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ABSTRACT: The free-volume theory for solvent self-diffusion in polymer-solvent systems is used to describe
the self-diffusion process in glassy polymer-solvent mixtures. General predictions of the theoryand comparisons
of theoretical predictions with experimental data are considered.

Introduction

The solvent self-diffusion process for polymer—solvent
systems can be analyzed by applying the free-volume
theory of transport. Much effort has been expended in
describing the self-diffusion of solvents in rubbery poly-
mer-solvent systems,!-1® and, recently, we have proposed
anew theoretical framework which can be used to provide
good predictions for the solvent self-diffusion coefficient
in rubbery polymer-solvent mixtures over wide tempera-
tures and concentration ranges.!! In addition, a number
of investigations have been concerned with the solvent
self-diffusion process in glassy polymer-solvent sys-
tems.1012-17 The objective of this paper is to utilize the
recently proposed framework as a basis for arevised version
of free-volume theory for the solvent self-diffusion process
in glassy polymers.

The modification of the free-volume theory of transport
is considered in the second section of the paper, and the
theory is used to describe general features of the concen-
tration and temperature dependencies of solvent self-
diffusion in the third section. Various aspects of anti-
plasticization and plasticization in glassy polymers are
also discussed in this section. General predictions of the
theory and a comparison of theoretical predictions with
experimental data are presented in the fourth section of
this paper.

Theory

The solvent self-diffusion coefficient, Dy, for diffusion
in a polymer-solvent mixture can be determined using
the following equations:!!

_ E* wlvl* + w2£V2*]
D, =D,ex [—-——] ex [— (1)
t 0 8XP RT p iFH/’Y
E* = Ep - Eg (2)

In this paper, the solvent is component 1 and the polymer
is component 2. In addition, Dy is an effectively constant
preexponential factor, ¥/;* is the specific hole free volume
of component [ required for a jump, wyis the mass fraction
of component I, and T is temperature. Also, Vgy is the
average hole free volume per gram of mixture, v represents
an average overlap factor for the mixture which is
introduced because the same free volume is available to
more than one jumping unit, and £ is the ratio of the critical
molar volume of the solvent jumping unit to the critical
molar volume of the polymer jumping unit. Furthermore,
the quantities Ep and Eg represent energies per mole that
amolecule needs to overcome attractive forces which hold
ittoitsneighbors. The quantity E,describes energy effects
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for concentrated polymer solutions for which the domains
of polymer molecules overlap (say, w; = 0 to w; = 0.9), and
Eg describes energy effects near the pure solvent limit.
Hence, a single value of E* is used in eq 1 over most of
the concentration range, and E* becomes zero at the pure
solvent limit.

For rubbery polymer-solvent systems, it has been
proposed that Vpy/+ can be calculated using the following
equations:1!

1% K 1%
TR oK+ T- Ty + w{{”” 3)
1 2
Verme = Vol (T fo+ ay(T-T)) T2T, 4
8 g -4
T,
Ve = V2 (Tlfdy - [ Moy -a) dT1  T< T, ()

In these equations, Ty is the glass transition temperature
of component I, K;; and Ky, are free-volume parameters
for the solvent, vy; represents the overlap factor for the
free volume of pure component I, and Vys is the specific
hole free volume of the equilibrium liquid polymer at any
temperature. Also, V;° is the specific volume of the pure
equilibrium liquid polymer, ff'.lz is the fractional hole free
volume of the polymer at its glass transition temperature
Tg, oo is the thermal expansion coefficient for the
equilibrium liquid polymer, and . is the thermal expan-
sion coefficient for the sum of the specific occupied volume
and the specific interstitial free volume for the equilibrium
liquid polymer. Inthe above development, it is assumed
that o is constant above Ty, but possibly temperature
dependent below Ty Also, it is assumed that o is
constant below Ty but drops rapidly to 0 above Ty
(idealized as a step change at T). The quantities fﬁz, g,
va, Vi*, and Vo* can be computed using the equations!!

ff{z = Ky, (6)
V2 (T ) - )
In ¢ g THY
_ V,°0) ;
Qoo = ng (7
V.o (T, )
vy = ®
Kio/v,
Vi* = V,°(0) ®
Vox = V,°(0 (10)

where ¥1°(0) is the specific volume of component [ at 0
K and K;; and Ky, are free-volume parameters for the
polymer. Consequently, for rubbery polymer-solvent
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systems, the variation of Dy with w; and T can be
determined using eqs 1, 3, 6-10, and either eq 4 (for T =
Tyo) or eq 5 (for T < Tyy) if the following parameters are
known: Do, E*, V1°(0), %/2°(0), £ Ku/v1, Ka1 = T, Kialve,
Ky, T, %72°(ng), and ag(T). A parameter evaluation
scheme has been presented elsewhere,!! and it is noted
that all of the above parameters can be determined in
general with as few as two diffusivity data points.

