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Abstract

The molecular interdiffusion across a poly(vinyl pyrrolidone)/vinyl ester monomer (PVP/VE) interface was investigated in situ by Fourier
transform infrared attenuated total reflectanEdi(.-ATR) spectroscopy. In order to separate the effects of the vinyl ester monomer
diffusion and the VE crosslinking reaction, ATR experiments were carried out at temperatures below the normal curing temperature of
the VE. The infrared bands at 1717 and 1507 &ntharacteristic of the vinyl ester monomer, and the bands at 1669 and 1419 cm
characteristic of the PVP, were used in a quantitative analysis. Diffusion coefficients were determined by following intensity variations in
these selected characteristic bands as a function of time, and fitting this data to a Fickian model. A mutual diffusion coefficient on the order of
2 X 108 cm?s was calculated at 100. Although the magnitude of the diffusion coefficients obtained was consistent with values found in
the literature for diffusion of small molecules in polymers, the simple one-dimensional Fickian diffusion model employed as a first
approximation had some limitations for the particular (PVP/VE) system. Because the glass transition temperature of PVP changed as
diffusion proceeded, the mutual diffusion coefficient should not stay constant. In fact, it was shown thgttredrop by as much as
140°C during the diffusion proces® 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction adhesion between the fibre and the matrix [5]. Mechanical
properties of woven-carbon fibre/thermoset—resin com-
Polymer composites play an increasingly important role posites can be greatly improved if the interphase between
in today’s technology. Composites based on carbon fibre the reinforcing high-strength low-weight fibre and the
and vinyl ester matrix are being employed mainly in matrix is made more compliant. In order to improve the
aerospace and structural applications. Vinyl ester monomersadhesion of the vinyl ester matrix to the carbon fibre, a
used in thermoset polymer matrix composites [1-3] are thermoplastic coating such as poly(vinyl pyrrolidone)
typically diluted with styrene, since the vinyl ester does (PVP) can be used as an intermediate sizing material
not flow well at room temperature. Styrene is a good between the matrix and the fibre, although epoxy pre-
diluent since it is miscible with the vinyl ester and is polymers are more common. Carbon fibres are usually
relatively inexpensive. The vinyl ester monomer forms a coated with the sizing material and therefore the sizing
three-dimensional network with the styrene, when cross- material has to be compatible with the carbon fibre surface
linked via free radical copolymerization by opening of the and miscible with the vinyl ester matrix. After contact
double bonds €C on the ends of the monomer, leading to is established between the PVP and the vinyl ester
an addition reaction with no formation of by-products. matrix, adhesion takes place by interdiffusion across the
Vinyl ester monomers diluted with styrene can be fully interface [6]. The incorporation of PVP coated carbon
cured at low temperature very rapidly [4]. fibores in highly crosslinked thermosets improves the
However, carbon fibre reinforced composites, simply toughness, without compromising modulus, strength and
composed of carbon fibre and vinyl ester matrix, show chemical resistance [7]. The extent of mutual diffusion at
poor mechanical properties, which arise as a result of poorthe (sizing material/polymer matrix) interphase plays a
critical role in determining the mechanical properties of
* Corresponding author. the composite.
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The diffusion at the PVP/vinyl ester resin interface has slower diffusing component, prior to mutual interdiffusion
been studied by Oyama et al. [8] using electron microprobe across the interface. This swelling, considered as a non-
analysis (EMP). In this technique, electron bombardment Fickian case Il process, and confirmed by dynamic mechanical
generates characteristic X-rays, which can yield qualitative analysis (DMTA), gave rise to unsymmetric concentration
and quantitative information about the composition of the profiles in the interface. The results were analyzed with a
interface [9]. The bilayer films made up of PVP and vinyl combination of Fickian and case |l models at temperatures
ester resin were cured at a temperature offC50he nor- just below and above the glass transition temperature of the
malized PVP concentration profile was obtained as a func- slower diffusing component. Case Il diffusion occurs when
tion of curing time by EMP using nitrogen in PVP as a the diffusion is very rapid compared with the polymer
probe. The image of the interface region was also obtainedrelaxation time and is characterized by a moving interface.
by this method. Two regions with different diffusion The diffusion is independent of the concentration profile,
coefficients were observed in the interphase, and this cansince it depends on the relaxation time of the slower com-
be attributed to partial plasticization of PVP by the resin [8]. ponent. Consequently, the diffusion coefficient is time
Different vinyl ester—styrene compositions were also dependent. Jabbari and Peppas have further demonstrated
studied and it was found that the interfacial thickness that for the PS/PVME system at °[5 below theT, of the
increased dramatically with the amount of styrene content. PS, the percentage of non-Fickian behaviour was close to
Although very valuable, the EMP analysis method presents 70%, whereas at’® above thél ; of the PS, this percentage
some limitations. Since EMP determines the composition was close to 20%. This suggests that diffusion coefficients
using elements as probes in order to determine the inter-can change drastically near &, Comparison of the
facial structure, the system has to contain a characteristicPS/PVME system with a system consisting of polystyrene
element to distinguish between two phases. Furthermore,and poly(isobutyl vinyl ether), PiBVE [21], was also carried
the EMP method requires that the samples be in a solidout. While the PS/PVME system involved compatible
state. As a consequence, the diffusion of the vinyl ester polymers, the PS/PIBVE system consisted of incompatible
monomer at the initial cure stage before the gel point cannot polymers.
be measured, and special care has to be taken [10] since the In the case of diffusion behaviour of small molecules in
electron beam sometimes damages the polymer surface. Th@olymers, FTi.r.-ATR results of diffusion studies were
lateral resolution of this technique is abougrh [10]. Other found to be consistent with those of other techniques
methods, which can be used to obtain the mutual diffusion [22—26]. Fieldson and Barbari [22] measured the diffusion
coefficient between polymers, include Rutherford back- of water in polyacrylonitrile below and above the glass
scattering spectrometry [11], forward recoil spectrometry transition temperature of the polymer and found a good
[12], neutron reflection spectroscopy [13], scanning infrared agreement with the values reported in the literature employ-
microscopy [14], scanning electron microscopy with ing other techniques. Good agreement between gravimetric
energy-dispersive X-ray spectrometry [15], and dynamic sorption, nuclear magnetic resonance and ATR measurements
light scattering [16]. Each of these methods has its own [23] was found for the acetone—polypropylene, methanol—
limitations and permits the measurement of the diffusion polystyrene and methanol—poly(methyl methacrylate)
coefficients over a particular range, at a given penetration systems. Farinas et al. [24] analyzed the diffusion of urea
depth. These techniques usually allow one to determineinto a silicone polymer and showed that the results were
the concentration profile as a function of depth. However, consistent with bulk transport techniques. Semwal et al.
in some cases it is not possible to study certain [25] also reported a good agreement between the ATR
polymeric materials when the atomic compositions are not method and a weight gain method for the diffusion of
distinguishable. Labeling is, therefore, required and this sulfur mustard and oxygen mustard in polypropylene and
may modify the value of the diffusion coefficient. biaxial-oriented polypropylene. Hong et al. [26] measured
Furthermore, some of the methods are destructive. the diffusion of methyl ethyl ketone in polyisobutylene by

