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Abstract

Vrentas and Vrentas (Eur Polym J, 34 (1998) 797) have provided a method of evaluating diffusion coefficients using free volume theory,
wherein all parameters can be estimated from the available experimental physical data or best estimates from approximate correlations (e.g.
from a knowledge of the density, isothermal expansion coefficient, etc.). This method is tested using data for diffusion of methyl methacrylate
and butyl methacrylate monomers in mixtures of the monomer and both polymers above the glass transition, over a range of polymer weight

fraction and temperature (aboVg (Macromolecules, 31 (1998) 7835). It was found that the predictions are reasonable for the well-studied
MMA/PMMA system (although the predicted effective activation energy was poor), but the a priori predictions were in significant error for

the other systems. The Vrentas method can be used reliably for interpolation and extrapolation of limited data, although because the predicted

activation energies are too low, care should be taken with extrapolation over a significant temperatur@ 20@&Elsevier Science Ltd.
All rights reserved.
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1. Introduction mated from empirical correlations) for the penetrant and
polymer matrix. In principle, this means it should thus be
Knowledge of diffusion coefficients of small penetrantsin possible tgredictdiffusion coefficients of small penetrants
both rubbery and glassy polymeric matrices as a function of in polymeric matrices, even for completely new systems,
temperature and amount of diluent is often of considerable using only data obtained from qualitatively different sources
importance to both the experimentalist and theoretician. (e.g. viscosity and density information).
Major uses include modelling rates and molecular weight In a recent study in a companion paper to the present one
distributions in free-radical polymerization, and permeabil- [10] it was shown that this parametrization of free-volume
ity studies. The availability of reliable experimental data in theory could not be successfully used to predict the diffusion
recent times has increased, due to the development of newcoefficients for camphorquinone in glassy PMMA.
techniques, and improvements in existing techniques, suchHowever, use of the theory in glassy polymeric matrices
as Pulsed-Field Gradient NMR [1] (PFG NMR). Although is more complex than for the rubbery systems for which
the reliability of experimental data in such systems has the model was originally developed. Furthermore, the
improved, the experiments are still complex and time- fundamental premises of free volume theory may fail in
consuming. A theory that can be used reliably for quantita- glassy systems, where the diffusion mechanism may be
tive prediction is clearly desirable. qualitatively different from that assumed in the free-volume
One of the most popular models for diffusion of small approach [10-15]. Thus it is not surprising that the predic-
penetrants in polymeric matrices is free volume theory. An tions of the theory are not in good accord with the experi-
extensive development has been given by Vrentas and Vren-mental data in such cases.
tas [2—9] with extensive refinements to improve the agree- In this present paper, the predictions of free volume
ment between theory and available experimental data. In atheory using parameters as described by Vrentas and Vren-
recent paper, Vrentas and Vrentas [9] gave a detailedtas [9] are compared with recent PFG NMR data for mono-
account of a means to predict most of the parameters formers in rubbery PBMA and PMMA matrices over a range of
their treatment from physical data (experimental, or esti- monomer/polymer ratios and temperatures [16]. The
primary objective is to test the validity of the method for
* Corresponding author. Fax: 61-2-9351-8651. prediction of diffusion coefficients using the parameter-esti-
E-mail addresspilbert@chem.usyd.edu.au (R.G. Gilbert). mation scheme described by Vrentas and Vrentas [9] in a
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system where reliable experimental diffusion coefficients where (K;1/y;) and (K;; — Tyq) are solvent free-volume
measured over a range of matrix and penetrant type, poly-parameters, anfl,,/7, is the contribution to the average
mer weight fraction \{;) and temperature are available. In hole free volume from the polymer matrix (component 2).
some cases, physical data for the estimation of some paraThe expression fo¥g,,/y, depends on whether the system
meters were not readily available. In such cases, empiricalis above or below the glass transition temperature of the
correlations have been used to estimate the values of physiimatrix:

cal constants. The objective of the present paper is to test the., N

a priori predictive powers of this treatment for a family of eVFHZ - Vg(TgZ)[fHGZ o =Tl T=Tge (33)
systems for which extensive data have been determined, but, 0 G

for which very few physical data are available. This exam- VFH2 = Va(Tgallfiz + (a2 — ac)(T = Tga)l T <Tgz (3D)

ination (_)f_ the theor_y_ is a test of how the model performs HereV(Z’(ng) is the specific volume of the polymer &,
under difficult conditions. _ _ o f% the fractional hole volume of the polymer B, «; the