It is of interest to utilize the basic framework proposed
for rubbery polymer-solvent systems at temperatures
below T2 to analyze the solvent self-diffusion process for
glassy polymer-solvent systems. This is done here by
introducing one additional assumption so that no ad-
ditional parameters are introduced into the equations for
D;. The specific hole free volume of the mixture is now
calculated using the equation

Ve K Vens
= wl—#(Km +T-Ty) +oy— d

(1D
2

where meg is the specific hole free volume of the glassy
polymer at any temperature below Ty, the glass transition
temperature of the polymer—solvent mixture at a particular
penetrant mass fraction. It is often useful to relate Tym
to Ty, the glass transition temperature of the pure polymer,
using the following linear approximation for the concen-
tration dependence of Tgm:

Tow = Ter~ Ay (12)

The coefficient A depends on the nature of the diluent
used to depress the glass transition temperature for a
particular polymer. Anexpression for VFHzg canbederived
by appropriate integration of the defining equations for
agg, the thermal expansion coefficient for the glassy
polymer, and oo, the thermal expansion coefficient for
the sum of the specific occupied volume and the specific
interstitial free volume for the glassy polymer:

dln V28°
37 - % (13)
3 In[Vippg + Vool
aT = ag, (14)

Here, V5,° is the specific volume of the glassy polymer,
Vplzg is the specific interstitial free volume of the glassy
polymer, and V5 is the specific occupied volume of the
glassy polymer. Integration of the above equations,
utilization of the expression

VFH?E = 2g° - [VFI2g + VZgO]’ (15)

introduction of eq 5, and elimination of higher order terms
lead to the following expression for meg:

T,
Verg = Vo (T iy~ f 2oy~ o) AT -

Sy - ag) AT T< T, (16)

It is important to note that the utilization of eq 11 and
the derivation of eq 16 are based on the following
assumptions:15:18

(1) The polymer-solvent system exists as a nonequi-
librium liquid structure at a given concentration at
temperatures below Ty, and this structure remains
effectively invariant during any experiments performed
on the polymer-diluent mixture.
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(2) All volumes associated with the diluent and the glassy
polymer areadditive at any concentration for temperatures
below T

(3) It is assumed that the polymer—penetrant mixture
is formed by first mixing the components above Tgn and
then cooling the mixture to the desired temperature below
Tem using a conventional time scale. Furthermore, the
value of agg used to compute volumetric properties below
Tgm is the same as the value measured for the glassy state
as the pure polymer is cooled below T, its glass transition
temperature. Ingeneral, ay is a function of temperature.

(4) The rapid change in the expansion coefficient of the
pure polymer near Ty is idealized as a step change from
agg 10 ag at ng.

It is evident from the above results that D; can be
determined as a function of w; at any temperature less
than Ty by using eqs 1, 6-10, 11, and 16. The develop-
ment, however, requires the introduction of an additional
parameter, the expansion coefficient acog. An estimate of
this parameter can be derived by assuming that the process
of cooling a glassy polymer below Ty, is simply a slower
version of the process of cooling an equilibrium liquid
polymer below Tg. Hence, it seems reasonable to
introduce the following additional assumption:

(5) The expansion coefficient oz is constant below Tgs.
Furthermore, it is assumed that

o _ () an
) Qg /' T=T,

The introduction of assumption 5 thus permits im-
mediate evaluation of agg, Once ag is calculated using eq
7. Consequently, calculation of D, for glassy polymer—
solvent systems is no more difficult than computing D,
for rubbery polymer—solvent systems. However, the
predictions will be valid only for cases where the behavior
of the polymer—solvent system is not overly sensitive to
the exact nature of the sample preparation history.
Various predictions for glassy polymer-solvent systems
based on the proposed theoretical framework are consid-
ered in the next section of the paper.