A non-destructive technique, Fourier transform infrared vapor sorptionFTi.r.-ATR spectroscopy and emphasized
attenuated total reflectancET.r.-ATR) spectroscopy has that the method led to consistent results, compared with a
been successfully applied in the last decade to measureconventional gravimetric sorption balance. The ATR
diffusion coefficients in polymers in real time. Van Alsten technique offers several advantages, such as the ability to
and Lustig [17] derived the equations for measuring mutual monitor the diffusion in situ, provided that the compounds
diffusion coefficients of polymers in melts, such as have some infrared distinguishable absorption bands. It is
polystyrene and poly(methyl methacrylate), provided that also possible to work in a broad range of temperatures and
the diffusion behaviour was totally Fickian. Jabbari and with a wide variety of interface combinations. The ATR
Peppas [18-20] concentrated their analysis on the inter-method can be used to measure diffusion coefficients over
diffusion of polystyrene (PS) and poly(vinyl methyl ether) a wide range of values, fromx 10> to 1 X 10~**cm?s,
(PVME), i.e. polymers with very dissimilar mobilities. It as well as to simultaneously monitor physical interactions
was found that after contact was established between theand chemical reactions occurring within the polymeric
two polymers, the faster diffusing component swelled the system.
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The vinyl ester monomer (VE) was obtained from

m Dow Chemical Co. Its structure is shown in Fig. 2. The

N o vinyl ester oligomer had a number average molecular
[ T weight equal to 690 g/molx(is equal to 1.65), and was
not diluted with styrene. However, it contained an inhibitor,

1, 4-benzoquinone. The inhibitor was added in order to
prevent eventual gelation at ambient temperature. VE had
The purpose of the present work is to investigate the to be heated to a temperature of abouiGi order to take an
molecular interdiffusion across a poly(vinyl pyrrolidone)/  aliquot. The monomer did not show signs of polymerization

