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Abstract

A novel application of attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic imaging to study polymer interdiffusion

and dissolution under high-pressure or supercritical carbon dioxide environments has been demonstrated. Miscible systems of

polyvinylpyrrolidone (PVP) and poly(ethylene glycol) (PEG) of different molecular weights have been chosen for this investigation. These

systems were subjected to a controlled pressure of CO2 and the interfacial area of contact between the two polymers was studied by ATR-FTIR

imaging in situ. Using this spectroscopic imaging approach, the phenomenon of polymer interdiffusion enhanced by CO2 dissolved in both

polymers was investigated as a function of time. The evolution of spatially resolved images as a function of time was studied with FTIR imaging

and the corresponding concentration profiles for both polymers were obtained. The chemical specificity of FTIR imaging also allowed us to

measure the amount of CO2 dissolved in each domain of the polymer system. Effects of PEG molecular weight and pressure of CO2 on the

mechanism and the rate of polymer interdiffusion was investigated. This approach has not only shown the ability to visualise the process of

interdiffusion but also demonstrated the ability of high-pressure CO2 to ‘tune’ the rate of interdiffusion, this information is important for a better

understanding of CO2-induced mixing of polymeric materials.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

High-pressure and supercritical CO2 is a useful processing

aid in polymer technology. The relatively high-solubility of

CO2 in glassy polymers and in the amorphous domains of some

semi-crystalline polymers is partly the result of CO2 molecules

weakly interacting with the basic sites on the macromolecular

chains. The directly related facet of CO2 solubility is its ability

to plasticise the amorphous domains of the polymer matrix.

The action of CO2 molecules to plasticise the matrix to enhance

the diffusion of organic dyes into polymer matrix was

described as ‘molecular lubrication’. The presence of dissolved

CO2 molecules in the polymer matrix is accompanied by an

increase in segmental and chain mobility of the polymer, thus

effectively mimicking the effect of heat. Important distinctions

between CO2 and conventional plasticisers are the transient

nature of the effect and the ease of its removal from polymer at
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the end of the process. Additionally, control of the polymer

free-volume may be achieved by pressure manipulation. The

suitability of high-pressure CO2 processing technology in the

pharmaceutical industry is pronounced in the ability to

impregnate active pharmaceutical ingredients into the polymer

matrix to achieve molecular dispersion in a ‘solvent-free’

manner [1].

Implications to this favourable interaction of high-pressure

CO2 with glassy and semi-crystalline polymers include

viscosity reduction of the bulk polymer phase [2,3], extrusion

[4,5], polymer foaming [6,7], and polymer blend formation

[8,9]. The benefits that CO2 provides in these examples may be

anticipated to extend to enhancing/accelerating the interdiffu-

sion in miscible polymer systems as a direct consequence of

plasticisation and viscosity reduction of the polymer com-

ponents. Because of the experimental challenges, studies of

polymer interdiffusion facilitated by high-pressure CO2 are

limited. Recent examples include the study of self-diffusion

of polystyrene [10], low-temperature reactive coupling at

polymer–polymer interfaces [11], and studies of density

fluctuations in thin polymer films [12] subjected to super-

critical CO2. It should be noted that relevant studies of organic

solvent enhanced diffusion of polymers have also been
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reported recently [13]. Knowledge of CO2-enhanced inter-

diffusion in a polymer blend aids the full understanding of this

novel processing route and therefore, provides the required

knowledge to optimise the technology. Previous attempts to

study polymer interdiffusion under high-pressure CO2 involved

rheology, light scattering and neutron reflectivity. To study

polymer interdiffusion one would ideally need a chemically

specific method combined with the capacity to record spatially

resolve information.