A secondary objective of this study is to see if minimal {hermal expansion coefficient for the equilibrium liquid
reasonable adjust.mer)ts of these calculated free V°|“mepolymer,acz the thermal expansion coefficient for the sum
parameters can give improved agreement between theoryyt ihe specific occupied volume and the specific interstitial
and experiment Wher_w limited experimental data are avail- free volume for the equilibrium liquid polymeT,, the glass
able, and thus to see if the free-volume treatment of Vrentasi ansition temperature of the pure polymer, andhe over-

and Vrentas can be used to extrapolate and interpolate, 35 factor for free volume of pure polymer. The parameters
task which is less demanding than complete a priori 4 calculated as follows:

prediction. ~0 G
1 Vo(Tg)(1 — o)
f|-(|32 = aKopy @ = T In (gAO— ;
g2 V3(0)
2. Free volume treatment 4)
VT,
The free volume treatment of Vrentas and Vrentas [2-9] Y2 = Kol
has undergone considerable development since its initial 1272
formulation. The central concept to free volume theory is s« AE
b Y1V =000 V3 = V3(0) ®)

that movement through the available free volume in the
matrix governs diffusion of small penetrants in polymeric where K,, is one of the polymer free-volume constants,
matrices. Thus, the diffusion coefficients predicted by the V3(0) andV3(0) are the specific volumes of the equilibrium
theory are strongly dependent on the “space-filling” proper- liquid penetrant and polymer dt = 0 K, respectively, and
ties of both the penetrant (diluent) and matrix. (Kyodyo) is a polymer free-volume parameter.

The model has been shown to give good agreement with  The free-volume parametes, and K1./y,) are stated to
experimental data in a number of systems, when used in abe calculated by the expressions:
correlative sense. The more recent developments to the K N
theory have included extensions to predict all (or most) of K,, = (C),; (ﬁ) = % (6)
the necessary parameters from available physical data [9]. It 2.303C)2(C3)2
is this versipn of the theory that is used in the current study. where(C%), and(C), are WLF constants for the polymer.

The basic formulation used by Vrentas and Vrentas [9]  The value of¢ is estimated as follows:
for the prediction of diffusion coefficients by free volume ¢
heory i follows: = L = VY05
theory is as follo f ) . £ 15 61— (AB)’ & = Vi(0)/Vs5 )
IND, = In Dy — E _ { a- wZ)Avl + ngvz} D whereV9(0) is the molar volume of the equilibrium liquid

RT Venly solvent (penetrant) & = 0 K, (B/A) is the aspect ratio of

the solvent molecule and; the critical free volume per
mole of jumping units required for a jumg” is estimated
from the solubility parametei®; andé, of the penetrant and
polymer using a ‘universal’ plot [9, Fig. 1], which for the
present paper was fitted by:

where D; is the diffusion coefficient of the penetrant
(species 1),D, a constant,E* the effective energy per
mole that a molecule needs to overcome attractive forces,
R the gas constant,the temperature; the ‘size parameter’,
V; andV; are the specific volumes of penetrant and poly-
mer, respectively g, the average hole free volume per unit log,o(E*/cal mol™t)
mass of mixturey an average overlap value in the mixture, (8)
and w, = W, A = 0.8988 In{log(8; — 8,)> Vi/cal mol'} + 2.8377

For rubbery systemd/g/y can be calculated as follows:

Kll

Venly= (1 - wz)(?)(Kzl +T = Ty + 02 Ve v2 (2)

It is possible with this expression to predict meaningless
values forE” when the difference in solubility parameters
is too small, due to the In(log)) part of the expression.
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Fig. 1. Specific volume as a function of temperature for the BMA penetrant,
as predicted using Eqg. (13).

Undefined or negative values correspond to very small
values ofE", and are replaced k" = 0.
Methods have been given for a priori estimates of most of

the parameters necessary for the above calculations in Ref.
[9] These methods were used, where practical, for the esti- o

mation of the necessary parameters in the following section

3. Estimation of parameters
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A number of the physical quantities necessary for the esti-
mation of the free volume theory parameters are readily
available from the common literature. Several other para-
meters can be obtained by estimation from other physical
data and empirical correlations, such as found in Ref. [18]
Two exceptions to the listed techniques were used:

(a) Although in principle the aspect rati®/A) can be
calculated using the ADAPT method [19] the software
for doing this calculation is not easily implemented, and
thus(B/A) was estimated by examination of space-filling
models of the penetrants using HypercHesoftware.

(b) Tabulated data foN; were not available for all
systems, and an alternative estimate was made, based
on a previously published correlation.

The requisite physical constants are as follows.
e Volumetric data:V3(298 K)(from density of the poly-
mers at 298 K) and..
Glass transition temperatureg; andTg,.
WLF constants: the WLF constant§y), and(C3),.
The solubility parameters for the monomers and poly-
mers: 5, and 8.
The molecular weights of the penetrarité;.
e The boiling points of the penetrants;,.

The necessary parameters for the model were evaluated. The specific thermal expansivity of the polymees;;.

by the techniques given by Vrentas and Vrentas [9] Several

The values of the aspect rati@B/A) for each penetrant

of the parameters used in the basic formulation are derived  \yere crudely estimated.
from expressions using available physical data, as described

in detail later. The derived parameters are as follows:

(O) (and thusv? 1(0)) and VZ(O) were calculated from
group contribution methods described in Ref. [17].
V2 was obtained from tabulated data, or frdig.
sz was calculated frona, and K,,.
Ks, was calculated from the WLF consta(mg)z.
(Klzlyz) was calculated fronV; and the WLF constants
(C )2 and(C2)2
ve> Was calculated froan( g2)s az and Kio/y»).
a > Was calculated frorh/z(ng) sz, V2(0) andTg,.
£, was calculated fronv 2(0) and V5.
£ was calculated fronB/A) and &, .
E” was calculated using; and §..
Do, (Ky2/v1), and (K, — Tg1) were obtained from visc-
osity—temperature and density—temperature data.
\78(ng) was calculated from density at a reference
temperature and,, (the specific thermal expansivity of
the polymer).
V3(T) was calculated from empirical correlations and
group contribution methods described in Ref. [18] since
thermal expansivity data for the penetrants were unavail-
able. The required raw data for the correlations wdie
and the boiling point for the penetraniy.
V. was calculated from group contribution methods
described in Ref. [18].