vinyl ester monomer (PVP/VE) interface using ATR pelow 125C, as determined by DSC experiments.
spectroscopy. Analysis of selected characteristic bands The thin film of PVP was cast directly from solution onto
permitted the tracking of diffusion of both components. In the ATR crystal, in order to develop a good contact between
order to separate the effects of the vinyl ester monomer the polymer and the ATR crystal. Since PVP was soluble in
diffusion and the cross-linking reaction, ATR experiments water, a small amount of the dried PVP was dissolved in
were carried out at temperatures below the normal curing water at a concentration of 6% by weight. The system was
temperature. The effect of styrene on the value of the stirred for 2 h to ensure complete mixing. A film of the
diffusion coefficient has not been investigated at this time, liquid PVP was deposited directly onto the ATR crystal
even though the commercial vinyl ester resin contains by spin coating. The film was first dried at room temperature
styrene as a diluent. and then dried under vacuum, in order to allow the water to
evaporate. The thickness of the PVP film, measured via
profilometry, was typically on the order of@n. A thick
2. Experimental film of VE of about 0.5 mm was placed on an aluminium
foil. The thin PVP film was pressed against the thick VE
The infrared spectra were obtained on a BIO-RAD |ayer. The sample was then clamped in a heating cell and
FTS-40A spectrometer. The spectrometer was equippedplaced in the ATR attachment. The heating cell, purchased
with a liquid nitrogen cooled mercury—cadmium—telluride from Harrick Scientific, could be operated up to 200
(MCT) detector. Spectra were collected at a resolution of  Differential scanning calorimetry (DSC) measurements
4 cm™* with 64 averaged scans. The temperature of the were conducted using a Perkin-Elmer differential calori-
sample was measured with a thermocouple and regulatedmeter. Solutions of PVP and VE in methanol were mixed
at +0.1°C with an OMEGA’ Model CN-2011TC-DC1  together to achieve different compositions and dried under
programmable controller. Spectral manipulations were vacuum to evaporate all the solvent. It was verified that no
performed using a software, developed by Galactic characteristic bands of methanol appeared in the infrared
Industries Corporation called GRAMS/386 spectra of the blends. Each sample was held for 3 min
A Seagul>-ATR attachment bought from Harrick at —80°C, heated from—8(° to 70C at a heating rate of
Scientific Corporation was used. This attachment requires 1°C/min, held for 3 min at 7, cooled from 70to —8C°C
a hemispherical single internal reflection element (IRE), at 100C/min, held for 3 min at-80°C, and heated again from
having a 25mm diameter and a height of 12.5mm. _8@ to 70°C at 10C/min. The glass transition temperatures of
The IRE crystal was made from zinc selenide, having a the blends were determined from the second heating.
refractive index of 2.42. The critical angle of the system,
6., was 39.21 and hence to avoid spectral distortions, the
angle of incidence was chosen as.45 3. Results
Poly(vinyl pyrrolidone) PVP K90, corresponding to a
viscosity-average molecular weight of 1100000 g/mol, or a 3.1. Spectroscopic data
degree of polymerization of 9910, was supplied by BASF
Corporation. The repeat unit is shown in Fig. 1. The refractive  In order to follow the diffusion of specific components,
index of PVP is 1.53, as listed in the Polymer Handbook [27]. distinguishable infrared bands had to be identified for the

Fig. 1. Repeat unit of poly(vinyl pyrrolidone).
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Fig. 2. Structure of the vinyl ester monomer.
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two components. Fig. 3 shows tidi.r.-ATR overlapped diffusion between PVP and VE b¥Ti.r.-ATR spectro-
spectra of pure PVP and VE in the mid-infrared region at scopy. The combination of Fick's second law for unsteady
room temperature. The analysis was restricted to typical state and the continuity equation for one-dimensional

group vibrations in the spectral region from 1750 to
1350 cmt. The bands at 1717 and 1507 chncharacteris-

tic of the vinyl ester monomer, and the bands at 1669 and

1419 cm}, characteristic of the poly(vinyl pyrrolidone),
were used in quantitative analysis of the spectra. The
bands with peak locations at 1717 and 1669 trwere
attributed to the carbonyl stretch of VE and PVP,
respectively. The absorption frequency at 1669 tris
quite low for a carbonyl band, but this is due to the fact
that this band contains not only contributions fror+@
stretching vibrations, but also from N—C vibrations [28].
The band at 1507 cit has been assigned to the aromatic
ring stretches of the VE, whereas the band at 1419dm
attributed to the CH deformation of the cyclic Ghroups in

the PVP [29]. The ATR experiments were carried out as a
function of time at three different temperatures, nameRy 80

90° and 100C, in order to assess the temperature depen-

dence of the diffusion coefficient. Fig. 4 shows the evolution
of the spectra with time at 100. As interdiffusion pro-

ceeds,
1507 cm! increase with time, since the VE monomer

the absorbances of VE bands at 1717 andC=0 att=0,

molecular diffusion reduces to [31]:

2
(%)-o(%)
at By

assuming that the diffusion coefficiemd, is constant. The
PVP film is so thin that the interdiffusion direction is
expected to be along theaxis only, which is the axis
perpendicular to the surface of the ATR crystal. Eq. (1)
has been simplified for the case wh&elepends only on
temperature, and is independent of other parameters such as
concentration, position and thermal history. The parameter
C(z t) describes the change in the concentration profile of
PVP with timet, along thez-axis. In order to solve Eq. (1),
the appropriate initial and boundary conditions have to be
established. Since the two layers of PVP and VE are initially
unmixed and since there is no flux across the boundaries
(assuming impermeable surfaces), initial and boundary con-
ditions based on PVP are defined as follows:

(1)

b<z=a

migrates into the penetration depth, whereas the PYPC=Co att=0, 0=z=b

bands at 1669 and 1419 cimdecrease with time.
3.2. Analysis of results with simple Fickian diffusion
The Fickian model is usually a good first approximation

for modeling the transport behaviour in polymers [30]. Fig. 5
illustrates the diffusion system used for measuring the

PVP
1669

absorbance

aC

—(a,t)=0

az( )

wherez represents the distance from the ATR crystaljs

the initial concentration of PVH is the thickness of PVP
anda s the total thickness of PVP and VE. The solutions of

Eq. (1) can then be obtained either by a Laplace transform or

aC
E(O' t)=

T T
1700 1600

T T
1500 1400

wavenumber (cm™)

Fig. 3. FTi.r.-ATR overlapped spectra of puree PVP and VE at room temperature from 1750@rh3350 cm™.
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absorbance