FTIR spectroscopic imaging has recently been developed

into a powerful experimental tool to study dynamic polymer

systems [14–19]. The recent development of ATR imaging

using a diamond ATR accessory [20,21] permits the study of

various polymer processes under high-pressure CO2 in situ

[22]. This approach was extended to enable a qualitative

chemical imaging analysis of polymer systems exposed to

high-pressure and supercritical environments [21]. This

technique offers a quantitative visualisation tool to study the

effect of CO2 in a dynamic polymer system. Processes may be

followed as a function of time and importantly, the molecular

interactions driving the observed behaviour may also be

detected and interpreted. To evaluate the effect of high-

pressure CO2 on the interdiffusion of a polymer system and the

validity of our in situ imaging approach to study the

phenomena, a model system was selected where polymer

interdiffusion induced by heat has been reported in the

literature. The interdiffusion of PEG and PVP has received

much attention due to its importance in pharmaceutical

formulations [23–26]. Blends of PVP–PEG are used for the

preparation of skin patches due to their good adhesive

properties to the surface of the skin and the ability to control

the diffusion of released drug molecules. Information and

conditions regarding the interdiffusion of these polymers,

formation of a homogeneous blend and possible phase

separation are important phenomenon for optimal design of

materials based on these polymers. The effect of molecular

weight on the diffusion characteristics of both polymers have

been highlighted in studies where interdiffusion was induced

by heat and studied via optical wedge microinterferometry

[24]. Our in situ study of the PEG–PVP system via ATR-FTIR

spectroscopic imaging is the first example of the application of

this powerful imaging approach to polymer interdiffusion

facilitated by high-pressure or supercritical CO2.
Diamond

IR beam

FPA

Fig. 1. Schematic diagram of high-pressure cell showing the interface of PVP

(green) and PEG (blue) in the presence CO2 molecules (yellow). The interfacial

region of the polymer system covers the diamond ATR crystal.
2. Experimental section

2.1. Polymer interface preparation

PVP (K15, 10,000 Mw), PEG 1500 and PEG 600 were

purchased from Sigma, and used as received without further

treatment. A film of PVP with 20 wt% of PEG 1500 was

created by co-dissolving in ethanol followed by casting directly

onto the diamond ATR crystal, which was heated to 90 8C. The

necessity for the inclusion of PEG is to ensure good contact

between the PVP and the diamond ATR crystal following the

evaporation of ethanol. A similar film preparation method was
utilised in the related study [23]. After ca. 25 min following

polymer solution deposition, a scalpel was used to remove

half of the polymer film along the central line across the

diamond. The sample was held at 90 8C until all of the ethanol

had evaporated, the level of which was monitored via FTIR

spectroscopy. Once all of the ethanol was removed, which

typically took ca. 45 min, PEG was placed onto the remaining

half of the diamond. An intimate and uniform contact between

PVP and PEG at the interface has been easily achieved for PEG

600 since it is a liquid at room temperature. For PEG 1500,

which is a solid in ambient condition, heat was applied to melt

the PEG at ca. 70 8C resulting in good contact between solid

PVP and liquid PEG phases. All experiments were prepared

using approximately the same quantity of each polymer, thus

enabling a fair comparison to be made between experiments.

At the point of contact between the polymers, the film

thickness was approximately identical, which enables one to

study uniaxial diffusion by eliminating potential diffusion from

the top of one of the polymer phases.
2.2. High-pressure apparatus

The miniature cell used in this study is the same as that used

in our previous investigation [21]; the principle of using this

cell for polymer interdiffusion is shown schematically in Fig. 1.

The absence of fragile windows and the small volume of the

cell result in an inherently safe design. The cell is sealed with

a polytetrafluoroethylene (PTFE) spacer against the diamond

support plate and is held in position using the gate of the

accessory. The temperature in the high-pressure cell can be

adjusted using the temperature control unit and was maintained

at 35 8C for all experiments so that it was above the critical

temperature of CO2. Once thermal equilibrium was reached,

the cell was slowly loaded with CO2 (99% purity provided by

BOC) using an ISCO model 500D syringe pump. Cell

pressurisation was typically completed within 1 min and the

system pressure was monitored during the pressurisation stage

and throughout the course of the experiment using a digital

pressure transducer. Once the required pressure was reached,



Fig. 2. ATR-FTIR spectra of PVP K15 (black) and PEG 600 (red) measured

with 8 cmK1 spectral resolution.

O.S. Fleming et al. / Polymer 47 (2006) 4649–4658 4651
the image acquisition procedure was initiated, which served as

time zero for the interdiffusion experiments.

