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Abstract
The degree of homogeneity and H-bond interaction in blends of low-molecularmass

poly(ethylene

glycols)

(PEG,

Mw

=

400,

600,

1000)

and

poly(vinylpyrrolidone) (PVP, Mw = 9 x 103) prepared in supercritical CO2,
ethanol and as physical mixtures were studied by differential scanning
calorimetry (DSC), Fourier-transform infrared (FTIR) spectroscopy and dynamic
mechanical analysis (DMA) techniques. Homogeneity of samples prepared in
supercritical CO2 were greater than physically mixed samples, but slightly less
than ethanol cast samples. PEG-PVP H-bond interaction was higher for ethanol
cast blends when compared to blends prepared in supercritical CO2. This was
attributed to a combination of: 1) shielding of PEG-PVP H-bond interactions
when CO2 is dissolved in the blend; 2) rapidly reduced PEG and PVP chain
mobility upon CO2 venting, delaying rearrangement for optimum PEG-PVP Hbond interaction.
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1. Introduction
CO2 is known to interact, via Lewis acid-base interactions, with polymers
containing electron-donating oxygen or fluorine atoms present in the functional
groups or backbone[1]. Such interactions lead to swelling and subsequent
plasticisation of polymers. This has allowed supercritical CO2 to be used as
medium for various polymer processes such as: particle formation, blending,
impregnation, foaming, chemical modifications etc.[2-5]

One application for which supercritical CO2 has received considerable attention
is as a processing medium in the preparation of drug-polymer delivery
systems[6-9]. This stems mainly from supercritical CO2’s ability to provide nontoxic and low temperature processing conditions when compared to
conventional preparation methods in which toxic solvents or high temperatures
are required for processing. So far, supercritical CO2 has been successfully
used in the encapsulation, micronization, coating and impregnation of many
drugs[10-17].

In most drug delivery systems, the drug is dispersed or encapsulated within a
single biodegradable or bioerodible polymer[9]. The role of the polymer is to
protect the drug from degradation and to ensure controlled delivery to the
targeted site. Drug release occurs either via diffusion through the polymer
matrix or due to erosion of the polymer itself[18]. Alternative drug delivery
systems are produced when two polymers form a strong association through
interaction between complementary functional groups. The result of such

interpolymer association (usually through H-bonding) is called interpolymer
complexation and produces a drug delivery system in which the properties of
the interpolymer complex is completely different from the constituent
polymers[19]. One such example is the interpolymer complexation between
polyvinylpyrrolidone (PVP) and poly(ethylene glycol) (PEG) [20]. H-bonding
occurs between the terminal hydroxyl groups of short chain PEG molecules
(Mw: 200 to 600) and the carbonyl groups of long chain PVP molecules (Mw: 1 x
106), resulting in a high free-volume structure of PVP chains crosslinked by
flexible PEG chains. Hydration of this complex to equilibrium moisture content
forms a hydrogel which yields a product with high elasticity and excellent
adhesive strength. Combined with controlled release characteristics, such PVPPEG hydrogels can be employed as drug-loaded adhesive patches in
transdermal delivery devices[21].

Of specific interest is that both PEG and PVP can be plasticized in supercritical
CO2 due to the presence of electron-donating ether and carbonyl groups in
PEG and PVP molecules, respectively. Many authors have studied various
aspects of PEG-CO2 systems[22-27] while PVP is often the polymer of choice
for increasing the bioavailability of hydrophobic drugs through supercritical CO2
assisted impregnation into PVP[10;28;29].

In addition, H-bond interactions have been shown to occur in the presence of
CO2 as demonstrated with dye and drug impregnations into polymers[3;10].
Ngo et al[3] studied various conditions under which azo-dyes would impregnate
into PMMA using supercritical CO2 as processing medium. The degree of

impregnation was determined by the partition coefficient (Kc) of the system, i.e.
the ratio of dye concentration in polymer to dye concentration in supercritical
CO2. Usually, the Kc for dyes is high due to high solubility of the dye in the
polymer. Interestingly, it was found that Kc decreases, which was attributed to
H-bonds between the dyes and the PMMA. Such H-bond interactions are
believed to cause stearic hindrances, preventing other dye molecules from
migrating into the polymer. Kazarian et al[10] conducted in-situ FTIR
spectroscopic monitoring during ibuprofen impregnation into PVP. Results
showed the appearance of a new carbonyl band at a lower wavenumber which
they attributed to ibuprofen-PVP H-bonding.