T T T T
1600 1500 1400
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Fig. 4. Time evolution oF Ti.r.-ATR spectra for diffusion between PVP and VE from 1750 ¢ 1350 cni* at 100C. The spectra correspondto 0, 1, 2, 3, 4,
5.7, 13, 24 and 180 min of interdiffusion time.

by the method of separation of variables. It has been shownEq. (3) represents the exponential decay of the evanescent
that the concentration profile of a polymer (such as PVP) wave within the sample. By substituting the expression of
within the penetration depth, given the initial and boundary the concentration profile of PVP (Eg. (2)) in the integral of
conditions previously defined, can be expressed [30,31] by Eq. (3), the value of the absorbance at a particular frequency

the following equation: at any time can be obtained. Hetg D, « andSare assumed
Clzt) b+ 2 1 n nrb cos( n7rz> to be constant. The penetration depth is defined as:
C a7 a a 4= A ()

P 2
— N7%D in9)2 _ (M2
exp( na72r t)} @) 2ny 4 [ (sind) (m)

wheren s the index of summation. In order to derive Eq. (2), Whered, is the penetration depth ipm of the infrared
several assumptions were made. The two phases werdadiation,\ is the wavelength irum, ¢ is the angle of
assumed to be completely miscible and the interface wasincidence, andn, and n, are the refractive indices of
expected to remain parallel to the boundaries. Finally, the theé ATR crystal and the sample, respectively. Thus, at a
total thickness of the system was considered to stay constant
during the course of the experiment; that is no volume
changes were associated with the diffusion of the monomer
into the polymer. Eq. (2) does not consider any difference in
size or molecular weight between the two components of the
system.

The measured absorbance can be related to concentration
by the following equation, valid for the ATR configuration
[32]:

-2z
Alt)= Ja exp( d—> C(z t)Sdz 3
0 p
whereA(t) is the absorbance at any time,is the charac-
teristic absorptivity, a constant which includes the molar _ _

L . . . . Fig. 5. Schematic of the ATR sample system for measurement of the
extinction CoelfflCIent and the n_umber of reflectiosis diffusion between PVP and VE. The is the axis perpendicular to
the cross-sectional area over which the measurement 0CCUrspe surface of the ATR crystal. Because the zinc selenide crystal is in the
and d, is the penetration depth. The exponential term in form of a hemisphere, there is a single internal reflection.

incident beam reflected beam
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particular frequency, the penetration depth can be con-can be obtained. To verify the consistency of the results
sidered constant, as long as the refractive index remainsobtained by the program, the fit of a particular spectrum
constant throughout the experiment. However, in principle was carried out three times using different initial starting
the value of the refractive index of PVR;, may change as  parameters. All data were fitted with a master curve and
the composition of the system changes with time. only those values falling directly on or close to the master
Fortunately, the refractive indices of most polymers are curve were kept for further analysis. A shift of the carbonyl
very similar [27], thus, the penetration depth can be con- band of PVP was observed as the diffusion was going on. In
sidered to be independent of the sample. Initially, the inter- this case, the peak intensity of the band, along with the shift,
face is located ar = b, which is outside the penetration was followed. The diffusion coefficient of each component
depth, as illustrated in Fig. 5. When VE migrates into PVP, was then obtained by fitting the absorbance—time data to the
the concentration will change within the penetration depth. Fickian diffusion Eq. (5) by using a simplex optimization
Van Alsten and Lustig [17] presented the following model algorithm. Reasonable agreement between the experimental
relating the absorbance data to the diffusion coefficiznt data and the curve-fit results was observed &iC8@&s

[ n+1 —2a 1
£ 5 (3) () o =00 [ )
T = \n a a2 1+ (mr_dp>2
AD—Ao_, 2a )
A== ho l—exp(_—2b>—9{l—exp(_—2a>}
dp a d,
whereA(t) is the absorbance at any timeA, is the initial illustrated in Fig. 6. The temperature dependence of the

absorbance, andl.. is the equilibrium absorbance at infinite  diffusion coefficient of the two components was evaluated
time. Eq. (5) was initially used by Van Alsten [17] and by carrying out diffusion experiments at several tem-
Lustig to measure the uptake of a polymer into another peratures, namely 8090° and 100C, and by repeating
polymer, not realizing that this equation was specific to the analysis for the four characteristic peaks. The peak
the polymer in contact with the ATR crystal. Nevertheless, characteristic of the polymerization reaction, located at
assuming that the change in the PVP concentration at940 cm?, did not change at the temperatures at which the
distancez and timet, C(z, t), is due to the diffusion of the  experiments were performed. The upper temperature of
vinyl ester monomer, the concentration of the monomer, 100°C was chosen as a limit. Indeed, the diffusion occurs

Cm(z 1), can be evaluated with the relation: too rapidly at temperatures higher than A0@nd cannot be
C(z1) Cz1) accurately measured with the necessary temporal resolution.
"C’: t=1— C' (6) One way to study the diffusion at temperatures higher than