2.3. FTIR imaging

Fourier transform infrared images were collected using a

64!64 focal plane array (FPA) detector through the diamond

ATR accessory in a macro chamber with a step scan

spectrometer as described in a previous publication [21]. The

ATR imaging approach is patented by Varian [27]. Spectra

were recorded using five co-additions with a spectral resolution

of 8 cmK1, which took ca. 3 min to acquire an image.

3. Results

3.1. In situ ATR-FTIR imaging approach

The experimental system has been designed to enable

interdiffusion to be studied in a uniaxial manner. A straight

interface between the two polymers was prepared approximately

at the central location of the diamond, which, when imaged,

extends vertically from the bottom of the image. The

interdiffusion occurring in the polymer system is therefore,

observed along the horizontal plane of the image. The studied

length scales are dictated by the spatial resolution of ca. 15 mm
available with ATR-FTIR imaging using this particular set-up

[20]. This is significantly greater than the scales studied by

neutron reflectivity and thus, later stages of interdiffusion are

studiedwithATR-FTIR imaging. The intrinsic vibrationalmodes

associated with the functional groups present on the polymer

backbone provide the basis for FTIR spectroscopy to differentiate

and characterise polymers. To study the spatial distribution of the

components in this ternary system, FTIR spectra of the individual

components have to be compared to select suitable spectral bands

corresponding to a particular component. The FPA detector

provides spatial discrimination and hence images are generated

based on the distribution of the integrated absorbance of a specific

spectral band, corresponding to either of the components in this

ternary PVP/PEG/CO2 system.

ATR-FTIR spectra of PVP and PEG 600 are presented in

Fig. 2, which reveal several regions that are absent from mutual

spectral overlap. As mentioned in Section 2, PEG 1500 is added

to mildly plasticise PVP. The small quantity of PEG 1500

(20 wt%) in the bulk PVP is detected and characterised by the

absorbance in the 1020–1170 cmK1 region. Pure PEG 1500 is

a semi-crystalline polymer at 35 8C, but a specific interaction

occurring between the chains of dispersed PEG and chains of

PVP inhibits the formation of PEG crystallites, which is

signified by the lack of crystalline PEG absorption at

1060 cmK1 [28]. The presence of PVP was identified by the

absorbance of the n (CaO)mode between 1600 and 1720 cmK1

and PEG between 1000 and 1175 cmK1. The spectrum of

dissolved CO2 in polymeric material is well characterised [29]

and can be identified by the n3 band of CO2 between 2300 and

2350 cmK1.

ATR-FTIR images corresponding to PVP in contact with

PEG 600 in the absence of CO2, at 40 and 80 bar are presented
in Fig. 3. The images correspond to an area of ca. 820!
1140 mm2, as determined in a previous study [20], and are

accompanied with a scale bar, which associates the colour used

in the images with the integrated absorbance. The initial

distribution (0 min) is seen to consist of the two polymers in

contact with a sharp, straight interface, which typifies all

experiments that have been performed. PVP is seen to occupy

the left side of the image, interpreted by the high-intensity of

the red/pink colour in this region. The right side of the image is

initially absent from PVP and is composed entirely of PEG

600. Inspection of the images reveals a cluster of low intensity

pixels in the top left hand corner, which appear out of place

when one considers the intensity of the surrounding pixels.

These correspond to bad pixels that are no longer active due to

delamination of the detector elements and were consequently

not included in the analysis. In the series of images conducted

in the absence of CO2, PVP is in the solid state in contact with

liquid PEG 600 and hence the diffusion process occurs at a

glassy/liquid interface and can be viewed as the dissolution of

PVP in PEG. Once this interface was formed, the image

acquisition procedure was initiated with measurements taken at

various times to enable the diffusion (dissolution) of PVP to be

visualised. As time progresses, the advance of PVP into the

PEG phase (initially absent from PVP) is observed for all series

of images. However, the timescale in which the diffusion

process takes place depends on the experimental conditions

and it is enhanced with the increase of CO2 pressure.
3.2. Data analysis

An analysis has been performed to quantify the effect of

CO2 pressure at accelerating the polymer interdiffusion.