Three of the necessary parameters were derived from visc-
osity—temperature and density—temperature data for the
penetrant (solvent). The relationship between viscosity
(n,) and temperature comes from an expression by Dullien
[20] and manipulated by Vrentas and Vrentas [9] to give:

Innl=ln( )—InDo
Vi

(Kll/ YKo + T = Tgy)

0.124x 10" V2*RT
MyVE(T)

9

whereV, is the molar volume of the penetrant at its critical
temperatureM; is the molecular weight of the penetrant,
and \72(T) is the specific volume of the penetrant (the
inverse of the density) at the temperature of interest.
Correct choice of units is crucial in the use of this expres-
sion, and the constantI®4x 10’ has been changed from
the original value of 24x 10 *° given in Vrentas and
Vrentas [9] to reflect this. The correct units to use with
this expression are, in centipoise V. in cm®mol™, M,
ing mol™!, Rin JK *mol ™%, V(T)in cm® g’l V;isincm®
g, and the finaD, value is given in crhs . The factor of
10° difference arises because the original derivation of the
correlation did not use Sl units, resulting in an expression
with a coefficient(0.124x 10™%°) that was dependent on
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using the same units. The ‘new’ coefficient is appropriate for very crude correlation based on the density of the penetrant
use with the units listed above. [21]:

A non-linear least-squares fit to Eq. (9), when used with |
viscosity—temperature and density—temperature relation-log,(log;o(10X 71)) = —p — 2.9 12
ships, gives three fitting constants, corresponding to the My

parametersDo (cm*s™), (Ku/yy) (em’g™*K™), and wherel is Souders’ index, which is determined from group
(Ka1 = Tq) (K. . contributions given in Ref. [21] ang is the density

In the systems tested here, the non-linear Ieast—squareig cm’g). Typical errors from the use of this expression
regression analysis could be reduced in complexity by line- 5o ot the order of 10%. Since insufficient density—tempera-
arisation of the specific volume—temperature data, Which iS yre jata are available for the present systems, the specific

expected to be usually accurate in a rubbery system. Any;scqsity_temperature data were estimated by use of an
example of the dependence of specific volume on tempera—empirica| correlation quoted by Perry: [18]

ture used in this study is shown in Fig. 1 for BMA; the

method of obtaining this dependence is described in EQs.|n (V,P/RT.) = (In U)° + a(n U)* (13
(10)—(13) below. This dependence can be very well . s o
approximated by an expression of the foM,dT) = whereVg,(cm® mol ™) is the saturated-liquid molar volume,

\7‘1)(298) + €per(T — 298), where Vgped T) (= \7(1’(1')) is the P. is the critical pressuray the acentric factor, and (IU)O
specific volume of the penetrant at temperaflirg,e,is the and (InU)* are functions of the reduced temperat(fe=
specific thermal expansivity for the penetrant (in T/Tc) [18]:

cm®g tK ™), and V(299 is the specific volume of the
penetrant at 298 K (this can be modified for another refe
ence temperature if necessary). The value,gfis not the
same as the value d,, (the value for the polymer, as
opposed to the penetrant), and is either calculated from
the literature data, or estimated from the existing or
predicted specific volume—temperature data. If the experi-
mental data used for the specific volume—temperature fitting (In U)* = 134412 1357437T, + 533380T?
can be approximated by a linear expansion of specific

r. (nU)° =InT, + 1.39644— 24076T, + 102615T7
— 255719T° + 355805T/ — 256671T;

+ 75.1088T? (143

volume with temperature, the fitting is significantly simpli- —1091453T? + 123143 T} — 728227T;
fied. The final expression to findg, (Ki1/y1) and (Ky; — .
Tg1) by least-squares fitting is then: + 1767377, (14b)
—7 \72/3
INm, =1In ( 9'124)( 10 " VE'RT ) —In D, This expression normally yields errors of less than 1% for
M;[V9(298) + €ne(T — 298)] non-polar compounds. The specific volume at each tempera-
e ture can then be calculated by dividing, by the molar
+ Vi (10) mass of the penetrant. The density is the reciprocal of the
(Ki/yD)(Kog + T = Tgp) specific volume.

The procedure used here for the fitting of Eq. (10) was to
first generate the specific-volume/temperature data using the
cited empirical correlation (Eq. (13)), which then gives
then the viscosity—temperature data using Eq. (12),
followed by fitting of the resultant curve by non-linear
regression (least-squares residual minimisation) to Eq.
(10) to findDg, (K11/v1) and(Kp; — Tgy). The uncertainties
in the three fitted parameters were estimated by the standard
errors in those parameters, and were generally quite small
with respect to their corresponding parameters. However,
5 1029 the apparently small uncertainties are deceptive, since the
Ve = 3304+ (Z (M AVi)) 1D data used to generate the specific volume and viscosity data

! are of very dubious quality, and would result in far larger
whereM; and AV, are the mass and volume contributions errors than given by the calculated uncertainties from the
from each group, respectively. The group volume contribu- regression step. An example of this problem is the use of
tions are tabulated in Ref. [18] The average error in the empirical correlations for the estimation of the specific-
predicted values from use of this correlation is approxi- volume/temperature data, described in further detail after
mately 1%, up to a maximum of 6% for complex liquids.  Eq. (12); this involves numerous estimations, each of

The viscosity—temperature data were estimated using awhich may result in significant error. No simple means of

such that only one variable without a given functional form
(n4) is required; further details are given later.

