was used as the definition of molecular surface con-
tour. This isoelectric envelope contains 96% of all elec-
trons (Bader er al., 1987), and has been shown to be
suitable for expressing the molecular surface, because
the contour of 0.0020 a.u. describes the outer bound-
ary of the molecule that contacts with other molecules
(Pacios, 1995).

The molecular surface area for a solvent molecule
5, can be directly estimated using the above procedure.
However, for the polymer molecule, an additional cal-
culation is necessary because of the existence of the
polymer terminal groups. Here, an n-mer polymer is
supposed to consist of two terminal units and n — 2
internal units, and the surface area of the n-mer is re-
garded as the sum of the surface areas of the two types
of unit. The molecular surface area of the monomeric
unit 6., [A’!rnonomeric unit] (the unit is equal to
6.023 x 107 cm?/mol-monomeric unit and the ST units
will be used hereafter) should correspond to that of an
internal unit. The surface areas of 8-mer, 10-mer, and
12-mer polymers were calculated, and the internal unit
surface area was obtained using an optimization algo-
rithm.

The semiempirical quantum chemical calculation
was carried out three times for each substance and the
average values were used. Data deviation was less than
1% for solvent molecules and less than 4% for poly-
mer molecules. In some cases of polymer molecule,
there is electron cloud overlap among its side groups,
which produces deviation of polymer surface area;
therefore, folded conformations of polymers were
avoided for the calculation.

1.4 Calculation of free volume

As noted above in Section 2.2, the free volume in
the system is also an important parameter in the shell-
like free volume theory, and to evaluate it, we followed
the Vrentas-Duda free volume representation in which
both polymers and solvents contribute to the free vol-
ume of the system ( Vrentas and Duda, 1977a). Vrentas
and Duda assumed that the free volume of component
i, Vy/y [em?/g], has a linear temperature-dependent
function as shown by Eq. (7).

Vulr=(K, /YKy —T,+T) (7

where, (K,/P) [em*/(g K)] and (K, - T,) [K] are the
free volume parameters of component i. These param-
eters can be estimated using the rheological properties
of the polymer and solvent. The solvent free volume
parameters, (K,,/7) and (K,, - T,,), are calculated from
the pure solvent viscosity data by combining the
Dullien equation (Dullien, 1972; Chhabra, 1991) and
the free volume theory. The polymer free volume pa-
rameters, (K,,/p) and (K, — T,,), are connected to the
Williams-Landel-Ferry (WLF) parameters (Ferry,
1970), which are estimated from polymer melt
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viscoelastic properties. These parameters were well
estimated for various solvents and polymers by
Ziclinski, Hong, and other researchers (Zielinski and
Duda, 1992; Hong, 1995; Yamaguchi er al., 2003),
Additivities of the free volumes can be assumed in a
case of the combinations between nonpolar substances
as our target, and thus, the free volume of a mixed sys-
tem V, /y[cm*/g] can be expressed as the summation
of the free volumes of every component as shown by

Eq. (8).

Vi /7 = 2.0,(V, /7) (8)

1.5 Prediction of penetrant self-diffusivity in poly-
mer using shell-like free volume theory

All of the parameters used in the calculation of
shell-like free volume theory are pure-component pa-
rameters, and can be evaluated using their viscoelastic
properties and semiempirical quantum chemical cal-
culations. The predictive ability of the theory is vali-
dated by evaluating experimental self-diffusivity data.
In this study, the following solvent—polymer binary
systems were used for validation of shell-like free vol-
ume theory: benzene—polystyrene (Kosfeld and
Zumkley, 1979), ethylbenzene-polystyrene (Kosfeld
and Zumkley, 1979; Zgadzai and Maklakov, 1985),
n-dodecane—polystyrene (Kim er al., 1994), benzene—
polyisobutylene (Kosfeld and Zumkley, 1979), toluene—
polyisobutylene (Bandis er al., 1995), and n-hexadecane—
polyisobutylene (Moore and Ferry, 1962).

All the experimental self-diffusivity data values
were measured at temperatures higher than the glass
transition temperature of the relevant polymer, 1o as-
sure the homogeneity of the system as the fundamen-
tal assumption of free volume theory. All parameters
of each substance used in the calculation are tabulated
in Tables 1 and 2.

2. Results and Discussion

2.1 Validation of shell-like free volume theory by
comparing experimental and calculated pen-
etrant self-diffusivities in polymer
Experimental and predicted solvent self-

diffusivities are compared in Figures 4-8. As can be

seen in all of the figures, the shell-like free volume
theory gives excellent agreement for the self-diffusiv-

ity of solvent molecules in polymer solutions in mid-

dle to high solvent concentrations. However, in the

n-dodecane—polystyrene and toluene—polyisobutylene
systems in Figures 5 and 7, the deviations between
experimental and calculated self-diffusivities are some-
what large in the low solvent concentration range. The
deviation may mainly result from errors in free vol-

umes. A small error in free volume tends to cause a

large error in self-diffusivity because of the exponential

—_ -




Table 1  Solvent parameters used in self-diffusivity prediction with shell-like free volume theory for pen-
etrant in penetrani—polymer binary systems