The diffusion analysis implemented in this study requires the

evolution of the spatial concentration profile of one of the

polymers as a function of time to be studied. The measured

images provide component concentrations in the time and

spatial dimension, which is required to assess the diffusion

behaviour. The arrangement of the polymer interface on the

diamond ATR crystal facilitated the study of the specific



Fig. 3. FTIR-ATR images corresponding to PVP in contact with PEG 600 as a function of pressure. The images are based on the distribution of the integrated

absorbance of the carbonyl band of PVP.
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component concentration profile of the system along the axis

perpendicular to the interface. The evolution of the concen-

tration distribution of a specific component is achieved by

extracting the integrated absorbance values for a row of pixels

that span this axis. This process was repeated for five

consecutive rows and an average value calculated for each

pixel position along the row to improve signal to noise. A

selection of the concentration–distance profiles extracted from

the imaging data are presented in Fig. 4(a)–(c) and reflect the

relative concentration of PVP as a function of time.

In the absence of CO2, the concentration–distance profiles

of PVP display the characteristics of ‘mutual diffusion’.

Fig. 4(a) represents a situation whereby the PVP and PEG

are diffusing within each other at an approximately equal rate

and mutual diffusion acts to remove the inhomogeneity in the

polymer system. The diffusion of glassy PVP into the liquid

PEG is presumably facilitated by the act of PEG plasticising

the PVP at the interfacial area, which increases the mobility of

the PVP macromolecules, thus enabling the diffusion (dissol-

ution) of PVP. The relatively low molecular weight of PEG

leads to the idea of PEG diffusing through the bulk PVP on the

basis of steric arguments. The sorption of CO2 into the polymer

matrix and the associated swelling is pronounced in the value

of absorbance of the bulk PVP (4b–c). The principles of

quantitative determination of polymer swelling from in situ

ATR measurements were described for the case of conven-

tional FTIR spectroscopy and they remain the same in the case

of ATR-FTIR imaging [22]. The reduction in absorbance in the

bulk PVP between the initial and subsequent profiles reflects

the swelling of the matrix, which exhibits time dependence. As

the polymer matrix sorbs the equilibrium fraction of CO2, the

absorbance of a polymer spectral band is reduced. This is in

contrast to the system in the absence of CO2, which, in the bulk

PVP, absorbance remains unchanged. This time dependent

free-volume adjustment reflects a transitional period in the
chemical and physical properties of the matrix and hence a

likely change in the diffusion characteristics during this time.

Nevertheless, the PVP front continues to advance toward the

bulk PEG after the system became equilibrated with CO2,

demonstrating that the diffusion front advancement is not due

to swelling.

The reduction of non-specific chain–chain interactions by

the presence of CO2 when sorbed into a single polymer is the

basis of the plasticizing ability of CO2. In the case of

interdiffusion occurring in this miscible polymer system, the

role of CO2 is more complex and time dependent with respect

to each of the polymer phases. The relative affinity and

solubility of CO2 in each of the respective polymers at a

specific temperature and pressure condition will dictate the rate

at which the maximum weight fraction of dissolved CO2 is

approached. This translates into a difference in degree of

swelling and extent of viscosity reduction between the polymer

entities, which is also dependent on the molecular weight of the

polymers. The diffusion behaviour displayed in a specific

ternary system is complex. Prior to the acquisition of the first

image in an interdiffusion experimental series, the polymer

phases are contacted in the absence of CO2, followed by a

pressurisation stage. The initial contact time of the polymer

phases represents the initiation of the diffusion process

between the polymer phases. The extent of which diffusion

occurs across the interface is determined by the molecular state

of the polymer (i.e. amorphous or crystalline), molecular

weight, degree of interaction, concentration of available

polymer to maintain the concentration gradient, and other

factors such as temperature. During the initial stages of

diffusion the cell is pressurised to the required pressure. CO2

molecules diffuse into both of the polymer phases and into the

miscible region of diffused polymer (depending on the speed of

the diffusion process in the absence of CO2). As the

concentration of dissolved CO2 molecules increases to the



Fig. 4. (a)–(c) Extracted PVP concentration–distance profiles in contact with

PEG 600 in the absence of CO2 (a), 40 bar (b) and 80 bar (c). Each profile

represents an average signal from five consecutive lines that intersect the

interface perpendicularly. (For interpretation of the references in colour in this

figure caption, the reader is referred to the web version of this article).