For the systems tested here, neither critical volume nor
viscosity—temperature data (to fibg, (Kq1/y1) and(Ky; —
Tg1) using Eq. (10)) were readily available. These values
were estimated as follows using empirical correlations
provided in Ref. [18]

Group contribution methods and Eq. (11) were used to
estimate the critical volume:
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Fig. 2. Sensitivity of the predicted diffusion coefficients to the output para- b)
meters from the non-linear regression step for MMA in PMMA at 298 K. 14
The dashed line corresponds to the diffusion coefficients predicted by the 124
best fit parameters, and the extreme (dotted) lines to the diffusion coeffi- | [ YR mmmmmmeme
cients predicted by setting all output parameters to the values at either 1.0
extreme of the 95% confidence range for each parameter. —
‘o 0.8
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estimating the real uncertainties and errors is available for 5 06
such a system. g 4]
The sensitivity of the predicted diffusion coefficients to =
uncertainties in the output parameters from the fitting step 02+
gives an indication of the potential errors introduced in that 00 ‘ ‘
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step. This estimate neglects uncertainties from other sources
of error, and should only be used as a guide to the potential
errors introduced from the fitting procedure. A comparison Fig. 3. Specific volume versus temperature for (a) MMA and (b) BMA, as
of the predicted diffusion coefficients generated at 298 K for predicted (unbroken lines) by Eq. (13). Experimental data points from the
MMA, using the best estimated parameters generated in thisliterature [22] are shown for comparison (points).

section, and data generated with all fitting parameters at

either extreme of the 95% confidence range, are shown inwhere theA, values are pressure contributions from each
Fig. 2. Note that the two extreme curves actuallxeresti- group as listed in Ref. [18] arig, is in atmospheres. Critical
matethe potential errors introduced in the fitting step, since pressures calculated using this expression usually yield
all three output parameters are at their extreme values inerrors of less than 5%.

these cases, a situation that lies significantly outside the 95% The acentric factors were estimated by an empirical
joint confidence range. correlation using group contribution methods [18]:

T(K)

_ —InP, — 592714+ 6.09648 * + 1.28862 Inf — 0.1693476°

“= 15.2518— 15687560 1 — 134721 In6 + 0.435776° @
The critical temperatures were estimated by an empirical whered = T,/T..
correlation using group contribution methods [18]: The errors introduced by use of such correlations can be
T significant, especially in this case where the errors intro-
T. = b 5 (15) duced by several correlations are likely to compound. In
0.567+ 2y, + (2a,) the case of both BMA and MMA, some density data are

available for comparison [22]. Specific volume-temperature
data (based on the empirical correlations) for the two pene-

tions from each group as listed in Ref. [18]. ErrorsTin trants are shown in Fig. 3, with available literature data
when estimated by this method are usually less than 29, Pints shown for comparison. It can be observed that the
The critical pressures were estimated by an empirical data are quite close to linear for both systems (although

correlation using group contribution methods [18]: there is a_slight deviation from linearity in the_case of
MMA that is not observable on the scale of the figure). A
My

P — linear fit of the data for MMA gives a thermal expansion
¢ (0.34+ 3A)? coefficient of 1.34x 10 2cm® g * K ™. The estimate of the

where the temperatures are in K, is the boiling point of
the penetrant, and th&; values are temperature contribu-

(16)
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Fig. 4. Predicted effect (dashed line) of the discrepancy in specific volume
for MMA, generated by using different output parameters from the non-
linear regression fit to alternative specific-volume/temperature data for
MMA (from the semi-empirical correlation method, dotted line, and
using the thermal expansion coefficient from the data of Fig. 3, broken
line). Experimental diffusion coefficients (points) are shown for compari-
son.

thermal expansion coefficient from the above empirical-
correlation method is significantly smaller:
9x 10 *cm®g K. The predicted value of the density
at 298 K is also significantly different for this system:
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Fig. 5. Viscosity—temperature relation for (a) MMA and (b) BMA, as
predicted by Eq. (12).
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Table 1

Raw data for the calculation of the free volume parameters used for the
prediction of diffusion coefficients for BMA and MMA in PBMA and
rubbery PMMA

Parameter BMA or PBMA MMA or PMMA
M; (g mol™%) 142.2 100.12

Te (K) [22] 293 388

V9 (298 K) (cm®g™Y) [22] 0.9497 0.8547

a, (K™Y [22] 6.10x 10°* 5.70x 10°*
(C)), (dimensionless) [22] 9.7 32.2

(CH, (K) [22] 169.6 80

81 (M2em™¥2[22] 16.8 18.0

8, (3M%em™?) [27] 18.1 18.6

Tp (K) [22] 434 373

6o (cmM* g™t K™ [27] 5.35x 10°* 6.10x 107*
(B/A) (dimensionless) 1.9 1.2
V2293 K) (cm®g7Y) [22] 1.119 1.068

0.870 g cm* from the correlation, and 0.940 g crhfrom

the literature data. For MMA, the experimental specific
volume points deviate significantly from the prediction.
The prediction for BMA appears to be quite good at the
one temperature where existing data are available for
comparison. The effect of the discrepancy in the specific
volume data for MMA is to generate quite different values
of Do, (Ky/y1) and (Ky; — Tqn) from the non-linear
regression.