In this chapter, an initial study was performed by comparing the level of
homogeneity and H-bonding in PEG/PVP blends prepared as physical
mixtures, cast from ethanol solution and in supercritical CO2. Differential
Scanning Calorimetry (DSC) was performed to monitor crystallinity changes,
Fourier-Transform Infrared (FTIR) spectroscopy was used to compare
wavenumber shifts associated with H-bond interactions and Dynamic
Mechanical Analysis (DMA) was used to investigate thermal transitions.

2. Experimental
2.1 Materials and methods
PEG (400 and 1000 Mw) and PEG (600Mw) were purchased from Unilab and
Fluka respectively. PVP (9000 Mw; Kollidon 17PF) was purchased from BASF.
Carbon dioxide (99.995% purity) was purchased from Air Products. All PEG

and PVP samples were dried for 12 hours at 70°C in a vacuum oven (Model
VO65, Vismara) prior to processing.

The supercritical CO2 processing was carried out in a Separex pilot-scale
reactor (Separex Equipements, Champigneulles, France), illustrated in Figure
1. CO2 gas was drawn from a standard commercial gas cylinder fitted with a
dip-tube. CO2 was pumped through a pre-heated chamber, set to the reactor
temperature, into the mixing chamber. The mixing chamber (0.5L capacity),
was fitted with a magnetically driven stirrer and was pre-heated with electrical
heaters.

Figure 1: Schematic diagram of the supercritical CO2 reactor: A) CO2 cylinder,
B) back-pressure regulator, C) pressure gauge, D) diaphragm pump, E) flow
meter, F) CO2 pre-heater, G) mixing chamber, H) pressure gauge, I)
temperature probe.

ATR-FTIR spectra of the samples were obtained using a Perkin Elmer
Spectrum 100 FTIR spectrometer, with wavenumbers ranging from 4000 cm-1

to 650 cm-1. A Perkin Elmer DSC-7, calibrated with indium, was used to study
the melting endotherms of the samples. Samples of 3 to 5 mg in weight were
sealed in aluminum pans with pierced lids and scanned at a heating rate of
20°C/min from -20°C to 70°C. DMA was performed with

a Perkin Elmer DMA

8000. All samples (12.5 x 5 x 1mm) were exposed to a reference frequency of 1
Hz, using a single cantilever bending deformation mode. The heating rate was
5°C/min.
2.2 Preparation of blends
Blends of PEG/PVP were prepared by physical mixing, ethanol-casting and
supercritical CO2 processing. A ratio of 15/85 wt% of PEG to PVP was chosen
for all experiments. Physical mixtures were prepared by mixing the ingredients
in a Kenwood coffee grinder (Model:CG100) for 30 seconds. Ethanol-cast
blends were prepared by first adding rectified ethanol to the weighed-off
ingredients in order to obtain a 20 wt% solution. The solutions were then stirred
with a spatula until all the material was dissolved. The solutions were placed in
an oven, set at 60°C for 48 hours, after which it w as placed in a vacuum oven
(Model VO65, Vismara), set at 60°C until all ethano l was removed (as
monitored by FTIR analysis). The remaining material was then ground to a
powder in a coffee grinder. The supercritical CO2-processed blends (scCO2processed) were prepared by first mixing the weighed-off ingredients (20g
samples) in the coffee grinder for 30 seconds, and then placed in the
supercritical CO2 reactor, preheated to 40°C. The reactor was sealed and
charged with CO2 up to a pressure of 200 bar. After allowing for 1 hour for
reaching equilibrium, the mixture was stirred intermittently over a 2-hour period

at 100rpm. Following processing, the CO2 pump was switched off and all the
CO2 in the reactor was released over a period of ca. 3 minutes. The material
was removed from the reactor, and then ground to a powder in a coffee grinder.
All the blends were stored in airtight containers in a humidity and temperature
controlled laboratory, prior to analysis.