O.S. Fleming et al. / Polymer 47 (2006) 4649–4658 4653
pressure specific equilibrium value, the swelling of the

matrices will increase to a maximum value. It should be

noted that the relative affinity of CO2 for each of the polymers

will result in favourable sorption into a specific matrix and

consequently the free-volume of a specific polymer will reach

its maximum value at a greater rate, as shown in Fig. 5.
The distribution of all three components measured for PEG

600 in contact with PVP at 40 bar can be visualised in the series

of images presented. Inspection of Fig. 5 reveals that each of

the polymer phases is seen to diffuse into the bulk of the other

phase, thus confirming the phenomena of interdiffusion. The

concentration of CO2 in PEG is shown to have reached its

maximum value in the first image. However, the CO2

concentration in the PVP phase does not reach the equilibrium

fraction until some time after the absorbance of CO2 in PEG

reached its maximum value, which is associated with slower

diffusion of CO2 through the PVP matrix. In addition to the

difference in rate of CO2 sorption, the equilibrium concen-

tration of dissolved CO2 differs between the polymers.

A qualitative comparison of the extent of swelling induced

by the presence of dissolved CO2 molecules as a function of

pressure is possible with in situ ATR spectroscopy [22]. The

known depth of penetration (thus the effective pathlength) of

the evanescent field provides a means to measure the

component concentration. The increase in free volume

associated with the plasticization of the matrix decreases the

concentration of polymer probed, which is reflected in

the absolute absorbance in the polymer spectrum. Inspection

of the images measured in the presence of CO2 in Fig. 3 and the

maximum absorbance values in the concentration plots in

Fig. 4(a)–(c) reveal a decreased absorbance of PVP at 40 and

80 bar relative to atmospheric pressure (no CO2).
3.3. Diffusion mechanism

One may assess the role of CO2 on the interdiffusion profiles

by examining the diffusion mechanism of the system.

Determining the diffusion mechanism is commonly achieved

using the power law shown in Eq. (1) where d is the position of

the front (for 1D diffusion) after a given time t and A is a

proportionality factor. Elucidation of the diffusion mechanism

is possible through evaluation of the gradient of a plot of log

distance vs. log time. The distance refers to the diffusing front

of the polymer, which we have defined as the position where

the concentration of PVP falls to ca. 75% of the maximum

value. A gradient of 0.5 describes Fickian/case I diffusion in

contrast to a value of 1, which corresponds to case II diffusion.

Anomalous diffusion occurs when the gradient of the

regression line of the measured points has an alternative

value. A value greater than 1 describes a situation where the

diffusion process is accelerating with time, which is normally

not expected.

d ZAta (1)

The log distance vs. log time plots for PVP in contact with

PEG in the absence of CO2, at 40 and 80 bar are presented in

Fig. 6. Equations for corresponding to the specific linear fits of

the data points are included in the Fig. 6 of which the gradients

describe the diffusion mechanism. In the absence of CO2, the

diffusion mechanism is described by the case II mechanism and

becomes more Fickian (case I) with increasing pressure. The

fact that the diffusion behaviour becomes more Fickian in



Fig. 5. ATR-FTIR images corresponding to PVP in contact with PEG 600 at 40 bar corresponding to PVP (top), PEG (middle) and dissolved CO2 (bottom). For a

specific time all of the images were generated from the same measurement using the distribution of the characteristic spectral feature associated with each

component.

Fig. 6. Plot of logarithm distance vs. logarithm time for PVP in contact with

PEG 600 in the absence of CO2, at 40 and 80 bar. The distance of the PVP

corresponds to the position on the concentration profile where the absorbance

falls to ca. 75% of its maximum value. The gradient of the linear regression is

indicative of the diffusion mechanism.
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character with increasing pressure is consistent with the

expected increase in plasticization offered by CO2 dissolved

in polymer at greater weight fractions. The increase in polymer

free-volume increases the distance between neighbouring

chains in addition to the proximity that segments of the same

macromolecule may occupy, which contribute to enhanced

conformational mobility/relaxation. Under such conditions the

time scale for conformational adjustment is small in

comparison with the characteristic timescale for diffusion,

which results in a Deborah number significantly lower than 1

and hence Fickian diffusion. The transition from a case II to

case I mechanism is a consequence of free-volume/chain

mobility alterations.