Predictions of Theory

General features of the concentration and temperature
dependencies of D; can best be examined by considering
special forms of the above equations for Dy, Ifall expansion
coefficients are assumed to be effectively constant, then
eq 5 for rubbery polymer—solvent systems can be written
as

Vimp = VZO(TgZ) [ffe— (et — )Ty =N1  T<Ty

(18)

and eq 16 for glassy polymer—-solvent systems can be
written in the form

VFH2g = VZO(TgZ) [fﬁz - wlA(aZ ~ Oogg + Ueog ™= ag) +
(g~ @) (T~ Tp)] T < Ty (19)

where it is assumed that T, can be adequately represented
by eq 12. Also, for convenience, eq 11 can be rewritten in
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terms of Vpyi, the specific hole free volume of the pure
solvent at the temperature of interest:

1% 1% 1%

VrH _ o FH1 o, FH2g 20)
Y Y1 Yeo

Ve = Ky (K + T - Ty (21)

Substitution of eq 19 into eq 20 and differentiation produce
the following expression for the initial concentration
dependence of Viy:

[a(VFH/ 7)] N Vm _ Vo (Ty)
awl wy = Y1 Te

[f(}}{z + (a2g = Ogp,) X

V,°(Ty)
(T- Tl - —7—OA[a2 = gy F (g — a1yl (22)

The importance of this type of equation in describing
the effect of a penetrant on the transport properties of the
glassy polymer has been noted previously.16:18 Itisevident
that eq 22 illustrates the initial change in Vpy caused by
the addition of a penetrant to a glassy polymer. The first
term represents the hole free volume of the solvent at the
temperature of interest, and the second term is the hole
free volume of the pure glassy polymer. The difference
of these two terms is generally positive since the penetrant
usually possesses more free volume than the glassy polymer
at a particular temperature 7. The third term is negative
and represents a loss of free volume due to structural
changes in the polymer matrix with the addition of
penetrant. This change in the molecular structure of the
polymer as penetrant is added to the system leads to an
eventual elimination of the extra hole free volume as the
system moves toward an equilibrium liquid configuration.
Clearly, since eq 22 contains terms with different signs,
the magnitude and sign of the initial concentration
derivative for the hole free volume depend on the relative
magnitudes of the competing terms. The magnitudes of
these competing terms are primarily governed by the
quantities Veu/v1 and A. Large values of me/yl will
promote a rapid increase in the hole free volume of the
system, whereas large values of A will promote rapid loss
of the extra hole free volume trapped in the glassy polymer
matrix. Equation 22 can be used to examine both the
concentration dependence of D; for glassy polymer-
penetrant systems and the nature of plasticization and
antiplasticization for glassy polymers.

In studying the concentration dependence of D; for
solvent self-diffusion in glassy polymers, it is convenient
to define the dimensionless parameter

31n(D,/D,°
kot = [_‘L/_l.l] 23)

oy w=0

where D;° is the self-diffusion coefficient at zero solvent
concentration. It can be easily shown using eqs 1 and 23
that kp* can be expressed as

[a(VFH/'Y)]
Vz*g dw, 0. =0 M. ]
kp* = —+1-2] @
D Ve OyyL Veu(0)/y M

where Vpg(0) is the value of the specific hole free volume
of the mixture at w; = 0. Inthederivation of this equation,
M;; and Mjs, the molecular weights of the solvent and
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polymer jumping units, respectively, were introduced using
the following definition for &:
=AM (25)
2 *M;,

Above Ty, it follows from eqgs 3, 21, 24, and 25 that kp*
can be expressed as

V1* [%,_1 VFH1/’Y1
sz VFH2/72

where Vpy is given by eq 4. Similarly, below Ty
combination of eqs 19, 20, 22, 24, and 25 produces the
result

k¥ = —1] T>T 26
b VFH2/72 e (20

Vl*[ ( Vewa/v: - Q*)% _

5 i, T<T, (@7

V,°(T,,)
Q = %[/‘?{2 + (azg - acgg)(T - ng)] (28)

