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Abstract—Theories based on free-volume concepts have been developed to characterize the self and mutual dif-
fusion coefficients of low molecular weight penetrants in rubbery and glassy polymer-solvent systems. These the-
ories are applicable over a wide range of temperatures and concentrations. In this paper, two alternative free-
volume based approaches used to evaluate the solvent self-diffusion in glassy polymer-solvent systems are com-
pared in terms of their differences and applicability
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INTRODUCTION based on the amount of free space or free-volume between the
molecules and was first used to describe the diffusion in liquids
The diffusion of small molecules in polymers is of consider- [Cohen and Turnbull, 1959]. Cohen and Turnbull envision trans-
able practical importance and has been studied extensively. Diffational motion in a liquid consisting of spherical molecules to
fusion theories based on the free-volume concept have been usedcur when a large enough hole to accommodate that molecule
extensively to correlate and predict solvent self-diffusion in rub- is formed adjacent to the molecule through random thermal fluc-
bery polymer-solvent systems [Vrentas and Duda, 1977a, b; Zietuations. According to this point of view, a molecule does not
linski and Duda, 1992; rentas and Vrentas, 1994a, 1998]. Thesaeed to attain a specific energy to overcome an activation energy
methods provide accurate pre- dictions over a wide range of tembarrier, but can undergo translational motion by simply jumping
peratures and concentrations above the glass transition tempeanto a free-volume hole arising from the continuous redistribu-
ature of the pure polymer. As polymer solutions are cooled, theion of free-volume within the material. By considering the pro-
rate of cooling exceeds the rate of relaxation of the polymer sambability of a molecule finding a hole large enough to accommo-
ple, and a non-equilibrium state referred to as the glassy state relate it, Cohen and Turnbull developed the following relation-
sults. This causes extra hole free-volume to be trapped in thship:
polymer. Based on this concept, the free-volume theory has been
extended to describe the diffusion of a trace amount of a sol-

ventin a polymer [Vrentas and Duda, 1978; Duda et al., 1994]. ' n this expression, Dis the self-diffusion coefficient of the
The addition of a solvent to a polymer depresses the glass trafmnolecule,V* is the minimum volume hole size into which a mo-
sition temperature of the mixture compared to the glass transitiofecyle can jump, and is a numerical factor introduced to ac-
temperature of the pure polymer. The free-volume theory has alsgount for the free-volume being shared by the neighboring mo-
been extended to describe self-diffusion below the glass transitiofecyles. Vis the average free-volume per spherical molecule in
temperature of the mixture at finite concentrations of the solventne liquid and 4 is proportionality constant which Cohen and
[Vrentas and Vrentas, 1992, 1994b]. It has been pointed out thatyrnbull consider to be related to the gas kinetic velocities.
some problems exist below the glass transition temperature of the The free-volume concepts developed by Cohen and Turnbull
pure polymer in the original extension of the free-volume theory+tg describe the self-diffusion in a liquid have been extended to de-
[Vrentas and Vrentas, 1993; Lodge et al., 1990], and methodgcribe mutual binary diffusion coefficient consisting of a polymer-
have been proposed to counter these difficulties [Vrentas angt species and a relatively low molecular weight solvent [Vrentas
Vrentas, 1994a, b]. In this paper, two free-volume based apand Duda, 1977a, b]. For the case of self-diffusion coefficient D

proaches used to correlate and predict solvent self-diffusion belowf a solvent (component 1) and a polymer (component 2), the
the glass are compared and their applicability and differences argee-volume formalism may be written as:
discussed.