Fortunately, the different values db, (K;;/y;) and
(K31 — Ty1) do not produce significantly different predicted
diffusion coefficients at either temperature, as shown in
Fig. 4, although there is a slight effect on thg-depen-
dence. The viscosity—temperature dependences for the
two monomers calculated using the above treatment
used to obtain these parameters are shown in Fig. 5.
These data were generated by Eg. (12), using the speci-
fic volume (or density) data predicted using Eq. (13).
The fit to these dependences with Eq. (10) is indistin-
guishable from the input curve, which is not surprising
with three fitting parameters.

Use of Eq. (12) to predict viscosity—temperature data
may introduce some problems, due to both the relatively
high errors, and the forced correlation between the visc-
osity and density data, which is then used in the regres-
sion step. The forced correlation between density and
viscosity may also cause the resulting viscosity—
temperature plot to be less steep than expected, due to
the assumed linearity of the volumetric behaviour with
temperature. This may have an effect on the “curvature”
term (Ky; — Typ) resulting from the fitting process,
which will in turn affect the curvature of both the
temperature anav, dependences of the diffusion coeffi-
cients predicted by Eq. (1).

The parameteY’; is sometimes [9] available in tabulated
data. The appropriate value for PMMA is found in Table 4
of the above reference. However, no value for PBMA is
available. Thus, this parameter was estimated as described
by Zielinski and Duda [23] fromTy, (note the units in



Table 2

Calculated free volume parameters used for the prediction of diffusion
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coefficients of MMA and BMA in PBMA and rubbery PMMA

Parameter BMA or PBMA MMA or PMMA

V20) (= V) (cm*g ™Y 0.771 0.871

V9(0) (cm® mol™?) 130.4 86.9

V(0)(=V3) (cmPg™h) 0.788 0.762

V5 (cm® mol™?) 85.4 135

£$, (dimensionless) 0.103 0.00456

Kaz (K) 169.6 80

(Kpalyo) €m®g 1 K™Y 2.08x10°* 1.28x 1074

v, (dimensionless) 2.79 3.88

ap (K™ 8.23x 107* 2.37x107*

&L (dimensionless) 1.53 0.64 in PMMA
0.91 in PBMA

& (dimensionless) 0.89 0.58 in PMMA
0.79 in PBMA

E* (Imol'Y) 8927 2127 in PMMA
0in PBMA

Dy (cm?s™}) 8.68x 10™* 1.27x 1072

(Ku/y) em’ gt K™Y 9.42x10°* 6.91x107*

(Ka1 — Tg) (K) -82.41 72.26

V3(Tg) (cm®g™?) 0.9497 0.8754

V. (cm®*mol ™} 458 311

this relation):

Vi(em® g~ 1) = 0.6224Tgy(K) — 86.95 (18

Although Vrentas et al. [8] later described this empirical
correlation as giving poor agreement with fitted data for
some systems, no other estimates were available, and thu

this correlation was chosen by default.

The raw data that were used to calculate the necessary i
parameters for each system are shown in Table 1, and the !

derived quantities used in the calculations in Table 2.

4. Comparison with experimental diffusion coefficients

The experimental data of Griffiths et al. [16] are for BMA
and MMA oligomers in rubbery PBMA and PMMA

4x10° 4x10°
(a)298K (b) 313K
3x10°-*® 3x10°-
— L]
9| @ 9|~ [
& 2xo o 2x10 .
E Y
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Fig. 6. Predicted (dashed line, as obtained with the completely a priori
treatment) and the observed diffusion coefficients for MMA in PMMA:

(a) at 298 K; (b) at 313 K.
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matrices over a range of weight-fraction polymer and of
temperature. The data of interest here are the diffusion coef-
ficients of the monomeric species in those matrices. The
combinations studied were MMA in PMMA, MMA in
PBMA, and BMA in PBMA. In most systems only a
small amount of the monomer was present, with the remain-
der of the “solvent” component (the diluent) being the satu-
rated analogues of the monomers: butyl isobutyrate in the
case of BMA, and methyl isobutyrate in the case of MMA.

In these cases, although the systems were truly ternary, it
has been assumed that the diluent has the same properties as
the penetrant, which allows the ternary systems to be treated
as the simpler analogous binary systems. This is probably a
reasonable approximation, since these analogues have simi-
lar structure, functionality, molecular size, and molecular
weight as their respective monomers.