'm0 0

100°C would be to increase the thickness of PVP. However,
whereC,(z, t) is the concentration profile of VEG, 4 is the a thicker film of PVP may not have a good contact with the
initial concentration of VE ab < z < aandCy s the initial ATR crystal. Furthermore, at temperatures above°C20
concentration of PVP at& z= b. Eq. (6) does nottake into  VE crosslinks, complicating the diffusion process and
consideration the density changes and volume changesmaking it difficult to remove the sample from the IRE
upon mixing. Using Eq. (6), it can be shown that the same crystal without damage to the IRE crystal. The results
diffusion behaviour modeled by Eqg. (5) applies to VE. The obtained in this study are summarized in Table 1. As
diffusion coefficient, which is the only unknown parameter expected the temperature tends to increase the diffusion
in Eq. (5), can be determined by monitoring the intensity of rates. Two diffusion coefficients were obtained for each of
characteristic absorbance bands as a function of time at athe PVP and VE components and were labelggp and
given frequency, and by fitting the absorbance—time data toD g, respectively. Ideally, the value of the diffusion
the simple Fickian diffusion model Eq. (5). coefficient should be the same for a given component at a
Intensities of the characteristic absorption bands were fixed temperature, whatever the characteristic band. Ratios
obtained using a curve fitting program. The curve fitting of the two characteristic bands of a given component are
method is a least-squares optimization routine, designed topresented in Table 2. The results obtainedDgs,p) seem
find the best collection of individual peaks whose sum more consistent than those obtainedbgy), as the ratio of
closely matches the original spectrum of overlapped the two values oD pyp) Obtained at a given temperature is
bands. This curve-fitting program has to be used very closer to unity. The difference between the two values
cautiously, since more than one seemingly correct resultof D can be due to experimental errors, such as those



C.M. Laot et al./Polymer

0.35

o
w
o

©
N
3

©
N
o

o
N
[6)]

o
=

A, (absorbance units)

©
o
o

0.00

40 (1999) 1095-1108 1101

VE

PVP

I
200
time

T
100

Fig. 6. Comparison of the experimemtal intensities of PVP and VE as a functi
(5) at 80C. The dots @) reflect the experimental data, while the solid lines rep

I I I 1
300 400 500 600
(min)

on of the interdiffusion time with those predicted by the Fickian nuatiehin eq

resent the curve-fit. In the case of the vinyl ester, the carbonyl stretch of the vinyl

ester peak at 1717 cthwas used in the analysis, whekgwas taken as zero, and the penetration depth wasihi2The best fit was obtained for a diffusion

coefficient of 5.3x 107° cm?/s, whereA., was equal to 0.251. In the case of
analysis, wheré\, was taken as 0.34, and the penetration depth wasih@ he
was equal to 0.043.

introduced during curve-fitting. An arithmetic mean of the
two diffusion coefficients, corresponding to each component,

PVP, the cyclic,@rbups of the PVP peak at 1419 chrwere used in the
best fit was obtained for a difusion coefficient of 2.60 cn#/s, whereA,,

vibrations and thus, the bands associated with the hydrogen
bonded GO and OH groups appear at lower wavenumbers

was calculated at each temperature. The results are shown ithan the bands associated with the freeGCand OH groups.

Table 3. Table 4 summarizes the ratio of the diffusion coeffi-
cients of the two components. The diffusion results obtained
at different temperatures were fitted with an Arrhenius type
equation, as demonstrated in Fig. 7. A fit of the data with the
Arrhenius equation gave an activation energy of 79 kJ/mol
for the VE diffusion, and 108 kJ/mol for the PVP diffusion.

3.3. Molecular interactions

In addition to quantitative information concerning con-
centration variations, thETi.r.-ATR technique also allows
the characterization of molecular interactions occurring
within the (PVP/VE) system. It is well known that the
amide carbonyl group of PVP is a strong hydrogen bond
acceptor [28,33]. Hydrogen bond formation results in a
decrease in the strength of the=O and OH stretching

Table 1

Hydrogen bonding interactions between PVP and VE were
clearly observed by ATR spectroscopy in the carbonyl
region. During annealing of the (PVP/VE) sample at
10C°C, the G=0O stretching region of the PVP component
underwent peak shifts and intensity changes as shown in
Fig. 8, while the GO band of the corresponding pure
PVP, located at 1669 cm, did not change with time/
temperature. Part of the shift of the PVP carbonyl band
from 1669 to 1650 cm® in the PVP/VE sample may be
due to hydrogen bonding with water from the atmosphere
or from the water possibly contained in the vinyl ester resin.
This moisture slowly disappears as the sample is heated.
Although we have measured the maximum intensity of the
carbonyl peak as it shifted in frequency, the fact that extinc-
tion coefficients [34] are frequency dependent may be
another possible source of error in our calculation of the

Diffusion coefficients at different temperatures. The diffusion coefficients, based on two different infrared distinguishable bands for eantangpe

determined by fitting the absorbance—time data to a simple Ficklan model.