D.=A, EXFX_V\A/‘/Vf) 1)

D, =Dy, exp(~E/RT) exd ~(w,V; +w,EV5V (Ven/y)] @)
FREE-VOLUME THEORY N K K
fzwlvu(Km_Tgl*—T) +Q)2712(K22_T92+T) (3
1 2
According to the free-volume theory, molecular diffusion is R
Herew, are the weight fractions of specie¥|, is the specif-
To whom correspondence should be addressed. ic hole free-volume required for a diffusional step of component
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Diffusion in Polymers below the Glass Transition Temperature 311

assumed to be a constant pre-exponential factor and is indepengdarameter in this formulation As which is related to the change
ent of the temperature of the system. The parametisrthe in the expansion coefficient of the polymer above the glass tran-
ratio of the molar volume of the jumping unit of the solvent to the sition temperaturey,, and the expansion coefficient of the glassy
molar volume of the jumping unit of the polymer. In this for- polymer,a,, [Vrentas and Duda, 1978].

mulation, it is often assumed that for the diffusion of small mo- o
lecules, it is the complete solvent molecule that is the solvent )\=1—V2(T 0z~
jumping unit, while the polymer is made up of several small units 1

that jump independently [Vrentas and Duda, 1979]. E, is the en- This formulation has been extended to describe diffusion at
ergy per mole that a molecule requires to overcome attractivdinite concentrations of solvent and temperatures between the
forces which hold it to its neighbors, T is the temperature of theglass transition temperature of the mixture and the glass transi-
system, and is the gas constant. Techniques have been develtion temperature of the pure polymer [Vrentas and Vrentas, 1992)].
oped so that all the parameters,N§ KifY,, Kyu—T, and K- The polymer is assumed to possess an equilibrium structure be-
T, can be estimated from properties of the two pure componentsveen T,, the glass of the pure polymer angl, The glass of the
comprising the mixture [Zielinski and Duda, 1992; Vrentas et mixture. Under these conditions, the thermal expansion coeffici-
al., 1996; Vrentas and Vrentas, 1998]. The free-volume parameent characterizing the reduction in free-volume with temperature
ters are defined in terms of the thermal expansion coefficients ofs assumed to be the same as that above the glass transition tem-
the two components [Vrentas and Duda, 1977a, b]. This formuperature of the pure polymer. The expression for the free-volume
lation is extremely useful to predict and correlate the self-diffu- of a polymer-solvent mixture, therefore is the same as that for a

(6)

sion coefficient above the glass transition temperature. rubbery polymer-solvent mixture. However, at finite concentra-
tions of the solvent for temperatures below the glass transition
DIFFUSION BELOW T -THE A APPROACH temperature of the mixture the expansion coefficient describing

the reduction in polymer free-volume with temperature undergoes

As polymer solutions are cooled, the motion of individual pol- a change. Therefore, the free-volume of the polymer decreases at
ymer chains becomes so constrained that the cooling rate bex different rate compared to that above the glass transition tem-
comes faster than the rate at which the polymer sample caperature of the mixture. It is possible to describe the self-diffu-
relax. The resulting non-equilibrium condition is referred to as thesion coefficient if appropriate expressions are available to estimate
glassy state. At temperatures above the glass transition tempethe free-volume of the glassy polymer-solvent mixture. It must be
ature, the polymer chains are capable of achieving equilibriumnoted that the free-volume of a glassy polymer-solvent mixture
configurations, while they are incapable of attaining equilibrium will depend on the sample preparation method, because the pro-
configurations below the glass transition temperature in convenperties of a glassy polymer-solvent mixture are history dependent.
tional time scales [Duda et al., 1994]. Consequently, from theFor a simple sample preparation history, expressions have been
free-volume point of view, extra hole free-volume becomes trap-derived for the free-volume of a glassy poymer-solvent mixture
ped in the polymer as it is cooled through the glass transitiofVrentas and Vrentas, 1992].
temperature. In addition, although the rate of molecular motion . . .
prevents volume relaxation from reaching an equilibrium state V=@V e +WVee T 0,Va(Ty)
in glassy polymers, molecular motion is not eliminated in the [1-AW,a][T-TetAw][0,—0,] )
glassy state. Using these ideas, the free-volume framework was Vo =K (K= T o1 +T) ®)
first extended to predict the self-diffusion coefficient for poly- FrL TR Ta
mer-solvent systems below the glass transition temperature of V,,=K,(K,,~T,+T) 9)
both the pure polymer and the mixture [Vrentas and Duda, 1978]. . . .
In the limit of trace amount of a solvent diffusing in the polymer, In, the development of the above.equatlons, a I|ne§r approxi-
the glass transition temperature of the mixture can be assumed thaation has been assur'n.ed to describe the concgntranon depend-
same as the glass transition temperature of the pure polyme?.nce of the glass transition temperature of the mixture.
This idea leads to an extension of the free-volume formulation to
describe diffusion of a trace amount of solvent below the glass
transition temperature of the pure polymer. In this limibof> A is a factor that is a measure of the depression in glass transi-
0 the solvent self-diffusion coefficient, [ equal to the mutual  tion temperature as a function of solvent weight fraction.
binary diffusion coefficient D, and the free-volume formulation