L Ve(TA

(o = Aog + Cogg ™ ) (29)
Yo
In the next section, the concentration dependence of D,
will be illustrated in three different ways using the results
of the above development. First, the dependence of kp*
on Vppi/v1 and A can be determined using eqs 27-29 at
a particular temperature T below Ty. This calculation
illustrates how the concentration dependence of D at the
pure polymer limit depends on the characteristics of the
solvent added to the glassy polymer. The critical solvent
propertiesin eqs 27-29 are clearly Vry1/y; and A. Asecond
illustration of the concentration dependence can be carried
out by using eq 1 to compute In[D,/D;°] as a function of
solvent mass fraction at some temperature 7 below Tgs.
In part of the concentration interval, 0 < w; < (T2 - T)/A4,
the polymer-solvent system will be in a glassy state, and
Vrn/v in eq 1 can be calculated using egs 19 and 20. For
wy > (Tge — T)/A, the polymer-solvent system will exist
in the rubbery state, and eqs 3, 18, and 21 can be used to
compute Vry/yineql. Atatemperature T,the polymer-
solvent mixture undergoes a glass transition at w; = (T
- T)/A, and this will lead to a step change in the
concentration dependence of D;. A third aspect of the
concentration dependence of D, is the examination of how
the concentration dependence at the pure polymer limit
(as characterized by kp*) depends on temperature. Tem-
peratures both above and below T can be examined by
using eqs 26 and 27. This investigation of the concentra-
tion dependence of D, for solvent self-diffusion in glassy
polymers extends and modifies the analysis proposed in
a previous study.!®
The effect of the glass transition on the solvent self-
diffusion process can be investigated by computing the
temperature dependence of D; both above and below Tgr
at a given solvent mass fraction. An effective activation
energy Ep for the solvent self-diffusion process can be
defined as follows:

dlnD
ED=RT2( > 1)
Py

aT (30)

It is useful and convenient to use the following ratio r of
activation energies to assess the effect of the glass transition
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on the self-diffusion process for a particular polymer—
penetrant mixture:

= ED(T—sm)

r= (31)
Ep(Ty)
Here, E(Tp,,) is the activation energy in the liquid state
of the mixture at the transition temperature Tyn and
Ep(T,,) isthe activation energy in the glassy state at Tgr,.
It is convenient here to derive an expression for r for the
special case when E* = 0. Utilization of eqs 1, 3, 18-21,
and 30 in eq 31 produces the following expression for r:

Puw, «
—+ ﬁ(% ~ )
_ Y
r (32)
Puw,
w—z T oy ag
K
P= _Ll/l_ (33)
V2° (ng)/ Y

Asnoted elsewhere,1%it is expected that the glass transition
will have the greatest effect on the temperature dependence
of D, at fixed w; at the pure polymer limit. Hence, eq 32
serves to indicate quantitatively the increase in r with
increasing solvent mass fraction.

It is reasonable to expect that various aspects of
transport behavior in polymer-diluent systems are gov-
erned by the amount of specific hole free volume in the
polymeric system. Consequently, plasticization of a
polymer should take place when the addition of a solvent
leads to an increase in the free volume of the system, and
antiplasticization should occur when the addition of a
solvent leads to a loss in free volume. The specific hole
free volume of a glassy polymer-solvent system can be
computed using eqs 19 and 20, and it is clear that the
concentration dependence of Vpu/y will be strongly
dependent on the nature of the solvent, as characterized
by the parameters A and Vryi/v1. A diluent isa plasticizer
for a particular polymer if it produces a positive initial
concentration derivative ineq 22, and it is an antiplasticizer
initially if the concentration derivative is negative.

Equation 22 can be rewritten in a slightly different form
to facilitate explanation of the various possibilities for
plasticization and antiplasticization:

[3(VFH/7)] _ [VFHI VFHZg(w1=O)]
B = " Y1 - Yo B
V2 (TpA
T2

awl @ =0

(0tg = agy + 0, — ) (34)

g

Asnoted above, the term in the brackets in eq 34 is usually
positive, since penetrants generally have more free volume
than glassy polymers, and the other term is negative,
reflecting aloss of free volume for the system. Fordiluents
with relatively high glass transition temperatures, the
difference in the diluent and polymer free volumes can be
rather small since the glass transition temperatures of the
two components will not be that far apart. In this case,
the negative second term in eq 34 can lead to an initial
decrease in specific hole free volume with increasing diluent
concentration and the diluent causes antiplasticization.
On the other hand, for penetrants with very low glass
transition temperatures, the penetrant free volume is
usually much greater than that of the glassy polymer, and
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Table 1. Free-Volume Parameters for Model
Polymer-Solvent System

