ð1Þ

where DG is the Gibbs free energy, DH is the enthalpy change, T is the
temperature, and DS is the entropy change.

At the melting point, the Gibbs free energy is zero and therefore
the system is stable. However, below this temperature a system will
spontaneously seek to minimize its free energy by undergoing crystal-
lization.29 This is also true during supercritical CO2 processing. scCO2

acts as a solvent and plasticizes the amorphous regions of PCL
causing chain mobility similar to melting. When CO2 is vented,
fluctuations in the melt viscosity can overcome the Gibbs free energy
barrier to nucleation and phase transformation begins when the free
energy of crystallization becomes negative. This initially causes the
formation of sub-critical nuclei by way of positive free energy of
crystallization. The nuclei then grow spontaneously to the crystal size
with an associated free energy, and a crystalline phase ensues.

CONCLUSIONS

IR spectroscopy is a powerful tool for detecting local molecular
environments and has revealed the conformational changes of PCL in
the presence of CO2 and upon depressurization. This work has
highlighted the ability of CO2 to penetrate into the amorphous
regions of semi-crystalline polymers and induce melting below the
atmospheric melting temperature. The results show that the melting
point decreases as the CO2 pressure, and therefore density, are
increased with the melting point being depressed by over 20 1C at
100 bar. Increasing the temperature of the polymer also reduces the
pressure required to induce melting. IR has also shown the crystal-
lization of PCL following the removal of CO2.
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