Tym=Te AW, (10)

for the solvent self-diffusion can be expressed as: DIFFUSION BELOW THE GLASS - THE «
N APPROACH
D=D,=D,, ex AVEVZE @)
Vg One of the problems arising from theapproach is that the
v K polymer volume in an equilibrium polymer-solvent mixture be-
%ET:Z(KZJ?\[T‘TQZ]) (6) comes zero at T=FK,,. This is a consequence of the assump-

tion that the thermal expansion coefficient of the polymer at
Eq. (4) assumes that the activation energy term equals 0. Theemperatures betweer, &nd T, is the same as that above the
parameters K and K, are the same as defined before. The key glass transition temperature of the pure polymer. To counter this
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problem, a second approach has been developed [Vrentas arspecific hole free-volume of the glassy polymer can be derived
Vrentas, 1994a, b]. In this approach, three distinct regions ardy integrating the defining equations oy, the thermal expan-
envisaged to exist. Region 1 and region 2 are rubbery polymersion coefficient of the glassy polymer ang, the thermal expan-
solvent mixtures. Region 1 exists above the glass transition temsion coefficient for the sum of the specific occupied volume and
perature of the pure polymer, while region 2 exists between thespecific interstitial free-volume of the polymet,anda,,, are
glass transition temperature of the pure polymer and the glass afefined below.

the mixture. Region 3 is a glassy polymer solvent mixture, and

: - : d In(V?
exists below T, the glass transition temperature of the mixture. %= 2 (19)
For rubbery polymer-solvent systems, expressions for the hole
free-volume above and below the glass transition temperature 0 In(Ve 2V 50) _
A — % =g, (20)
of the pure polymer are given as follows [Vrentas and Vrentas, oT 9
1994a]: ~ ~ - ~
] VFHZQ:VZQ_[VFI29+V290] (21)
\ﬂ=w1K—“(K21—Tgl+T)+w2VL“2 (11) In the above equation‘x?!,ﬁg is the specific volume of the glassy
¥ Y Y. polymer,V.,,, is the specific interstitial volume of the glassy poly-
V2=V T[S~ J-ng (0,-0,)dT] (T<T,) 12) mer, andV,,, is the specific occupied volume of the glassy poly-
.

i -~ mer. It is assumed that an expression of the formo@3p(1+
In these equations,Tis the glass transition temperature of qT) is an accurate representation in the temperature range of in-
component i, i and K, are the free-volume parameters of the ierest. Using the above definitions and assumptions, the expres-

solvent,y represents the overlap factor for the free-volume of sion, for the free-volume of the polymer below the glass transition
component i an/.,, is the specific hole free-volume of the €0-temperature of the mixture is written as,

uilibrium liquid polymer at any temperatuf@ﬁ ATis the spe- R R o .

cific volume of the pure equilibrium liquid polymer ag, T, is Venzg=V AT [fre [ (0 0)dT =7 (0lpg— Ulep) dT] T<T

the fractional hole free-volume of the polymer at its glass tran- 22)

sition temperaturd ,, q, is the thermal expansion coefficient ) ]

of the equilibrium liquid polymer arml, is the thermal expansion 10 estimately, the assumption thflly/0 ) =(0ay/A)+-r,,
coefficient for the sum of the specific occupied volume and thelS invoked.

specific interstitial volume of the equilibrium liquid polymer. Itis ~ This equation reduces to a simple form if it is assumed that a
assumed that, is a constant above,Tbut possibly tempera- trace amount of ;olvent'do.e's not alter the glass transition tem-
ture dependent below,Tlt is also assumed thay, is a constant ~ Perature of the mixture significantly when compared to the glass
below T,,, but drops rapidly to zero abovg,Tand this drop is ~ transition temperature of the pure polymer.