The relative and absolute errors are 3% and 20%, respectively

Compound Peak (cfit) 80°C 9C°C 100C

D (cm?¥s) D (cm¥s) D (cm%s)
VE 1717 5.3x 107° 9.3x 107° 2.1x 10
VE 1507 8.6x 107° 14.0x 107° 2.2x10°°
PVP 1669 2.2x 107° 49x% 107° 1.4x 1078
PVP 1419 2.6< 107° 5.0x% 107° 15x%x 1078
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Table 2
Ratio of the diffusion coefficient of a specific component based on two different spectral bands
D(PVP/1419 cnm 1)/D(PVPlléllQ’,,}) D(P\/P/1419 cnm 1)/D(PVP/141§§|r,1)
80°C 1.18 1.62
9rC 1.02 1.51
100C 1.09 1.02

diffusion coefficients. Typically, the ratio of extinction concentration of a species from its average concentration
coefficients of hydrogen bonded carbonyl groups to non- with time. This is the diffusion coefficient which is implicit
hydrogen bonded carbonyl groups is 1.2 to 1.5, dependingin the Fick’s law of diffusion. As shown in Table 4, at®€0)

on the system [35]. Unfortunately, in this particular case, it was D g is almost three times greater thBrye) and at 10€C,

not possible to accurately separate the diffusion and hydrogenD () is still 1.5 times greater thaD ey, Although some

bonding effects by curve-fitting of the carbonyl band. errors can be expected in fitting the data, it is unlikely that
such deviations would be observed entirely because of
3.4. Plasticization experimental errors. Because the polymers are miscible,

there should be a change in the volume upon mixing of the
At the end of the diffusion experiments, PVP had changed two components. Since Eq. (5) was based on the assumption

from a rigid solid to a white soft gel. In effect, VE has acted of constant volume/density, this may explain the discrepancy
as a plasticizer of exceptionally high molecular weight between the diffusion coefficients of the PVP and the VE and
[36—39]. The change in the glass transition temperature, why this difference diminishes with increasing temperature,
as a function of the mass fraction of VE, was determined as the strength of hydrogen bonding interactions decreases
by DSC experiments. The glass transition temperatures ofwith temperature. Consequently, when usifgi.r.-ATR
pure PVP and pure VE were determined to be°a&l 9C, spectroscopy to measure mutual diffusion coefficients, it
respectively. The change in tfig at selected compositions may be a good idea to select at least two peaks for each com-
of (PVP/VE) blends followed the Fox equation [40] over the ponent to verify the consistency of the diffusion coefficients at
range of investigation. A singl@, was observed for the a given temperature. Typical diffusion studies cited in the
blends, confirming the miscibility of PVP and VE in this literature show that only one peak is generally analyzed
range. Miscibility was also observed for a similar system by [17,46,47], and this peak is the one corresponding to the
Martinez de llarduya et al. [41]. The change in thgover uptake component, i.e. vinyl ester monomer in our case.
the entire range of the mass fraction of VE was calculated by However, the results obtained for the polymer directly in
the Fox equation [40] and is shown, along with the experi- contact with the ATR crystal seem more accurate, based on
mental data, in Fig. 9. Hence, during diffusion experiments, the quality and consistency of the fit. Interestingly, the results
at 100C for instance, the system would change from glassy of the Fickian model, Eq. (5), are somewhat consistent with
to rubbery when the mass fraction of VE reached 35%. the range found in the literature for diffusion in PVP. While

the average diffusion coefficient of the PVP/VE system in

our study was on the order of2 10 cm?s at 100C, the
4. Discussion Polymer Handbook [48] reports a value of %610’ cm?/s

for the diffusion coefficient of water in PVP at Z5. Oyama

Although the fit to the experimental data appears reason-[49] estimated the diffusion coefficient for the (PVP/VE)

able, the ideal Fickian model described by Eq. (5) has system to be on the order of 18 10~8cm?/s at 156C
limitations in modeling the PVP/VE system. The reason is after 5 min for a completely cured system, based on the
that the ratio D vey/Dpve) is much greater than unity at a  results obtained by EMP. The value of the activation energy,
given temperature, as reported in Table 4. In principle, since between 62 and 99 kJ/mol found in this study, is consistent
D evey and D gy represent mutual diffusion coefficients of  with activation energies reported in the literature for similar
PVP and VE, respectively, they should be identical [42—45]. systems. For example, the activation energy for diffusion of
The mutual diffusion coefficient, also called interdiffusion various solvents in PMMA ranged from 79 to 146 kJ/mol
or collective diffusion coefficient, measures the change in [50], and that ofbis(2-ethylhexyl)phthalate in PVC was

Table 3 Table 4

Average diffusion coefficients at different temperatures. The diffusion Ratio of O vg/Deve). The diffusion coefficients obtained for each of the
coefficients obtained for each of the PVP and VE components are labeled PVP and VE components are labeBgyp) andD (vg), respectively

D (pvey andD (yg), respectively

D vey/D pvp)
D (cm%s) 80C 90C 100C
80°C 3
Dyg 7.0x 107° 11.7x 107° 2.2x 1078 90°C 24

D v 2.4%107° 49x 107° 15x% 1078 100C 15
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Fig. 7. Use of the Arrhenius equation for PV @nd VE @) based on the results given in Table 3. The fit of PVP was obtained with a pre-exponential factor of
1.06 X 107 cm/s and an activation energy of 99 kJ/mol. The fit of VE was obtained with a pre-exponentlal factor of 1#2@mdan activation energy of
62 kJ/mol. The intercept of the two dotted lines corresponded to a temperature°6f 115