The experimental data were for a rangewgi/alues in the
rubbery regimes, and two temperatures 298 and 313 K. Al
measured diffusion coefficients were averages over several
readings, and should be regarded as of both high accuracy
and precision. It is important to note that the data show a
gualitative change in diffusion coefficients as the polymer
weight fraction goes from effectively infinite dilution to
values of a few percent. This may possibly be an experi-
mental artefact due to thermal diffusion effects [24] or, as
discussed by Griffiths et al. this probably corresponds’to
(where polymer chains start to overlap). It is possible that
the diffusion mechanism is different above and below

gnd that the free volume mechanism is only valid when

chains overlap, i.e. abow&.

Figs. 6—8 show the comparison between the experimental
ffusion coefficients and those predicted from the free-
volume formulation of Vrentas and Vrentas [9] using the
parameter set described in the previous section. While the
accord with MMA in PMMA is good, it is only moderate for
MMA in PBMA, and very poor for BMA in PBMA.

The sensitivities of the predicted diffusion coefficients for
each system and temperature to uncertainties in the output
parameters from the non-linear regression step are shown in
Fig. 9, and to the aspect ratios are shown in Fig. 10. The
experimental data are shown for comparison in each case.

The extreme curves on the plots of the sensitivities to the
output parameters from the non-linear regression step are
again taken with all output parameters set at the extreme
ends of the 95% uncertainty regions for each parameter. As
previously stated, this is likely to overestimate the uncer-
tainties from these sources. The extreme curves in the sensi-
tivity plots for the aspect ratios of the penetrants are also for
cases where the input parameters used to generate these
curves are outside the reasonable ranges estimated for the
uncertainty limits. The values chosen for the ranges of the
aspect ratios (based on examination of the molecular models
for the penetrants) are for MMA: 1-1.4 (best estimate: 1.2);
and for BMA: 1.3-2.5 (best estimate: 1.9).

It is clear from these figures that reasonable uncertainties
in these parameters for both sets of parameters cannot
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diffusion coefficients.
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Fig. 8. Predicted (dashed line, as-obtained with the completely a priori
treatment) and observed diffusion coefficients for BMA in PBMA: (a) at

298 K; (b) at 313 K.
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the parameters is shown in Table 3, and the predicted diffu-
sion coefficients at 298 K in Fig. 11. The parameter set used
in Griffiths et al. provided a quite good fit to the experimen-

tal data, and there are small but significant differences
between the predicted diffusion coefficients using the
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present totally a priori parameter set. This is not surprising,
since the parameters in the study of Griffiths et al. were
adjusted so as to provide a good fit to the experimental
data, whereas the current parameter set are predicted in an
a priori sense from physical data.

The case of MMA diffusing in PBMA poses a more strin-
gent test. Most of the parameters for the MMA penetrant can
be directly transferred from the MMA in PMMA system,
since a number of these parameters are predicted to be
intrinsic to the monomer, rather than to the system as a
whole. Since the fit to the MMA in PMMA data is relatively
good, it would be expected that the parameter set for MMA
in PBMA would predict diffusion coefficients in good agree-
ment with experiment. However, the observed differences
(Fig. 7) between the predicted and the experimental data are
significant, both in terms of absolute values and slope.

It was found that the agreement between the a priori
theory and experiment in this system is not particularly
good, with the data differing by a factor of about 2—-3
throughout the range tested, at both temperatures. This is
despite a number of the parameters being the same as the
MMA in PMMA system, where the agreement between
theory and experiment is good. Now, there are a number
of parameters for which there is considerable uncertainty,
including the parametar; for the PBMA matrix, for which
no good parameter estimate scheme could be found.
However, the sensitivity analyses show that reasonable
variations in most of these parameters cannot account for
the observed discrepancies, with the exception being the
value of E*, which has a significant effect on the absolute
values of the predicted diffusion coefficients. The uncer-
tainty in the value oD, is expected to be small, but since
the fitting was based on predicted data, the errors may be
larger than otherwise expected. Changing the valuBpf
will have a significant effect on the absolute values of the
diffusion coefficients at both temperatures, but not on the
w,-dependence. Now, the discrepancies here are not only in
the absolute values of the diffusion coefficients, but also in
the w,-dependence. Thus, allowing for uncertainties in the
value of Dy is not sufficient to explain the observed
discrepancies.

Increasing the value & to approximately 2 kJ mof in
this system dramatically improves the agreement between
theory and experiment, although the slope with respeat to
is still in poor agreement (see Fig. 12). Such a difference in
predicted values of” is certainly reasonable, since the
values of the solubility parameters for the penetrant and
matrix are usually quoted as fairly broad ranges in the litera-
ture. However, the value of the solubility parameter used in
this calculation oE" for the MMA penetrant is the same as
that used in the calculations for MMA in PMMA, which
gives good agreement with experiment in that case. Thus,
changing the value of the solubility parameter for MMA in
this case is not internally consistent: good agreement for
both systems cannot be reached simultaneously. Further-
more, the primary objective of this study is to see if a priori
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Comparison of predicted free volume theory parameters with those of Griffiths et al"} T8j¢ term was incorporated into the tety, — Tgp) in the earlier
version of the theory used in Griffiths et al.