idealized as a step change gt The quantities, a.,, Y, can be Vrerza =V AT ) [ (0= 0lea) (T2~ T)] (23)
computed as follows [Vrentas and Vrentas, 1994a, b]:

R RESULTS AND DISCUSSION
£8,=0,K 5, (13)

Using the equations given in the preceding sections, the dif-
ferences between tiieapproach and the approach are com-

In[vg(mxl—fﬁz)}

70
O,= \_I/_Z(O) (14) pared using the Polystyrene-toluene system as an example. The
® values of the parameters used in generating this figure are shown
_VAT)a, 15 in Table 1. Fig. 1 shows that the free-volume of the pure polymer
2KV (15) at various temperatures above and below the glass transition tem-
A erature of the pure polymer. Above the glass transition tempera-
=030 w P es of ; P

ture, identical values of free-volume are obtained using both ap-
V5=V3(0) 7) proaches. A break is observed at the glass transition temperature
N because of a change in the expansion coefficient at this point. It
~ Inthese equation/;(0) s the specific volume of componentis ghserved that the free-volume calculated using teproach
i at 0K and K, and K, are the free-volume parameters for the ig greater than that calculated using dhepproach below the
polymer. This idea has also been extended for glassy polymer sofjass transition temperature. This is a consequence of the assump-
vent systems, and the specific hole free-volume of the systemon, that a change in the expansion coefficient for the sum of the
can be calculated using the expression given below [Vrentas angecypied and intersitial free-volume occurs at the glass transition

Vrentas, 1994b: temperature. This change is idealized as a step change at the glass
¥ K v transition temperature.
f=w17i1(Kergl+T)+wz ;:2 (18) Figs. 2 and 3 compare the free-volume of a PS-Toluene mix-

ture as an example, at different weight fractions of the solvent,

In the above expressio\af,FHzg is the specific hole free-volume5 and 15 wt% respectively. The values of the parameters used
of the glassy polymer at any temperature belgw the glass  in the above mentioned figures are listed in Table 1. Since the
transition temperature of the mixture. An expression for theaddition of a solvent to a polymer depresses the glass transition
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Fig. 1. Free-volume of the pure polymer above and belowgl
Bold solid line represents free-volume in an equilibrium
structure. Thin solid line shows free-volume using ap-
proach and the dotted line shows free-volume using the

a approach.
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Fig. 2. Free-volume of a 5wt% Polystyrene-toluene mixture.
Bold solid line represents free-volume in an equilibrium
structure. Thin solid line shows free-volume using ap-
proach and the dotted line shows free-volume using the

a approach.
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Fig. 3. Free-volume of a 15wt% Polystyrene-toluene mixture.
Bold solid line represents free-volume in an equilibrium
structure. Thin solid line shows free-volume using\ ap-
proach and the dotted line shows free-volume using the
a approach.

temperature of the mixture, the three regions discussed in the
preceding section are observed on the graph for the calculated
free volume using the approach. Region 1 as stated before
lies above the glass transition temperature of the pure polymer.
Region 2 exists between the glass transition temperature of the
pure polymer and the glass transition temperature of the mix-
ture while region 3 is located below the glass transition temper-
ature of the mixture. In this example, the depression in the glass
transition temperature is accounted for using the approximate lin-
ear relationship given in Eq. (10) with A=500. This value results
from plotting the approximate theory of Chow in the concen-
tration range of 0-16 wt% solvent [Chow, 1980]. A break in the

Table 1. Free-volume parameters used to generate Figs. 1-3

KoY (cflg K) 0.00157
K.oY, (cmf/g K) 0.000539
Ko Ty (K) -90.5

Ky, (K) 50

fS, 0.0265
V(T,) (cnig) 0.972

a, (K™ 0.00053
a, (K 0.000288
0y (K2 0.00016
Oy (K2 0.000087
A (K) 500

A 0.3

T, (K) 373
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free-volume is observed at the glass transition temperature of th
mixture. This occurs because there is a change in the thermal e
pansion coefficient of the equilibrium liquid polymer and the sum
of the occupied and interstitial free-volumes at this point. The
break in free-volume becomes more difficult to detect at high sol-
vent concentrations, since the contribution of the polymer free-
volume is small compared to the solvent. At =K, using the