The same analysis procedure was performed on imaging

data sets for PVP in contact with PEG 1500. PEG 1500 has a

semi-crystalline morphology and when in contact with PVP at

35 8C, no interdiffusion was observed in 100 h. However,

exposure to the same system in the presence of CO2 results in

significant interdiffusion, and thus CO2 not only accelerates

the process, but actually facilitates its occurrence. CO2 is

able to initiate interdiffusion by lowering the melting

temperature of the PEG crystallites [30,31] and thus mimicking

the effect of heat. The nature of CO2 sorption into the PEG

matrix is depicted in Fig. 7 where PEG 1500 in contact with
PVP at 40 bar measured directly after the pressurisation

procedure was complete. All three images were generated

from the same measurement but different characteristic

absorption bands were used to represent the distribution of



Fig. 7. ATR-FTIR images corresponding to PVP in contact with PEG 1500 at

40 bar of CO2 shortly after pressurisation. All of the images were generated

from the same measurement and integrated for each of the three components.

The spectra shown were extracted from the two positions labelled (a and b).

Fig. 8. (a) and (b). Extracted PVP concentration–distance profiles in contact

with PEG 1500 at 40 bar (a) and 80 bar (c). Each profile represents an average

signal from five consecutive lines that intersect the interface perpendicularly.
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PVP, crystalline PEG and dissolved CO2. CO2 is found to

reside mostly within the PEG domain close to the polymer

interfacial region. The initial absence of CO2 in the bulk PVP is

related to the relative affinity of CO2 to the polymer entities and

the time required to reach the area of polymer adjacent to the

diamond. The CO2 distribution coincides with the distribution

of largely amorphous PEG, which is evidenced in the spectrum

extracted from the interfacial region (labelled b on image). The

PEG in that region displays spectral features characteristic of

amorphous PEG in addition to the presence of dissolved CO2
molecules. This provides evidence that the relatively high CO2

concentration in this region is not attributed to a void in the

polymer system that is simply filled with the surrounding CO2

but reflects CO2 molecules that are dissolved within the largely

amorphous polymer matrix. The spectrum extracted from the

bulk PEG region is characteristic of largely crystalline PEG

1500 and is devoid of from the spectral features of dissolved

CO2. Inspection of the spectrum merely reveals the presence

of gaseous CO2, which is attributed to gaseous CO2 in the

measurement path that was not completely compensated by

the background measurement. The presence of CO2 at the

interfacial region of the polymer system may be rationalised by

the relatively low level of structural integrity of the PEG

crystallites at the interface with PVP compared to the bulk PEG

crystallites. On this basis, the access of CO2 into the PEG phase

is possible, which enables the melting of the crystallites and

promotes interdiffusion, which is not observable under

atmospheric conditions. Concentration–distance profiles were

extracted from the imaging datasets in an identical manner to

the PEG 600 data and are presented in Fig. 8(a) and (b).

Fig. 9 shows that the plot of the logarithm of diffusion front

distance vs. logarithm of time (Log distanceKLog time) at

40 bar has a gradient of greater than 1, which implies the



Fig. 9. Plot of logarithm distance vs. logarithm time for PVP in contact with

PEG 1500 subjected to 40 and 80 bar of CO2. The distance of the PVP

corresponds to the position on the concentration profile where the absorbance

falls to ca. 75% of its maximum value. The gradient of the linear regression is

indicative of the diffusion mechanism.

Fig. 10. Summary of diffusion coefficient and exponent of log-distance vs. log-

time plot. (characteristic of diffusion mechanism) for each experimental

condition. Grey bars represent the diffusion coefficient while dots represent the

gradient from the log distance vs. log time plots (For interpretation of the

references in colour in this figure caption, the reader is referred to the web

version of this article).
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diffusion increases in speed as a function time. A possible