K:J}’ K}: B T.i “:T M\ Dn &

[em'/(gK)] (K] [em'/g]l [g/mol]l [cm/s] fem*/moll  [A*/molecule])®
Benzene 1.51 10" -94.32 0.901 78.1 4.47 <10 6.81 =10° 113.1
Toluene 2.20x 107 -102.72 0917 94.1 1.87 =10 8.07x10" 1340
Ethylbenzene 222x107 -100.08 0928 106.2 1.54 <107 9.20x 10" 152.7_
n-Dodecane 1.05x10° =57.96 1.070 170.3 6.13x10™ 1,70 10" 281.5
n-Hexadecane 0,83 x10° -53.66 1.053 226.5 7.33x10°" 2.18=<10" 361.8

*Shown in S1 units; "Shown in microscopic units;

Unit conversion: 1 [A¥/molecule] = 6.023 » 107 [em?*/mol]

Table2  Polymer parameters used in self-diffusivity prediction with shell-like free volume theory for penetrant in pen-
etrant—polymer binary systems
K,_Jy x:_‘ = T.: V-; M. T,: 53 i
[emYig K)] [K] [em'/g] [g/mol] [K] [em’/mol-monomeric unit]' [A/monomeric unit]"
Polystyrene 582 x 10 -327.0 0.850 104 373 5.95 x 107 98 .8
Polyisobutylene 2.51 x 107" -100.6 1.004 56 205 3.30 x 10" 54.7

*Shown in SI units; "Shown in microscopic units;

Unit conversion: 1 [A*/monomeric unit] = 6.023 < 10° [cm*/mol-monomeric unit)
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Fig. 4 Penetrant self-diffusivities in polystyrene solution;
® is the experimental self-diffusivity of benzene
in the benzene-polystyrene binary system, and A
is that of ethylbenzene in the ethylbenzene-poly-
styrene binary system; the solid line shows the pre-
diction for benzene, and the broken line is for
ethylbenzene; lines are predicted using shell-like

free volume theory

term in the fundamental free volume equation Eq. (1),
especially in the region of small free volumes; thus,
more precise parameters are required to attain more
precise calculation. With these exceptions, the shell-
like free volume theory can successfully estimate the

Solvent weight fraction @, [g/g]

Fig. 5 n-Dodecane self-diffusivity in polystyrene solution;
@, A, and B are experimental self-diffusivities of
n-dodecane in the n-dodecane—polystyrene binary
system at temperatures of 105, 125, and 140°C, re-
spectively; the solid line represents the prediction
for 105°C, the broken line for 125°C, and the

dashed—dotted line for 140°C

self-diffusivities of every penetrant molecule in both
polymers over wide temperature and composition
ranges. This certainly reflects the validity of the mi-
croscopic notion that it is the contacting free space that
is available for penetrant molecular diffusive motion.
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Fig. 6 Benzene self-diffusivity in polyisobutylene solu-
tion; @, A, and B are experimental self-diffusivities
of benzene in the benzene—polyisobutylene binary
system at temperatures of 50, 80, and 100°C, re-
spectively; the solid line represents the prediction
for 50°C, the broken line for 80°C, and the dashed-
dotted hine for 100°C
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Fig. 7 Toluene self-diffusivity in polyisobutylene solution;
® A, and W are experimental self-diffusivities of
toluene in the oluene—polyisobutylene binary sys-
tem at temperatures of 25, 65, and 85"C, respec-
tively: the solid line represents the prediction for
25°C, the broken line for 56°C, and the dashed-
dotted line for 85°C

The developed model can predict without the use
of an arbitrary adjustable parameter due to the success-
ful introduction of the microscopic notion of the mo-
lecular collisions. Nevertheless, the practical estima-
tion accuracy of our model was found to be equal or
even better than those of other models over a wide
range of temperatures, compositions, and molecular
shapes, The detailed and careful comparative calcula-
tions between the model and other models will be sum-
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Fig. 8 n-Hexadecane (cetane) sell-diffusivity in
polyisobutylene solution; @, A, and M are experi-
mental self-diffusivities of cetane in the cetane-
polyisobutylene binary system at temperatures of
23.9, 39.8, and 48 .4°C, respectively; the solid line
represents the prediction for 23.9°C, the broken line
for 39.8°C, and the dashed—dotted line for 48.4°C

i/&

>

% 7
/f Friction force /f f

Fig. 9 Schematic of fluctuation force imposed on a pen-
etrant molecule; when the friction frequency is
small, the fluctuation force a is large (left); on the
other hand, when the friction frequency is large,
the fluctuation force @ becomes small because the
friction force imposed on the penetrant molecule
from various directions is averaged out (nght)

marized in another paper.
2.2 Consideration of shell-like free volume in terms
of molecular collisions

As described above, molecular diffusion originates
in collisions between molecules (Cussler, 1977). De-
tailed consideration of shell-like free volume in terms
of molecular collisions is given. This relationship can
be discussed in terms of molecular surface area and
free volume thickness, the constituents of the shell-
like free volume.