Parameter Current study Based on Faldi [25] Based on Waggoner [26]
E* (JmolY) 2127 3255 0

Vi (cmg™Y 0.871 0.87 0.771

V5 (cmg™Y 0.762 0.757 0.788

£ (unitless) 0.644 0.60 0.92

Tg2 (K) 388 392 392

Kz (K (%)) 80 52.4 91

Do (cm?s™) 1.27x 1072 2.74x 102 (adjusted to 1.6% 10 % in Ref. [16]) 9% 107°
(Kialy) (cm*g 1K ™Y 1.28x10°* 4.77x 107" 3.05x 1073
(Ki/y) €m*g K™Y 6.91x 1074 8.15x 10°* 1.17x 1072
(Ka1 — Tgn) (K) 72.26 0 —-51.37

estimates of the parameters will give good agreement with is found from numerical differentiation of an Arrhenius plot:
experiment, since this is exactly the case that may be facedE, = Rd(InD)/d(—L/T) (these plots generated by Eq. (1) are
when working with a system for which there are no experi- slightly curved but the temperature dependenceepfo
mental data. Only in the case where limited experimental obtained is negligible). The predictds} is approximately
data are available can one make changes in the model para23.1 kJ mol*, compared with the experimental estimate of
meters to improve agreement between theory and experi-17.5 kJ mol ™.
ment. In this case, given one experimental data point (above The high value oE" is the major cause of the discrepan-
c"), the experimental data can be reasonably well predictedcies, and reduction d&" to zero provides a fairly good fit at
across the entire range by adjusting one paramgter, the low w, end. However, the large drop in experimental
The final system considered here was BMA penetrant in diffusion coefficients atv, = 0.9 cannot be predicted using
PBMA matrix. In this case, there are no parameters avail- this modification of the parameter set. Thus, the anomalous
able for guidance or comparison. That is, for the purposes of value of E* is not the only problem for this system. This is
this study, this is a completely new system. As can be seenthe only system which is rubbery over a wide rangevgf
in Fig. 8, the agreement between theory and experiment isand thus where the diffusion coefficients can be compared
very poor at both temperatures, differing by more than an over such a wide range ofj, values. The poor accord
order of magnitude in all cases, up to approximately 4 orders suggests that the, dependence of the diffusion coefficients
of magnitude at higlw, (where the system is still rubbery).  cannot be predicted using this parameter evaluation scheme
The major reasons for the discrepancy in this case appear tdn the general case. Note also that although this system is the
be in the relatively high predicted value & (approxi- furthest from those previously studied (of the three systems
mately 9 kJ mol?), and a poor estimation of the, depen- studied here), the parameter evaluation scheme was the
dence, which is most apparent @&, = 0.9. The actual same in each case, so the lack of previous data had no effect
activation energyE, which of course is different frork”, on the results. It is, however possible, that the input data
(density etc.) used to estimate the free volume parameters
were not of the same reliability as for the well-studied
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Fig. 11. Comparison of predicted data in current study for MMA in PMMA 00 01 02 03 04 00 01 02 03 04
with those predicted using the parameter set of Griffiths et al. [16] at 298 K. w, v,

Circles: diffusion coefficients predicted with the current model and para-

meters; diamonds: using the parameters of Faldi et al. [25] triangles: using Fig. 12. Predicted (dashed lines) and observed diffusion coefficients (indi-
the parameters of Waggoner et al. [26] The unbroken line links experimen- vidual points) for MMA in PBMA, usingE* = 2 kI mol'? : (a) at 298 K;

tal data points for comparison. (b) at 313 K.
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MMA/PMMA combination. This may explain why the 5. Discussion
discrepancies were largest for this system, but this system
was also the most critical test of the parameter evaluation Several of the discrepancies between the predicted
scheme. Thus, it would appear that the scheme cannotand experimental diffusion coefficients may be attribu-
always be used reliably to predict diffusion coefficients ted to the sometimes large uncertainties in the raw
(and activation energies for diffusion) for completely new experimental data (or poor correlations) used in the
systems, especially over a widg range. parameter estimation schemes. The prediction of some
A final scenario was considered for each of the systems: of the free volume parameters is highly sensitive to the
given diffusion coefficients for the penetrants at two input data.
temperatures at the sameg, would it then be possible to The prediction ofE* is an important example of this
improve the agreement between theory and experiment bysituation. The literature data for the solubility parameters
using the temperature dependence of the experimental datdor the penetrants and polymers are given as a range, which
to modify the predicted value &"? Experimental diffusion is sometimes quite broad. The functional form for the
coefficients at two temperatures under the same conditionsdependence of* on these data is very sensitive to devia-
allow a crude estimate of the activation energy for the pene- tions in these parameters, which can result in large differ-
trant diffusion in the system. The free volume expression for ences in the predicted values©f. Furthermore, the fitting
the diffusion coefficients in Eg. (1) can be broken into step to produce the correlation used does not fit all of
two temperature-dependent and temperature-independenthe original data, and some points deviated significantly
components. The temperature-dependent part can be furthefrom the curve. This suggests that the correlation is
divided into two independent parts: tkéterm, and the free  only very approximate, and may fail quite badly for
volume term. The activation energy can be considered to besome systems. This point is particularly important for

the sum of two partsgE, = E* + E,, where the termE, the prediction of diffusion coefficients, since the model
contains the temperature dependence of the free volumeis very sensitive to the value dE*, and this quantity
contributions. Thus, by adjusting the valuef, it would makes a large difference to both the absolute values of