A approach, the free-volume of the polymer becomes zero an
at temperatures below this value assumes negative values, as (
monstrated by the thick solid line in Fig. 1. Since negative values
of free-volumes are not consistent with the free-volume theory,
the free-volume is set to zero. This leads to an artificial break in
the graph of free volume as a function of temperature using the
A approach. It is also observed that the free-volume calculatet
using the\ approach increases after the free-volume of the poly-
mer is set to zero. This is an artificial effect and caution must
be exercised when utilizing this expression. It must be noted tha
in this illustrative case, constant valuesigfanda,, are used.
However, if the thermal expansion coefficients are available as
a function of temperature, they must be used since this could lea
to a significantly higher free-volumes being calculated at low
temperatures [Vrentas and Vrentas, 1994a]. If data are availabl_

describing depression in the glass transition temperature with ad~ig. 4.

dition of solvent, they must be used. In the absence of any data,
an approximate theory developed by Chow may be used [Chow,
1980].

Diffusion of a tracer, TTI (tetra-hydrothiophene indigo) has
been studied in PS (polystyrene) [Ehlich and Silescu, 1990]. Table
2 lists the values of the parameters used in this correlation. Fig.
4 compares the diffusion coefficient of this tracer, TTI in PS cal-
culated using ther approach and th& approach. From this

Diffusivity (cm?/s)
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1.E-23
325

375 400
Temperature(K)

Comparison of correlation for TTI (tetra hydrothiophe-
ne indigo) in polystyrene using thex and A approaches.
Bold solid line represents free-volume in an equilibrium
structure. Thin solid line shows free-volume using\ ap-
proach and the dotted line shows free-volume using the
a approach. Data from Ehlich and Sillescu [Ehlich and
Sillescu, 1990].

3.50 425 450

low the glass transition temperature. The predicted value of dif-

figure, we observe that the diffusion coefficient calculated usingfusivity using the\ approach is smaller than that usingdhap-

the two approaches is the same above the glass transition temfoach, especially at low temperatures. This is a consequence of
perature of pure polystyrene. This is consistent with the resultghe higher free-volume predicted by thepproach when com-

of Fig. 1, where no difference in the free-volume above the glaspared to the\ approach. For diffusion of TTI in PS, theap-
transition temperature of the pure polymer is observed. Howevemproach does a better job of correlating the data of Ehlich and
a difference is observed in the estimated diffusion coefficient be-Sillescu. However, at the lowest temperature, deviations are seen

Table 2. Free-volume parameters used in the correlation pre-
sented in Fig. 4

D,: (cnt/s) 0.0017 ¢), 0.00156 X)*
V(T,) (cng) 0.972

fe, 0.028

a, (K% 0.00056
Oy (K™) 0.00019
Oy (K™) 0.000097
K., (K) 50

A (K) 500

A 0.34

T, (K) 369

Yz 1.0

3 09

K.Y, (cmP/g K) 0.000544
E (kcal/mole) 0

*The a andA approaches result in different values fgr. D

May, 2000

between the correlation and the datum point for both approaches.
It must be noted that the valuesopfa,, and T, were used from

the data provided by Ehlich and Sillescu, while the values, of D
and¢ were regressed from the data above the glass transition
temperature of the pure polymer. In the analysis, the glass tran-
sition temperature was taken as 369 K, the temperature on the
D vs. T curve where a break in diffusivity is observed. The two
parameters Pand¢ were correlated independently for the two
approaches, however, their values were identical.