¥1* (cm®/g) 0.90

V2* (cm¥/g) 0.888
Kll/‘yl (cm3/g K) 1.5 % 10‘3
Ki3/v2 (cm¥/g K) 5 X 104
Ky - Ty (K) -100

Kgs (K) 50

T2 (K) 373

£ 1.014

az (K1) 5X 10+
agg (K1) 1.5 X 104
ae (K1) 2.5 X 10
eag (K1) 0.75 X 104
V22 (Ty2) (em¥/g) 1

£ 0.025

Dy (cm?2/s) arbitrary
E* (kcal/g mol) 0

Y2 1

A (K) 0-500

0.05-0.20 (used when a single
temperature is considered)

Veni/v: (em¥/g)

the positive first term in eq 34 can be greater than the
negative second term. In this case, there is an initial
increase in specific hole free volume with increasing
penetrant concentration, and the penetrant has a plas-
ticizing effect. Consequently, the glass transition tem-
perature of the diluent can serve as a rough measure of
whether it is a plasticizer or an antiplasticizer. Also, it is
clear that solvents with larger values of A have a greater
possibility of acting as antiplasticizing agents.

The possibility of plasticization or antiplasticization
effects for a particular solvent in a glassy polymer at some
temperature T below T2 can be ascertained by using eqs
19 and 20 to compute the concentration dependence of
Vru/ for the glassy polymer—solvent system. The influ-
ence of solvent properties on the concentration dependence
can be examined by appropriate variation of Vgu1/v: and
A. In addition, the dividing line between initial anti-
plasticization (negative concentration derivative) and
initial plasticization (positive concentration derivative)
can be determined by setting the concentration derivative
equal to zero in eq 34. This produces the result

Vem =VFH2g(w1=O) A
'Y1V2°(Tg2) 72V2°(T82) Y2

[a2 - aZg + acZg - ac2]

(35)

which is a linear relationship between Vru1/v; and A. This
expression can be used to construct a plot of plasticization
and antiplasticization regions for solvents with different
Vru1/v1 and A values.

Results and Discussion

Inthissection, general predictions of free-volume theory
for solvent self-diffusion in polymer-solvent systems are
illustrated for a model polymer-solvent system with
properties summarized in Table 1. In addition, a com-
parison is made between the predictions of the theory and
experimental datal® for the self-diffusion of toluene in
polystyrene.

Transport behavior in glassy polymer—penetrant systems
will be strongly dependent on Vry, the specific hole free
volume of the mixture, and on how Vin changes with
concentration and temperature. The concentration and
temperature variations of Vry will depend on the nature
of the penetrant, as characterized by the parameters
Vruy/viand A. Widely different variations of Vyn/y with
concentration are predicted for different combinations of
Vrui/v: and A. This is illustrated in Figure 1 where the
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Figure 1. Dependence of volumetric ratio, (Ver/v)/(Veu(0)/v),
on solvent mass fraction for the model polymer-solvent system
at 25 °C and A = 500 K. Curves A, B, and C represent values

of Vem/v1 = 0.05, 0.09, and 0.20 cm3/g, respectively.
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Figure 2. Regions of plasticization and antiplasticization for
various solvents in the model polymer-solvent system at 25 °C.
Solvents are characterized by A and the volumetric ratio (Vrui/

1)/ Vo (Tgo).

ratio of Ven/v to Ven/vy at wi = 0 is plotted versus solvent
mass fraction for the model polymer—solvent system at 25
°C with A = 500 K and with three different values for
Vrai/v1. For the solvent with the highest free volume,
there is an increase of the mixture free volume, and, for
the solvent with the lowest free volume, there is a decrease.
For an intermediate solvent free volume, there is an initial
decrease and then an increase in the mixture free volume.
Asnoted above, the dependence of Vgn/y on concentration
and temperature will affect the solvent self-diffusion
coefficient and also any plasticization—antiplasticization
behavior of the solvent. For example, the dependence of
Ven/y on Vrai/v1 and A can be illustrated by using eq 35
to construct a plot of plasticization and antiplasticization
regions for solvents with different values of Vry1/v; and
A. A plot of this type is presented in Figure 2 for the
model polymer-solvent system at a temperature of 25 °C
with different values of Vpui/v, and A for the model
solvent. This figure can be used to identify whether a
particular solvent is a plasticizer or an antiplasticizer
initially. Furthermore, the dependence of kp* for the
model polymer-solvent system at 25 °C on A for three
values of (gm/ v1 is illustrated in Figure 3. The calcula-
tions for this figure are based on eqs 27-29. Large positive
values of kp* are obtained for low values of A and high
values of Vpyy/v1, whereas negative values of kp* are
observed when A is large and Viyy/v1 is sufficiently small.
In the latter case, the collapse of free volume is not
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Figure 3. Dependence of kp* on A and Vyy/v; for the model
polymer-solvent system at 25 °C. Curves A, B, and C represent
values of Veui/v: = 0.05, 0.1, and 0.20 cm?/g, respectively.
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Figure4. Concentration dependence of In[D,/D;°] for the model
polymer-solvent system at 25 °C with A = 500 K. Curves A and
B represent values of Vruy/y; = 0.05 and 0.09 cm?/g, respectively.
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Figure5. Concentration dependence of In{Dy/D;°] for the model
polymer—solvent system at 25 °C with A = 500 K. Curves C and
D represent values of Vy1/v; =0.12 and 0.20 cm?¥/g, respectively.