3. Results and Discussion
3.1 Differential Scanning Calorimetry
DSC thermograms of the PVP blends with PEG-1000 are presented in Figure 2.
The weight fraction of crystalline PEG-1000 after blending with PVP (wcrPEG)
was calculated as follows:

wcrPEG =

∆H blend
wPEG ⋅ ∆H PEG

(1)

where ∆Hblend is the heat of fusion of the PEG1000-PVP blend, wPEG the weight
fraction of PEG in the blend and ∆HPEG the heat of fusion of the pure PEG1000. Based on this calculation, wcrPEG is 1.1 for the physical mixtures, 0.1 for
the scCO2-processed samples while no crystalline PEG1000 was measured in
the ethanol-cast samples. It is likely that the large reductions in crystalline PEG1000 in the solvent cast and scCO2 processed sample are due to PEG mobility
restrictions being imposed either by H-bond interactions between PEG and
PVP molecules or by being trapped in a rigid PVP matrix, or both.

This

indicates a high level of inter-dispersion. The high degree of crystalline PEG-

1000 in the physical sample indicates poor inter-dispersion. This can be
expected since the samples were prepared at room temperature, which is
below the melting range of PEG-1000 (Onset: 33°C;T m: 45.6°C)..
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Figure 2: DSC thermograms of the various PEG-1000-PVP mixtures: physical
mixture (—); scCO2-processed (– –) and ethanol-cast (- - -)

Neither of the processing methods containing PEG-600 (Figure 3) or PEG-400
(Figure 4) exhibits any crystalline PEG melting peak. Most likely, the increased
mass transport properties induced by supercritical CO2 and ethanol media
assisted in the homogenous mixing of PEG and PVP molecules. Upon removal
of CO2 and the ethanol, the well dispersed PEG molecules easily interact with
the PVP molecules, preventing recrystallisation. The absence of a crystalline

PEG melting peak in the physical mixtures can be attributed to rapid selfdiffusion of the PEG molecules, followed by immobilisation due to H-bond
interaction with PVP molecules[30]. The low wPEG would also suggest that, after
self-diffusion, all PEG molecules become immobilised in this way[31].
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Figure 3: DSC thermograms of the various PEG-600/PVP mixtures: physical
mixture (—); scCO2-processed (– –) and ethanol-cast (- - -)
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Figure 4: DSC thermograms of the various PEG-400/PVP mixtures: physical
mixture (—); scCO2-processed (– –) and ethanol-cast (- - -)
3.2 Dynamic Mechanical Analysis
Analysis of the dynamic mechanical properties of these polymer blends over a
wide temperature range would give insight into the visco-elastic properties of
the materials. Variations in storage modulus (E’), an indication of rigidity, and
damping factor (Tan δ), which is the ratio of energy dissipated as heat to the
maximum energy stored in the sample and which indicates the balance of
viscous to elastic behaviour were studied. The Tan δ peak temperature is also
related to the glass transition temperature (Tg) of the material[32]. However, Tg
derived from DMA can be between 10 – 30ºC higher than that derived from
DSC, depending on variables such as frequency and heating rates, respectively
[33-35].
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Figure 5: E’ curves of the PEG-1000-PVP mixtures: physical mixture (—);
scCO2-processed (– –) and ethanol-cast (- - -)

In the samples containing PEG-1000, the ethanol cast samples show the
highest E’, with the scCO2-processed samples the lowest (Figure 5). This could
be attributed to a limited degree of H-bonding between PEG-1000 and PVP in
the solvent-cast sample, thereby enhancing the cohesive strength of the
material. While PEG-1000 blends with PVP are generally regarded as
immiscible due to low PEG hydroxyl content, miscibility studies have not yet
been conducted at such low PEG-1000 concentrations[36]. Perhaps greater
intimate mixing and lower amounts of PEG ether groups competing with PVP
carbonyl

group

for

H-bond

interaction

are

contributing

factors.