T
0.00030 0.00031

measured as 121 kJ/mol [51]. One example of molecular Another source of data comparison is the interfacial
transport of middle-size molecules is that of the diffusion thickness, which is given by the following relation [54]:

of erucamide, molecular weight 337 g/mol, in isotactic —

polypropylene [52], where the activation energy was d=2y2Dt 7
100 kd/mol. The activation energy of diffusion of whered is the interfacial thickness anD is the mutual
polymers within polymers is typically lower. For diffusion coefficient. Eq. (7) was originally derived by
example, an activation energy of 49 kJ/mol was found for Crank [31], considering both sides of the interface as con-
the (PVC/poly(caprolactone)) system [53]. tributing to the interphase thickness. In the present analysis,

0.99

T pure PVP
0.8

0.7 4

0.6 4
4

0.5

0.4+

absorbance

[ T
1700 1650 1600 15650
-
wavenumber (cm )

Fig. 8. Time evolution spectra in the carbonyl region during the diffusion between PVP and VE@t Tb@ spectra correspond to 0, 2, 5, 53 and 180 min of
interdiffusion time. The spectra of the pure components XD&re also given for comparison.
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Fig. 9.T4as afunction of the mass fraction of VE. The squalBsrépresent the experimentally obtairggland the solid line is predicted by the Fox equation.
The experimental values of the glass transition temperature were obtained by DSC experimehys.of pere PVP and pure VE were determined to be’178

and 9C, respectively.

this equation would be:

d= /2Dt 8)

Eq. (8) applies to a symmetrical profile only, i.e. for the case
where the diffusion coefficients for both components are

depth of the characteristic PVP infrared baag,r is the
characteristic absorptivity of PVP, arffbp is the cross-
sectional area of PVP. The numerator corresponds to the
expression of the absorbance of P\A,((t), for a given
time, as defined by Eq. (3). The cumulative concentration of

equal. From Table 4, one can see that, as the temperature/g, (C(t)),e, can be defined similarly. The mole fraction of

increases, the difference betwep,p) andD gy decreases.
The temperature at whiclDpyp and Dyg are exactly
identical was calculated by the Arrhenius relation, and is
shown in Fig. 7. This temperature was equal to °115
18C, given the 20% absolute error in determining the
diffusion coefficients. The value of the resulting diffusion
coefficient was equal to 4.4 10%cm?s. At this tem-
perature, the vinyl ester monomer is not expected to

polymerize without an initiator. Indeed, DSC measurements
determined that the polymerization temperature was about

128C at a heating rate of 2@/min. Estimates of the thick-

ness of the polymer interphase, based on the Fickian diffusion

model, yielded a value on the order of 7 mm after 5 min at
115C. This is consistent with the EMP result obtained by

Oyama [49], who measured an interphase thickness of 30 mm

when the (PVP/VE) system was polymerized at 150
Finally, we need to consider the fact that thgof PVP was

constantly evolving during the experiment. The change in the )
d the T to the mass fraction of VE. In order to express The

Ty as a function of interdiffusion time can also be determine
from theFTi.r.-ATR results. The mean concentration of PVP at
a given time can be calculated from the following expression:

2z
J Crve(z t)eXp( d—) apypSpyp 0Z

(CtPpvp= | 2 i

©)

[

V4
J exp( d—) apypSpyp+ 0dZ

0 pPVP,

where(C(t))pyp is the mean concentration of PVEsy(z, t)
is the concentration profile of PVBpyeis the penetration

VE at a particular interdiffusion time, migk(t), can then be
calculated easily, assuming thdf e, dppyp ctve, andapye
remain constant. Since the cross-sectional area is the same
for PVP and VE, the expression of migl(t) is:

Ave(t)

d

a P )(—aVE )APVP(t)}
pPVP/ \ XPVP

Let us apply Eq. (10) to the calculation of the mole fraction

of carbonyl groups. The carbonyl groups of PVP and VE

have vibrational frequencies at 1669 and 1717tm

respectively. As a first approximation, one can assume
that apyp and ayg are identical, since they correspond to

mOlfVE (t): (10)

{AVE(t)}+{(

the same functional groups [35]. The results obtained at
80°C based on the carbonyl groups of VE and PVP using
Eq. (10) are shown in Fig. 10. The Fox equation [40] relates

as a function of the interdiffusion time, a relationship
between the mole fraction of VE carbonyl groups and the
mass fraction of VE has to be established. Since there are
9910 carbonyl groups in one mole of PVP and two carbonyl
groups in one mole of VE, the mole fraction of VE carbonyl
groups, mdiygc-o)(t), can also be defined as:

2% (—VE)
Mve
molfygc—o0)= (12)
Mye Mye
X X
2 (M—VE)+9910 (Mpvp)
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Fig. 10. Mole fraction of VE carbonyl groups as a function of interdiffusion time &€8talculated using Eq. (10).