compensated for by the free volume added by the solvent.
In addition, the dependence of In[D;/D;°] on solvent mass
fraction is illustrated in Figures 4 and 5 for the model
polymer—solvent system at 25 °C with A = 500 K and four
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Figure 6. Temperature dependence of kp* for the model
polymer-solvent system. For temperatures below Ty, the solid
line is for A = 0 K and the dashed line is for A = 500 K.

different values of Vry1/v1. Thesystem s in a glassy state
for 0 £ w; < 0.15 and in a rubbery state for w; > 0.15.
Calculations were based on egs 1, 19, and 20 for the glassy
system and on eqs 1, 3, 18, and 21 for the rubbery mixture.
A wide variety of behavior can be observed depending on
the value of Vru1/v1. For the two highest values of Vpyy/
w1, D1/D,° increases with increasing w; in the glassy region.
For the lowest value of Veni/v1 (0.05), there is a decrease
in D1/D:° in the glassy region, whereas for Vrui/v1 = 0.09,
there is an initial decrease and then an increase of D,/D,°
in the glassy region. In all cases, there is an increase in
D,/D,° for w; > 0.15 since the system is in a rubbery state,
and there is no collapse of frozen-in hole free volume. It
is evident from Figures 4 and 5 that there is a step change
in the concentration dependence of D; at w; = 0.15. This
step change simply reflects the fact that, at 25 °C, the
system undergoes a glass to rubbery transition at w; =
0.15. The sharp change in concentration dependence is
similar to step changes in temperature dependence com-
monly observed at the usual glass transition temperature.
Such step changes are generally consequences of math-
ematical idealizations used to describe rapid property
changes.

One way to illustrate temperature effects in the self-
diffusion process is to evaluate the temperature depen-
dence of kp* both above and below Ty, using egs 26 and
27. This was done for the model polymer-solvent system
with A = 0 and 500 K, with the temperature dependence
of Vrr1/v1 being calculated using eq 21. The temperature
dependence of kp* is presented in Figure 6. At tempera-
tures above Ty, kp* increases significantly as T'is decreased
toward Tge. The theory predicts that there will be a more
pronounced concentration dependence as the temperature
is decreased toward Ty, and this is the usual behavior for
polymer—solvent systems. Below Ty, the temperature
dependence of kp* is greatly influenced by the value of A.
When A = 0 K (no collapse of free volume), kp* continues
to increase as the temperature is decreased, but the rate
of increase is significantly less below T, than it is above
Tg2. When A =500 K (significant collapse of free volume),
there is a sharp drop in kp* near Ty and then a gradual
increase as T is further decreased. For this case, the
concentration dependence of D; is more pronounced in
the rubbery polymer above Ty than it is for the glassy
polymer. The effect of the glass transition on the solvent
self-diffusion process for the model polymer-solvent
system can be examined using eqs 32 and 33 to determine
r, the ratio of activation energies at T = Tgy,, as a function
of concentration. The concentration dependence of r is
presented in Figure 7, and it is evident that the ratio r
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Figure 7. Dependence of r, ratio of activation energies at T,
on solvent mass fraction for the model polymer-solvent system.
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Figure 8. Comparison of theory and experiment for self-diffusion
in the toluene—polystyrene system at w; = 0.811. Ty = 0.3 °C.
In Figures 8-10, the solid lines are the theoretical predictions,
the solid circles are the experimental data, and the dashed lines
are smoothed representations of the data.