The diffusion of styrene diffusing in polystyrene has been
measured by Murphy and co-workers at different residual levels
of styrene and at different temperatures below the glass transition
temperature [Murphy et al., 1992]. These experimental results
have been compared with the predictions of the two approaches
of the free-volume theory. These data were obtained over a small
range of concentrations and a relatively large range of tempera-
tures. In this analysis, the thermodynamic term relating the change
in activity with change in solvent concentration has been ne-
glected, since in the limit of pure polymer, the thermodynamic
term approaches 1. Hence, the predicted values of the self-dif-
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Table 3. Free-volume parameters used in the prediction for the
Styrene-Polystyrene system, Figs. 5 and 6
1.E-09
Dy, (cn/s) 0.000461 ®70F  O120F
\72(ng) (cn/g) 0.972 O150F  A180F
o, 0.0265 A
a, (K™ 0.00053 1E-11 1
ay (K™) 0.00016
Oy (K 0.000087 o F o
K, (K) 50 0 o o o
A 0.30 g 1E13 4 150 F
Te (K) 373 g | —m——r—m—TTTT
= .
A 0.956 4
E O 9 E 120 F
' 1TE5L —————— = — 7
KulY, (cntlg K) 0.000539 i
E (kcal/mole) 0
1.E-09 - 1.E-17 *
3 TOF e
1.E-10 | enor ©120F N7 B - . . . —
i 0 00002 00004 0.0006 0.0008 0.001 0.0012
0 150F A180F A Wt. Fraction of Solvent
— Fig. 6. Prediction of Styrene diffusion in Polystyrenek approach.
1EA1 | Data from Murphy and co-workers [Murphy et al., 1992].
E 180 F
5 that the self-diffusion coefficient of styrene is a weak function of
1812 ¢ iop 0 the concentration of styrene in the concentration range studied by
E T Muphy and co-workers.
a 120F _ At low concentration levels, the agreement between predicted
— B o = — —— -

values using tha approach and experimentally measured values
are good at all temperatures except EB@\t low temperatures
0F the difference between the predicted value of diffusivity using
----------------- the two approaches becomes clearly evident, and values pre-
1E-14 | IS dicted using thé approach are smaller than the experimentally
i measured values at all temperatures. This clearly illustrates the
effect of the smaller free-volume predicted byAhapproach.
The diffusion coefficient of a small molecule at high poly-
R 000 Py oot o012 mer concentrations is controlled by the hole free-volume of the
Wt. Faction of Styrene system. An increase in temperature as well as an increase in the
Fig. 5. Prediction of Styrene diffusion in Polystyrens approach. conpentrationl of the low molecular weight penetrant can cause
Data from Murphy and co-workers [Murphy et al., 1992]. an increase in the free-volume of the system and hence an
increase in the diffusion coefficient.

1.E413 |

fusion coefficient are equivalent to the mutual binary diffusion CONCLUSIONS

coefficient. Since free-volume parameters were not available for

Styrene, free-volume parameters for ethylbenzene, a molecule of Two approaches to correlate and predict self-diffusion coeffi-
similar size and structure were used instead. It must be noted thatents below the glass transition temperature of the pure poly-
as a first approximation the activation energy for diffusion as de-mer and mixture are thee approach and theapproach. These
fined in Eq. (2) was assumed to be zero. The parameters useapproaches have been compared in terms of the values that they
to predict the self diffusion-coefficient of styrene in polystyrene yield for free-volume of the polymer, and free-volume of the mix-
were obtained from several sources [Zielinski and Duda, 1992ture. It has been pointed out that the free-volume calculated using
Vrentas and Vrentas, 1994a, b; Vrentas et al., 1996], and arthe A approach decreases quickly, and this leads to the non-phy-
listed in Table 3. The free-volume predictions for the diffusion sical result of a zero or even negative free-volume of the poly-
of styrene in polystyrene using theapproach and the ap- mer in equilibrium mixtures. The approach however, obviates
proach are shown in Fig.5 and Fig. 6 respectively. It is clearthis difficulty to some extent. It must however, be noted that