wheremyg is the mass of VEMpypis the mass of PVRVI e studies, case Il diffusion was modeled by non-Fickian
is the molecular weight of VE, anMlpyp is the molecular constitutive relations [18—20]. However, a recent model
weight of PVP. The relationship between the mole fraction introduced by Rossi, Pincus and De Gennes [55], assumes
of VE carbonyl groups and the mass fraction of VE can then that Fick’s law can describe the transport in both the glassy
be easily established. The mass fraction of VE as a functionand the plasticized regions, each region having its own
of time can be calculated, and finally, by the use of the Fox constant diffusion coefficient. Nevertheless, the diffusion
equation, the glass transition temperature as a function ofcoefficient is expected to change by many orders of
time can be obtained. The analysis was repeated for themagnitude at the interface between glassy and plasticized
three different temperatures of interest, as illustrated in regions. Although the apparent fit of the data seems at first
Fig. 11. Interestingly enough, thE, dropped by as much  reasonable, a closer inspection of Fig. 12 shows that at short
as 140C during the diffusion process. As expected, The interdiffusion times, the measured absorbance is lower than
decreased more rapidly at the higher temperature. Sincethe one predicted by the Fickian Eq. (5), while at longer
mass transport is limited primarily by tfig, the depression  times, the absorbance is higher. Consequently, a two
in the T4 must be accounted for in the diffusion model. For stage-diffusion process may be better in modeling the
example, diffusion in amorphous glassy polymers generally data. This was the approach taken by Quijada-Garrido et al.
follows case Il diffusion, whereas diffusion in rubbery [52], who has employed two simultaneous Fickian processes,
polymers is expected to obey Fick’s law [32]. In previous assuming a constant diffusion coefficient, in modeling the

180

0 5 10 15 20 25
time (min)

Fig. 11. SystenT 4 as a function of interdiffusion time calculated by Egs. (10) and (11), and by the Fox equation for different temperatures, riénfaly 80
90°C (@), and 100C (O). The change ifT, with interdiffusion time is shown up to 25 min. After this time, thgdrops to 46C.
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Fig. 12. Comparison of the initial experimental intensity of the carbonyl stretch of the vinyl ester peak at 1748 arfunction of interdiffusion time with the
one predicted by the Fickian model, using Eg. (5) at°@0rhe diamond ¢ ) and the crossH) symbols are for the experimental data and the curve-fit,
respectively.

diffusion of a (erucamide/isotactic polypropylene) system expression was given by:

aboveT, Moreover, Oyama [49] observed a discontinuity

in the concentration profile of PVP with VE using EMP. The ) _ iy 4 Di—Do (12)
concentration profile was then divided into two parts, each 1+exp(—L(p — 9))

one being fitted by different constant diffusion coefficients,

assuming Fick’s law. One expects the change from a glassywhere D(¢) is the diffusion coefficient in the transition
to a rubbery material to have a critical effect on the value of region, Dy is the diffusion coefficient in the glassy phase,
the diffusion coefficient. From our plots in Fig. 11, the D; is the diffusion coefficient in the rubbery phaseis a
particular time at which the temperature and fhgare parameter controlling the size of the transition regi¢ns
identical could be determined. This time corresponds to the concentration and$ is the concentration above
the time at which the material changed from a glassy to a which plasticization occurs. Samus and Rossi [37] expected
rubbery state. What is interesting is that at 5 min, the time at Fick’s law to describe the transport in both the glassy and
which the material becomes rubbery at 400the curve-fit the rubbery states. If the data points recorded at and before
intercepts the experimental data points, as shown in Fig. 12.5 min in Fig. 12 are canceled for the vinyl ester peak at
This discontinuity can be attributed to the change inthe state 1717 cm* at 100C, then the value of the diffusion
of the material. No obvious discontinuities were noticed in coefficient is equal to 3.% 107 cm?s, when curve-fitting
the curve-fits at 8@ and 90C, probably due to the fact that  the truncated data set with Eq. (5). This value corresponds to
the state of the material does not change rapidly enough atthe diffusion coefficient in the rubbery state. As a reminder,
lower temperatures to observe a distinct point. The diffusion the overall value of the diffusion coefficient was determined
Eq. (5) used in modeling the data was developed assuming &o be 2.1x 108 cm%s, about 40% lower. It was impossible
constant mutual diffusion coefficient, and thus the values of to evaluate the diffusion coefficients in the glassy and the
the diffusion coefficients were concentration-averaged. transition regions. Indeed, in order to get the value of the
However, these diffusion coefficients should be strongly diffusion coefficient in the glassy state, an estimatior\of
dependent on concentration, especially because of theis needed to solve Eqg. (5). Such an estimate would be
change in the glass transition temperature. An exact meaningless. However, one can guess that the diffusion
relation between the mutual diffusion coefficient and the coefficient in the glassy state will be at least one order of
concentration needs to be established in order to solve themagnitude lower than the one in the rubbery state [55].
Fickian differential equation. Unfortunately, no theoretical Furthermore, in order to get the value of the diffusion
models have been proposed to date. Samus and Rossi [37¢oefficient in the transition region, the dependence of the
suggested recently a Fermi function form for the diffusion coefficient as a function of the distance has to be
expression of the diffusion coefficient in the transition known to solve the Fickian differential equation. However,
region between the glassy and the rubbery state. ItsEq. (12) provides only information about the dependence of




C.M. Laot et al./Polymer 40 (1999) 1095-1108

the diffusion coefficient on the concentration, not on the
distance across the interphase.

5. Conclusion

The molecular interdiffusion across a poly(vinyl
pyrrolidone)/vinyl ester monomer (PVP/VE) interface was
measured experimentally ByTi.r.-ATR spectroscopy. The
mutual diffusion coefficients, obtained separately for PVP
and VE, differed by a temperature dependent factor,
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