When the molecular surface area is large, the col-
lision frequency of the penetrant molecule is large. In
this case, the fluctuation force @ [N s/m molecule] for
the molecule becomes small, because the frictional
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force is imposed on the penetrant from various direc-
tions, and thus the fluctuation force is averaged out
(Figure 9). Molecular self-diffusivity and the fluctua-
tion force imposed on the molecule can be related by
Einstein’s relation (Kubo er al., 1985) shown as Eq. (9).

D =— (9)

This is derived from nonequilibrium statistical mechan-
ics. where k [J/(molecule K)] denotes the Boltzmann
coefficient. From this equation, larger molecular sur-
face areas imply faster molecular diffusion. that is, from
the standpoint of the molecular surface area, the rela-
tionship between shell-like free volume and self-dif-
fusivity is validated by considering molecular colli-
sions.

On the other hand, when the free volume thick-
ness is large, the mean distance between collisions
becomes longer. Self-diffusivity can also be roughly
described as shown by Eq. (10).

bl

d u

D=—=— (10)

2%

This is the formula for self-diffusivity of a random walk
jumping motion, where d [cm] is the mean molecular
jumping distance between molecular collisions, 7 [s]
is the mean time required to carry out one jump, and
u [cm/s] represents the mean molecular Kinetic veloc-
ity. The mean molecular velocity is constant at con-
stant temperature because it is determined by the mean
kinetic energy of the molecule. Thus, it is easy to see
that larger distances between molecules imply larger
molecular self-diffusivities. Therefore, in relation to
the free volume thickness, the relationship between
shell-like free volume and self-diffusivity is validated
using the concept of molecular collisions.
2.3 Advantages of the shell-like free volume theory
The shell-like free volume equation Eq. (5) in-
cludes only pure-component parameters, and these
parameters can be evaluated using the components’
viscoelastic properties and semiempirical quantum
chemical calculations. This means that the shell-like
free volume equation can predict penetrant self-diffu-
sivity with only known pure-component parameters,
without using any arbitrary adjustable parameters.
Reconsideration of diffusive motion in terms of mi-
croscopic molecular collisions gives physical mean-
ings to all of the parameters included in the theory.
The discussion is applicable to penetrant mol-
ecules with shapes ranging from spherical to long
chains, and this is the correct microscopic explanation
of why the present model can predict self-diffusivities
of various types of penetrant molecules in a polymer
matrix so well. Molecular collisions are a common
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mechanism for diffusion of various types of penetrants
in polymers; thus, the shell-like free volume theory has
the potential to predict gas molecular diffusion in poly-
mers and diffusion in ternary systems, which we are
currently pursuing.

Conclusions

We have developed a novel microscopic concept
of "shell-like free volume” around a molecule. The sim-
ple but comprehensive notion is that the contacting free
space is the space available for the diffusive jumping
motion of a penetrant molecule. The concept is associ-
ated with the microscopic notion of molecular colli-
sions from the viewpoints of both molecular surface
area and free volume thickness, the constituents of the
shell-like free volume. All of the parameters used in
shell-like free volume theory have physical meaning
based on microscopic concepts, and can be evaluated
using only pure-component properties: the free volume
can be obtained from experimental rheological data,
i.e. viscosity for the solvent and viscoelasticity for the
polymer, and molecular surface area is obtained using
the semiempirical quantum chemical calculation. Thus,
the developed model can predict penetrant self-diffu-
sivity in a polymer without using any arbitrary adjust-
able parameters. The developed model accurately pre-
dicts the self-diffusivity of molecules with shapes rang-
ing from spherical to long chains in polymer solutions
over wide ranges of temperature and concentration.
These results show the validity of the microscopic con-
cept of the shell-like free volume.

Nomenclature

D, = preexponential factor [em?fs]
D, = self-diffusivity of penetrant molecule [em?/s]
d = mean molecular jumping distance between molecu-
lar collisions |em)
K.y = free volume parameters of component 1 [em’/g K]
Ky=T, = free volume parameters of component K]
k = the Bolizmann coefficient [1/{molecule K)]
Na = the Avogadro s number |molecules/mol |
Fim = total surface area of all molecules contained in the
system lem?/g]
5 = molecular surface area of component ¢
[A*molecule]
T = temperature of the system K]
] = mean molecular kinetic velocity lem/s)
\3.' = critical volume of penetrant, =v'N M, [cm'fg]
Vilr = free volume of component | [em’fg]
Viunlt = total free volume contained in the system [cm’/g]
v = critical molecular volume of penetrant molecule
lem*fmolecule]
VesLry = shell-like free volume of penetrant molecule
lem/molecule]
a = [luctuation force IN s/m molecule]
3, = free volume thickness of component i lcm]
T = mean time required 1o carry out one diffusive jump
1s]
a = surface area fraction of component i [cm*fem?)
), = weight fraction of component i le/e]
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