Korean J. Chem. Eng.(Vol. 17, No. 3)
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both these approaches provide approximations to the actual bér,,
havior and the\ approach is applicable for diffusion of trace V. /ly
amounts of a penetrant, in the vicinity gf. Tf methods become \72(ng) :
available to accurately determine the occupied and interstitial vol-V;,
ume at all temperatures, and especially at temperatures below the
glass transition temperature, the basic equations given in the pre/;
ceding sections can be used to obtain more precise predictions.
Diffusion of the tracer, TTI in PS has been used to illustrate \A/FHzg
the differences in results that can be obtained using the twd/"
approaches. A higher diffusion coefficient has been predictedv,
below the glass transition temperature usingcahapproach, Ve
while a smaller value was predicted usingktepproach atthe V.,
lowest temperature. This result is consistent with the free-volumeV FHzg
behavior calculated using the two approaches. This result also/ %
indicates that the actual behavior of free-volume may be someV Fi2g
thing between the values predicted by the two approaches. \A/zgo
The predictions have been compared to the experimental res,
sults of Murphy and co-workers and the results indicate that the
predictions are consistent with experimental results. These datet,,
clearly elucidate the differences in the predictions between the
two approaches, which become apparent at low temperatures. d.,
The a approach has been used successfully to predict the dif-
fusion coefficient of styrene in general purpose polystyrene at lowd,,
concentrations of styrene and temperatures below the glass tran-
sition temperature of the pure polymer. However, one of the pracy
tical problems with ther approach is that all the parameters are A
usually not available to effectively utilize this approach. Much of w,
the data available below the glass is at an infinite dilution of thew,
penetrant. Therefore, in many cases,ttepproach is used to ¢
correlate diffusion coefficients with as an adjustable parameter.
Since the glassy state is a non-equilibrium state, the thermal ex-
pansion coefficients of the polymer are history dependent and are
likely be different for the same polymer depending on the his-

N. Ramesh and J. L. Duda

: glass transition temperature of the mixture [K]
: hole free-volume of the system [¥j

specific volume of the polymer af, Tem’/g]

: specific hole free-volume for component 1 to jump

(=V1(0)) [en/g]

: specific hole free-volume for component 2 to jump

(=V3(0)) [en/g]

: free-volume of a glassy polymer [&fg]

: minimum size of hole required for molecular jump

: average free-volume per molecule

: specific hole free-volume of component 1

: specific hole free-volume of component 2

: specific hole free-volume of glassy polymer

: specific volume of glassy polymer

: specific interstitial volume of glassy polymer

: specific occupied volume of glassy polymer

: thermal expansion coefficient of the polymer above

T, [K™]

: thermal expansion coefficient of the polymer below

T, [KT]

: thermal expansion coefficient of the occupied and in-

terstitial free-volume below J[K ]

:thermal expansion coefficient of the occupied and

interstitial free-volume below J[K ]

: parameter describing sharing of free-volume

: parameter describing relaxation above and belpw T
: weight fraction of component 1

: weight fraction of component 2

: ratio of molar volume of jumping unit of the solvent

to that of the polymer

REFERENCES

tory of the sample. At high solvent concentrations and low tem-Chow, T. S., “Molecular Interpretation of the Glass Transition Tem-

peratures, diffusion is typically coupled with relaxation. Analysis

perature of Polymer-Diluent System@acromoleculesl3, 362

of data obtained under these conditions is not trivial and this is (1980).
one of the reasons that the preponderance of data available is@bhen, M. H. and Turnbull, D., “Molecular Transport in Liquids

infinite dilution.
Duda, J.
NOMENCLATURE

and Glasses]. Chem. Phys31, 1164 (1959).

L., Romdhane, |I.H. and Danner, R. P., “Diffusion in

Glassy Polymers Relaxation and Antiplasticizatian; Non-

Crystalline Solids172-174 715 (1994).

Ao . pre-exponential factor in Eq. (1) Ehlich, D
A : constant characterizing the depression,ifKT
D : mutual binary diffusion coefficient [cis] Fuijita, H.
D, : self-diffusion coefficient [criis]
Do, : constant pre-exponential factor [¢sj
E : energy/mole required to over-come attractive forces
of neighboring molecules
fS, . fraction free-volume of the polymer at the glass
Kufy, :free-volume parameter of component 1 Jgni]
Ky, :free-volume parameter of component 2 Jgni]
Ko . free-volume parameter of component 1 [K]
Ko, : free-volume parameter of component 2 [K]
R : gas constant
T : temperature [K]
Ty : glass transition temperature of component 1 [K]
Te : glass transition temperature of component 2 [K]

May, 2000

. and Sillescu, H., “Tracer Diffusion at the Glass Transi-

tion; Macromolecules23, 1600 (1990).