3.3 3.4 3.5 3.6 3.7 38 3.9 4.0
/T x 10° (°k™

Figure9. Comparison of theory and experiment for self-diffusion
in the toluene—polystyrene system at w, = 0.83. T = 7.9 °C.

more than doubles as the concentration is increased from
w; = 0tow; = 0.15. Hence, as noted in a previous study,!®
free-volume theory predicts that the effect of the glass
transition on the diffusion process is reduced considerably
as the solvent concentration increases. Indeed, it would
probably be difficult to detect any effect at the transition
temperature using solutions with mass fractions near w;
= 0.15.

A direct comparison of the predictions of the theory
with experiment can be carried out using recently reported
self-diffusion data for the polystyrene-toluene system.1©
The temperature dependence of D; both above and below
Tem was studied for polystyrene-toluene mixtures at three
concentrations. The data—theory comparisons are pre-
sented in Figures 8-10. The theoretical predictions were
carried out using the free-volume parameters listed in
Table 2, and predictions both above and below Ty, are
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Figure 10. Comparison of theory and experiment for self-
diffusion in the toluene~polystyrene system at wy = 0.84. Ty =
12 °C.

Table 2. Free-Volume Parameters for Toluene-Polystyrene

System
V1* (cm¥/g) 0.917
Vo* (cm¥/g) 0.850
Ki1/v1 (em®¥/g K) 1.57 X 10-3
K1a/7v2 (cm¥/g K) 5.39 X 104
Ko - T (K) -90.5
Kz (K) 50
Tg (K) 373
£ 0.575
ag(TZng) (K- 5.3 X 10
a?g(TgZ) (K-H 1.6 X 10
ogg (K1) 2.88 X 104
cteng (K1) 0.87 X 104
V2% (Tg) (cm¥/g) 0.972
s 0.0265
Dy (cm?/s) 4.17 X 104
E* (kcal/g mol) 0
Yo 0.956

included in Figures 8-10. All of the parameters in Table
2 except o and a9y were discussed previously.!! A value
of agy = 1.6 X 10~* K-! was used at Ty, and oy was
calculated using eq 17. A temperature dependence for a»
below T'gs was estimated using the extrapolated volumetric
curve presented by Rehage and Borchard.!® Similarly, a
temperature dependence for oy, was estimated using data
tabulated by Boyer.20

For all three concentrations studied, it is evident from
Figures 8-10 that there is reasonably good agreement
between theory and experiment for temperatures above
Tgm. For temperatures below Ty, there is fair agreement
with a maximum error of about 30% and an average
absolute error of about 10%. However, the theory does
not do a good job of describing the experimental tem-
perature dependence of Dy below Tyr. 1t must be however
noted that the experimental D, values for toluene are
actually derived!® from dye diffusion data using a cor-
relation based on diffusion data collected above Ty, In
addition, the calculation of D; for toluene from the
correlation is very sensitive to small changes in the slope
of the correlation. For example, less than a 2% change
in the slope leads to a 25% change in D; for toluene. In
light of this uncertainty, the agreement between theory
and experiment is reasonable, and it can be concluded
that the proposed theory is a viable candidate for describing
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the solvent self-diffusion process below T, However,
much more data are needed to test all of the various
theoretical predictions described above. As noted above,
the theory predicts that it is typically difficult to detect
the effect of the transition temperature on the diffusion
process when w; is near 0.15. Indeed, the theoretical
predictions in Figures 8-10 indicate only a slight change
in the temperature dependence at the transition tem-
perature. The experimental data indicate a more pro-
nounced effect of the glass transition, but, as noted above,
the calculation of D; for toluene is sensitive to the form
of the correlation used to derive D; from dye diffusion
data.

Finally, it is important to emphasize that the behavior
of glassy polymers can depend on the sample preparation
history. Consequently, the present predictions are valid
for sample preparation histories similar to the one used
here or for cases where the exact nature of the sample
preparation history is of secondary importance. In ad-
dition, it is assumed that once a polymer structure is formed
at a given temperature and concentration, this structure
is effectively invariant during any experiments carried
out on the polymer—penetrant mixture until the concen-
tration or temperature levels are changed. Consequently,
aging effects are assumed to be negligible during the time
scale of an experiment.
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