The

comparatively low E’ values of the scCO2-processed sample is, possibly, an

indication of largely unbound PEG-1000 molecules dispersed in between the
PVP molecules resulting in greater PVP plasticisation.

The Tan δ curve of the physical mixture, and to a lesser extent, the sc-CO2
processed sample, show multimodal behaviour (Figure 6). The sharpness of
the Tan δ curve for the ethanol-cast sample (Figure 6) confirms greater
homogeneity. In the physical mixture, there is the presence of a minor peak at
37°C, a prominent peak at 106°C and a shoulder peak at 130°C. These peak
temperatures, which are also indications of Tgs, are possibly the result of PEGrich and PEG-poor domains. The Tan δ curve of the scCO2-processed sample
largely exhibits morphological homogeneity similar to the solvent cast sample,
however the shoulder at ca.106°C shows some evidenc e of heterogeneity. Tan
δ generally decreases when there is less freedom of movement of the polymer
chains, ether through reinforcement[37], crystallisation[38] or closer packing,
i.e. stereo-complexation[39]. Tan δ values are lowest for ethanol cast samples
indicating such restricted molecular mobility, which could be ascribed to greater
H-bonding within the PEG-PVP blend.
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Figure 6: Tan δ curves of the PEG-1000-PVP mixtures: physical mixture (—);
scCO2-processed (– –) and ethanol-cast (- - -)

.
DMA thermograms of the samples with PEG-600 (Figures 7 and 8) show a
reduction in E’ and Tan δ for all processing methods. Such an overall decrease
is characteristic of greater elastic-like behaviour[40]. The overall increase in
plasticisation is believed to be a combination of intimate mixing of the PEG
molecules in the PVP and the low Mw of the PEG. The most significant
reduction in E’ is found with the ethanol cast samples, showing the highest
degree of intimate mixing. The physical mixture relies on self-diffusion of the
PEG-600 molecules for intimate mixing, however immobilisation due to Hbonding with PVP molecules limit the movement of PEG-600 molecules[30].
The scCO2-processed sample displays similar plasticisation than the physical

mixture, although a much higher Tg than the physically mixed or ethanol cast
samples is shown.
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Figure 7: E’ curves of the PEG-600-PVP mixtures: physical mixture (—);
scCO2-processed (– –) and ethanol-cast (- - -)
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Figure 8: Tan δ curves of the PEG-600-PVP mixtures: physical mixture (—);
scCO2-processed (– –) and ethanol-cast (- - -)

The ethanol-cast and scCO2-processed samples display similar Tan δ peak
heights, indicating slightly more elastic behaviours than the physical mixture.
However,

as

indicated,

Tgs

varies

significantly

(52.2°C

and

95.6°C

respectively). The ethanol-cast samples also show a narrow peak, suggesting
greater morphological uniformity. The physical mixture shows slightly less
elastic behaviour as indicated by the higher Tan δ values. In addition, a very
broad peak is shown, indicating less uniform morphology.

An interesting observation with samples containing PEG-400 is that E’ is higher
in all samples compared to those with PEG-600 (Figure 9). This is an indication
of greater reinforcement, possibly due to PEG-PVP H-bonding. However, it is

only the ethanol-cast samples which also show an increase in Tg, while the
physical mixture and scCO2-processed samples show a slight decrease in Tg.
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Figure 9: E’ curves of the PEG-400-PVP mixtures: physical mixture (—);
scCO2-processed (– –) and ethanol-cast (- - -)