be possible to set the effective activation energies to bethe diffusion coefficients of the penetrants and to their
equivalent (i.e. Exexperiment— Eapredicted at that particular predicted temperature dependence.
value of w,. This might improve the agreement between  Another area where significant errors may be generated is
theory and experiment for the predicted diffusion in the non-linear regression step to evaluBig (Kqi1/v1),
coefficients. and(Ky1 — Tgy). Since the fitting is to a correlation of more
This strategy was attempted af, = 0.1 for all three than one parameter-temperature data set, uncertainties in
systems, and it was found that this approach generally didany of the parameter sets may lead to large errors in
not improve the agreement between experiment and theory the final output parameter®, and (K1/v,) particularly
In fact, in the case of MMA diffusion in PBMA, this have a significant effect on the predicted diffusion coef-
approach predicted anE® value of approximately ficients. The parametdd, affects the absolute values of
10 kJ mol'* whereas the a priori prediction was approxi- the predicted diffusion coefficients at all temperatures
mately 0 kJ mol™. It was earlier established that, at a single and compositions. The parameté¢;;/y;) has a strong
temperature, aiE* value of approximately 2 kJ mot was effect on the curvature of the predicted plots of the
more appropriate. The most likely reasons for this discre- diffusion coefficients versuss,, and may be responsible
pancy are as follows: poor estimates of the experimental for the common failure to predict their dependence on
activation energies (use of only two points, plus experimen- sample composition. Overall, the best predictions are a
tal uncertainties) and errors in either the theory or the free result of reliable input data. It is recommended that
volume terms (quite possible). Note that this discrepancy correlations of the type used here be used only where
also highlights the fact that the predicted activation energies necessary, and that the user be aware of the potential
are also normally quite poor, even when the absolute agree-for significant errors in this step.
ment between theory and experiment are reasonably good As stated, reasonable estimates of the uncertainties in the
over a limited temperature range, as in the case of MMA values of these three fitted parameters cannot bring
diffusing in PMMA. In that case, the experimental and about good accord with experiment for the BMA
predicted values oE, are ~12 and~9 kJ mol, respec- system. Errors in the estimation of other parameters,
tively. Thus a significant change i would be necessaryto  such as the aspect ratio, and uncertainties in the output
compensate for this, which would increase the discrepanciesparameters resulting from the fitting of the viscosity—
between theory and experiment if extrapolated to a wider temperature data, were found to be relatively small. The
temperature range. observed discrepancies between predicted and observed
This suggests that some of the sources of the discrepan-diffusion coefficients could not be attributed to these
cies might be in the free volume terms. This is also implied sources for the systems examined. Thus, these areas
in Fig. 6, where the curves cross at 298 Kngt= 0.2, but should be considered minor sources of error compared
cross atw, = 0.35 at 313 K. with those described above.
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6. Conclusions estimating the aspect ratio could certainly be improved if
better data were available. However, the procedures used
The predictions of free volume theory using the parameter here test the usefulness of the approactpfactical appli-
estimation scheme of Vrentas and Vrentas were tested forcation: for example, the effort required to obtain better visc-
several systems. The predictions were made with limited osity and density data for these common monomers is about
physical data and empirical correlations, and could be the same as that required to measure the diffusion coeffi-
considered a worst-case examination of the predictive cients themselves!
power of the theory and parameter examination scheme. The overall usefulness of the parameter estimation
Use of the parameter estimation scheme of Vrentas andscheme and theory depends on the overall expectations of
Vrentas is likely to work best in combination with limited the user, and the amount of existing experimental data. In
experimental data, where the possibility for correction of the some cases, the model predicts diffusion coefficients that are
parameters may exist by comparison of prediction with within a factor of two of the experimental quantities, which
experiment. The two most readily adjustable parameters,may be acceptable in some cases. However, for other
for which there may be considerable uncertainty, Bge systems, the discrepancies are up to several orders of magni-
and E*. At a single temperature, changing either of these tude, which is rarely likely to be considered acceptable. The
has the effect of shifting the entire predicted curve. agreement between experiment and theory in these cases
However, changing the value Bf will change the tempera- may sometimes be improved with the assistance of limited
ture dependence of the predicted data, so this approachexperimental data. The ability of the parameter estimation
should be used more carefully, and is best used when thescheme to predict experimental data over a wide range of
value of E" is obviously incorrect, there exist experimental temperature anav, appears to be generally poor, which
data which suggest this change, or other changes would notrestricts the utility of the scheme to limited ranges of
be reasonable. these quantities. If highly accurate predictions over a wide
The predicted diffusion coefficients using the parameter range of conditions is desired, the scheme is unlikely to be
estimation scheme of Vrentas and Vrentas were generally insufficient; however, if approximate diffusion coefficients in
poor agreement with the corresponding experimental data ofa narrow range of conditions are desired, acceptable predic-
Griffiths et al. The exception was the MMA diffusing in  tions may be made in some cases, especially if there exist
PMMA, where the agreement of the absolute values of the some corresponding experimental data.
diffusion coefficients for the two data sets was fairly good,
but the agreements for the temperature apdependences
were not. The absolute values of the predicted diffusion Acknowledgements
coefficients for the other systems examined here were
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