explanation for this behaviour is due to the dramatic changes in

the free-volume of the PEG during the transition in

morphology from crystalline to amorphous. The density of

the PEG crystallites are relatively high [32] which corresponds

to a low degree of free-volume. As the crystallites melt due to

the sorption of CO2, the free-volume increases in a time

dependent manner due to the kinetics of the morphological

transition, which accompanies crystallite melting combined

with the diffusion of CO2 through the polymer. This is a

plausible explanation for the diffusion mechanism. At 80 bar

the diffusion mechanism does not show an increase in speed

presumably due to the rapid melting of the crystallites at higher

pressure. The fact that case II behaviour is observed may be

explained by the molecular weight of PEG. The amount of

chain entanglement in the bulk PEG 1500 will be considerably

greater than in the lower molecular weight PEG even in the

presence of CO2. The advance of PVP into the bulk PEG

requires the coordinated movement of PEG macromolecules to

accommodate the passage of PVP, which is likely to be more

hampered at higher molecular weights and thus the time scale

for conformational change is likely to be greater.
3.4. Diffusion coefficient estimation

For one-dimensional diffusion, a plot of the square root of

time vs. distance moved by the PVP front provides the required

information to calculate the diffusion coefficient from the

experimental data. The calculated diffusion mechanism

(1Zcase II and 0.5Zcase I) are summarised in Fig. 10. The

diffusion coefficient for those systems which undergo case I

and case II diffusion mechanisms have been calculated and

presented in Fig. 10. In all cases the presence of CO2

accelerates the interdiffusion relative to the reference data of

PEG 600 under atmospheric conditions. Increasing the CO2
pressure is seen to accelerate the interdiffusion demonstrating

the opportunity to ‘tune’ the interdiffusion process. The

validity of our approach may be assessed through a comparison

of the calculated diffusion coefficient in the absence of CO2

with a literature value. Bairamov et al. [24] studied the

interdiffusion of PVP (K17-molecular weight is 9000) in

contact with PEG 400 at 25 8C and reported a diffusion

coefficient of 6.6!10K10 cm2 sK1. The value calculated in this

work for PVP (K15) in contact with PEG 600 at 35 8C of

5.2!10K9 cm2 sK1 gives us confidence in our experimental

approach as the diffusion coefficient is expected to increase on

the basis of temperature, PVP molecular weight and the

reduced ‘molecular friction’ (relating to formation of hydrogen

bonding between a solute and polymer matrix) associated with

increasing PEG molecular weight. The reduction of ‘molecular

friction’ present may enable the progression of PEG 1500 in a

less hindered manner than 600, which interacts with PVP more

strongly. This highlights the importance of considering both

the molecular dimensions of the components of the system and

the strength of the interaction.

3.5. Specific intermolecular interactions

The advantage of FTIR spectroscopy is the ability to

examine the system at the molecular level and hence

evaluate intermolecular interactions. Such an analysis allows

one to relate the observed bulk diffusion characteristics with

intermolecular interactions occurring in the ternary system.

Our analysis focuses on the n(CaO) of PVP due to the

involvement of the oxygen atom of the carbonyl group of

PVP in hydrogen bonding with the terminal OH groups of

PEG [1]. The presence of the hydrogen bonding results in

the shift of the n(CaO) band to the lower-wavenumber

region.

To assess the strength of interaction occurring between the

polymers, spectra have been extracted from the interfacial



Fig. 11. ATR-FTIR spectra of PVP in the n(CaO) region extracted from the

interfacial region with PEG for the experimental conditions indicated.
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areas, which contain all three components of the system. The