The Tan δ peak of the physical mixture (Figure 10) is broader when compared
to the ethanol cast and scCO2-processed samples, indicating a greater degree
of morphological heterogeneity. The lower Tan δ value, accompanied by a
higher Tg of the ethanol-cast sample would suggest a close-knit structure of
PVP and PEG-400 molecules, where the PEG-400 molecules are thought to be
evenly dispersed in between the PVP molecules and H-bonded. The height and
width of the Tan δ peak of the scCO2-processed samples indicate some degree
of homogeneity and a level of PEG-PVP interaction that is deemed intermediate

between that of the ethanol-cast and the physically mixed samples. This would
suggest improved PEG-PVP inter-dispersion when compared to the physically
mixed sample, but not reaching the same level of H-bond interaction found in
the solvent cast sample.
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Figure 10: Tan δ curves of the PEG-400-PVP mixtures: physical mixture (—);
scCO2-processed (– –) and ethanol-cast (- - -)
3.3 Infra-red Spectroscopy
Infra-red spectroscopy is one of the most powerful tools to detect H-bonding
between polymers. The degree of H-bonding interactions can be inferred from
changes in the peak position of the C=O stretching band where H-bonding is
evidenced by a shift to lower wavenumbers[20].

(a)

(b)

(c)

Figure 11: Transmission IR spectra with corresponding second derivative
spectra of the C=O region of PVP blends with PEG-1000 (a), PEG-600 (b) and
PEG-400 (c) prepared by: physical mixing (―); scCO2-processing (―); and
solvent casting (―).

Figure 11 (left) shows the transmission spectra of the various PEG-PVP blends
in the region 1760 – 1560 cm-1 are displayed. The bands in this region
represent the (C=O) stretching band of PVP in different blends. These bands
show minor, but significant differences, which can be better appreciated by
studying the corresponding second derivative spectra. These spectra show that
the (C=O) band actually consists of a multitude of smaller bands. These bands
can be attributed to carbonyl groups that are either free, bound by PVP-PVP
dipole interactions or H-bonded to another species. Specific wavenumbers
attributed to these states vary depending on the strength on interaction (or the
molecular state of the carbonyl group), but can be summarised as follows:
completely unperturbed carbonyl groups (ca. 1708 cm-1)[41;42]; carbonyl

groups involved in PVP-PVP dipole interactions (ca. 1670 - 1680 cm-1)[43;44];
H-bonded carbonyl groups (ca. 1659 – 1630 cm-1)[45;46].

The important bands in this study are those attributed to H-bonded carbonyl
groups. However, due to the strong hygroscopic nature of PVP, elucidation of
H-bonding interactions between PEG and PVP using FTIR spectroscopy can be
complicated by present water molecules.

To determine whether effects of

present water can be ignored, second derivative spectra of solvent cast and
physically mixed blends of PEG-1000 with PVP are compared (Figure 11a).
The second derivative band maxima at 1692, 1681 and 1672 cm-1 are attributed
to non H-bonded carbonyl groups, while the band maxima at 1657, 1651 and
1640 cm-1 are attributed to H-bonded carbonyl groups. The second derivative
spectra show that the relative intensity of the H-bonded to non H-bonded
v(C=O) bands is highest for solvent cast blends. DSC and DMA analyses have
shown evidence of greater H-bond interaction in the solvent cast sample. Thus,
it would seem acceptable to use relative intensities of these bands to evaluate
H-bonds in the different preparation methods.
.
The general trend in Figure 11 (a) to (c) shows that by decreasing PEG Mw,
variations in H-bond interaction behaviour between the various processing
methods becomes smaller. This is likely to be due to increased diffusion
coefficients found with decreasing Mw of PEG. Thus, the lower Mw PEG
molecules are less restricted and are easily able to self-diffuse between PVP
molecules and form H-bonds. Consequently, the greatest variations in Hbonding are found with blends containing PEG-1000, where both the physically

mixed blends and scCO2-processed samples show evidence of reduced Hbond interaction, when compared to solvent cast samples. In physical mixtures,
this may likely be the result of poor PEG-1000/PVP inter-dispersion as
indicated by DSC and DMA analyses that showed evidence of both intact PEG1000 crystallites and morphological heterogeneity, respectively. The scCO2processed samples show evidence of greater PEG-1000 inter-dispersion when
compared to the physically mixed blend, but this did not result into the same
levels of H-bond interaction with PVP, as found with the solvent-cast blend.