, “Diffusion in Polymer-Diluent System$Jomopolym.
Forsch, 3, 1 (1961).

Lodge, T.P., Lee, J. A. and Frick, T. S., “Probe Diffusion in Poly
(vinyl acetate)/Toluene Solutiond; Polym. Sci.: Part B: Polym.
Phys, 28 2607 (1990).

Murphy, P. G., Macdonald, D. A. and Lickly, T. D., “Styrene Migra-
tion from General Purpose Polystyrene and High Impact Poly-
styrene into Food Simulating Solventspod and Chemical
Toxicology30(3), 225 (1992).

Vrentas, J. S. and Duda, J. L., “Diffusion in Polymer-Solvent Sys-
tems | Re-examination of the Free-volume ThodryPolym.
Sci.: Part B: Polym. Physl5, 403 (1977a).

Vrentas, J. S. and Duda, J. L., “Diffusion in Polymer-Solvent Systems
- Il A Predictive Theory for the Dependence of Diffusion Coeffi-



Diffusion in Polymers below the Glass Transition Temperature 317

cients on Temperature, Concentration and Molecular Weight] Vrentas, J. S. and Vrentas, C. M., “Solvent Self-diffusion in Rubbery

Polym. Sci.: Part B: Polym. Phy35, 417 (1977b). Polymer-solvent System#flacromolecules27, 4684 (1994a).
Vrentas, J. S. and Duda, J. L., “A Free-volume Interpretation of theVrentas, J. S. and Vrentas, C. M., “Solvent Self-diffusion in Glassy

Influence of the Glass Transition on the Diffusion in Amorphous  Polymer-solvent System#/lacromolecules?27, 5570 (1994b).

Polymers;J. Appl. Polym. Sgi22, 2325 (1978). Vrentas, J. S., Vrentas, C. M. and Faridi, N., “Effect of Solvent Size

Vrentas, J.S. and Duda, J. L., “Molecular Diffusion in Polymer on Solvent Self-diffusion in Polymer-solvent Systervkcro-
Solutions;AIChE J, 25, 1 (1979). molecules29, 3272 (1996).

Vrentas, J. S. and Vrentas, C. M., “Fickian Diffusion in Glassy Vrentas, J. S. and Vrentas, C. M., “Predictive Methods for Self-dif-
Polymer-Solvent Systemd; Polym. Sci.: Part B: Polym. Phys. fusion and Mutual Diffusion Coefficients in Polymer-solvent
30, 1005 (1992). SystemsiEur. Polym. J.34, 797 (1998).

Vrentas, J. S. and Vrentas, C. M., “Evaluation of Free-volume The-Zielinski, J. M. and Duda, J. L., “Predicting Polymer-solvent Diffu-
ories for Solvent Self-diffusion in Polymer-solvent systeths; sion Coefficients using Free-volume TheoAJChE. J, 38(3),
Polym. Sci.: Part B: Polym. Phy81, 69 (1993). 405 (1992).

Korean J. Chem. Eng.(Vol. 17, No. 3)



	Diffusion in Polymers below the Glass Transition Temperature: Comparison of Two Approaches Based ...
	Narayan Ramesh and J.�L. Duda†
	Center for the Study of Polymer Solvent Systems, Department of Chemical Engineering, Pennsylvania...
	Abstract-Theories based on free-volume concepts have been developed to characterize the self and ...
	Key words:�Diffusivity, Self-Diffusion Coefficient, Polymers, Glass Transition, Free-Volume
	INTRODUCTION
	FREE-VOLUME THEORY
	DIFFUSION BELOW Tg�-�THE l APPROACH
	DIFFUSION BELOW THE GLASS - THE a APPROACH
	RESULTS AND DISCUSSION
	CONCLUSIONS
	NOMENCLATURE
	REFERENCES