n(CaO) region corresponding to spectra extracted from

the interfacial regions of images that were measured after the

equilibrium concentration of CO2 had been achieved are shown

in Fig. 11. The observed changes in the spectral features of the

n(CaO) band are due to a contribution from hydrogen bonding

and the weak Lewis acid–base interactions with the CO2 as was

demonstrated in a similar system previously [1]. In this respect,

the carbonyl oxygen of PVP can be considered as a competitive

interaction site at which a stoichiometric ratio of PEG and CO2

interactions should be dependent on both CO2 pressure and

molecular weight of PEG due to the number of terminal

hydroxyl groups. Inspection of the spectra shown in Fig. 11

reveals that the n(CaO) indeed is sensitive to these variables as

seen by the unique band shape under different conditions. Each

of the bands is a manifestation of carbonyl groups that are: not

involved in bonding (free carbonyls), a proportion that are

participating in hydrogen bonding with PEG, and those that are

interacting with CO2. In the absence of high-pressure CO2

(PVP with PEG 600) the n(CaO) band appears to be formed of

two features, presumably the ‘free’ or weakly interacting

carbonyl group (1671 cmK1) and the hydrogen-bonded

component (1656 cmK1). The position of these bands are

consistent with those reported for the complex formation

between PVP and PEG 400 in the absence of carbon dioxide

[25,26]. At this condition the spectrum shows the largest

contribution from the hydrogen-bonded carbonyls. This

confirms that the amount of hydrogen-bonding is greater

with PEG 600 compared to 1500 as a result of the number of

the terminal hydroxyl functionalities available. In the presence

of CO2 the relative ratio of the two components changes, which

may be attributed to the competition of CO2 interacting with

the carbonyl group of the PVP molecules. The number of

hydrogen-bonded carbonyl groups is reduced at greater

pressure, indicated by the reduction in the absorption band

(1656 cmK1) as a function of increasing pressure (80 bar shows

the lowest degree of hydrogen bonding). This is molecular

level evidence for the origin of the observed increase in

diffusion coefficient of PEG 600 with increasing CO2 pressure

as not only does the increase in free-volume act to accelerate

the transport by ‘molecular lubrication’ but additionally the

degree of ‘molecular friction’ occurring between the polymeric

components via H-bonding is reduced. As expected, the

changes of the n(CaO) bands shown for PEG 1500 confirm

that the extent of hydrogen bonding is significantly reduced in

comparison with PEG 600 (Fig. 11).

This reduction in extent of hydrogen bonding with PEG

1500 may explain the similar diffusion coefficient observed for

PEG 1500 at 40 bar and PEG 600 at the same conditions. The

reduction of ‘molecular friction’ provided may enable the

progression of PEG 1500 in a less hindered manner than PEG

600, which interacts with PVP more strongly. This is not

observed at 80 bar due to the carbonyl groups being sufficiently

shielded by CO2 hence PEG 600 diffuses at a significantly

accelerated rate. The effect of CO2-enhanced diffusion of PEG

in PVP is similar to that observed for the enhancement of

diffusion of dyes in other glassy polymers [33], however, it is
the first time that this effect was related to polymer

interdiffusion, which was visualised with spectroscopic imaging.
4. Discussion and conclusions

The application of in situ ATR-FTIR spectroscopic imaging

has been realised to investigate the interdiffusion process in a

miscible polymer system (PVP/PEG) in the presence of high-

pressure and supercritical CO2. This chemical imaging

approach allowed us to study a dynamic system in situ and to

simultaneously measure the spatial distribution of both

polymers and CO2 as a function of time. The presence of

CO2 molecules dissolved in the polymer system has been

shown to significantly enhance the interdiffusion process under

isothermal conditions, and was studied as a function of pressure

and PEG molecular weight. Pressure control has been

demonstrated as an effective measure to ‘tune’ the speed of

the interdiffusion process. Control over the diffusion charac-

teristics by pressure regulation, in combination with in situ

ATR FTIR imaging, provides a powerful combination to guide

to processing requirements of a specific system. The chemical

specificity offered by FTIR spectroscopic imaging enables the

bulk behaviour of the system to be interrelated to molecular

level information, which offers an in-depth picture of the

dynamic system. Further opportunities exist in applications of

in situ FTIR spectroscopic imaging to high-pressure CO2-

induced phase separation, mixing, blending, diffusion, impreg-

nation and foaming.

Acknowledgements

We thank EPSRC and European Commission (SurfaceT

project NMP2-CT-2005-013524) for support.

References

[1] Kazarian SG, Martirosyan GG. Int J Pharm 2002;232(1/2):81–90.

[2] Royer JR, Gay YJ, DeSimone JM, Khan SA. J Polym Sci, Part B: Polym

Phys 2000;38(23):3168–80.



O.S. Fleming et al. / Polymer 47 (2006) 4649–46584658
[3] Garcia-Leiner M, Lesser AJ. J Appl Polym Sci 2004;93:1501–11.

[4] Martinache JD, Royer JR, Siripurapu S, Hénon FE, Genzer J, Khan SA,
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