The discrepancy concerning the level of H-bond interaction between solvent
cast and scCO2-processed blends is attributed to a combination of factors,
namely: shielding effects of CO2 molecules and the time-dependence of PEGPVP interdiffusion. Due to favourable Lewis acid-base interaction between CO2
and the electron donating ether and carbonyl groups of PEG and PVP
respectively[1], increased CO2 pressure leads to increased sorption of CO2
molecules into the polymers. This leads to swelling of the polymer, resulting in
Tg depression of amorphous polymers (i.e. PVP) and Tm reduction of semicrystalline polymers (i.e. PEG)[22;47]. Increased chain mobility results in
enhanced diffusion coefficients.[3;48-50] and thus polymer inter-diffusion[44].
This results in greater blend homogeneity. However, CO2 molecules interacting
with PVP carbonyl groups, effectively reduce H-bond interaction between PEG
and PVP molecules[44]. Thus, while CO2 enhances PEG-PVP inter-dispersion,
H-bond interaction is not favoured. After CO2 venting, no barriers to PEG-PVP
interaction exist, but there remains a time-dependence for rearrangement of
PEG molecules into a stable thermodynamic state within the PVP matrix[51]. In

the solvent-cast blends, samples were stored for approximately 6 days at 60 °C
in order to remove all traces of ethanol. The gradual decrease in ethanol
concentration would have provided sufficient time for the PEG and PVP chains
to rearrange and form stable associates. However, for blends processed in
supercritical CO2, CO2 venting occurred within a couple of minutes, resulting in
a rapid decrease in molecular mobility. Thus, a significantly shorter period for
molecular rearrangement was available.

Poor homogeneity was observed for the physical mixtures, although some
degree of H-bonding with PVP occurred. Dissolution of low Mw PEG molecules
into the PVP matrix is mainly enhanced by the plasticizing ability of these PEG
molecules[52]. However, diffusion of PEG molecules into the PVP matrix may
be restricted through H-bond interaction with PVP molecules[44]. With PEG1000 being solid, no self-diffusion can occur as shown with the intact crystalline
domains. However, FTIR spectroscopic analysis demonstrates the presence of
some H-bond interaction between PEG-1000 and PVP. It is possible that PVP
molecules adsorb onto the surface of such crystalline domains, forming Hbonds with outwardly exposed terminal hydroxyl groups[36].

4. Conclusions and Recommendations
The ability of PVP to form a homogenous H-bonded mixture with low Mw PEG
(Mw:400, 600 & 1000) lies in the molecules being properly dispersed,
experiencing no barriers for interaction and having sufficient mobility to allow for
self-diffusion into thermodynamically favourable arrangements. In the ethanol-

cast blends, these conditions were met, allowing homogenous mixtures of
PEG/PVP with a high degree of H-bonding. With CO2 dissolution into the PEGPVP blends, weak Lewis acid-base interaction with the polymers results in
increased chain mobility, which in turn allows the formation of homogenous
PEG-PVP mixtures. However, the scCO2-processed samples showed lower Hbond interaction when compared to the ethanol-cast samples. This was
attributed to a combination of factors: 1) CO2 molecules interacting with PVP
carbonyl groups limit PEG-PVP interaction, 2) once CO2 is removed molecular
mobility is severely reduced, delaying the formation of an optimally H-bonded
blend. Physically mixed samples showed poor homogeneity and limited Hbonding, which was mainly due to restricted mobility of the PEG and PVP
chains.

These experiments were conducted under isothermal and isobaric conditions.
Many variables are thus available for further optimisation. In addition to
temperature and pressure, other processing variables, such as polymer Mw and
PEG/PVP ratios, are available.

These variables will be investigated in the next study. A valuable analytical
technique, namely in-situ FTIR spectroscopy, would give an insight into the
level of interaction between different components of polymer blends under
various conditions, including how such interactions are affected during CO2
venting.
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