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ABSTRACT: The sorption of atoms (He, Ar) or molecules (N3, CO,, H20, SO,, CH,, C,Hsg, C3Hj) in polymers
is described by assuming a continuous distribution of dissolution energies. The energy distribution arises
from a volume distribution of the intermolecular space yielding different elastic distortion energies when
occupied by solute molecules. On the basis of statistical fluctuations of the free volume and Eshelby’s elasticity
theory it will be shown that a Gaussian distribution of sorption energies is appropriate for small molecules
in glassy polymers. The width of the Gaussian distribution can be calculated, and it agrees well with values
obtained by fitting experimental sorption data. The entropy changes of the small molecules during sorption
are about the same as for the gas/solid transition. The dependence of volume changes on gas pressure
provides information on the size and distribution of intermolecular space.

1. Introduction

Solution and diffusion of atoms in metallic glasses,!ions
in silicate glasses,? and molecules in glassy polymers show
universal features. In all cases the diffusion coefficient
increases with increasing solute concentration and the
activity coefficient becomes larger at higher solute con-
tents. This behavior is qualitatively explained by satu-
ration of low-energy sites with dissolved particles. Then
anincrease in solute concentration requires the occupation
of sites with higher energy with a concomitant increase of
solute activity and a decrease of the average activation
energy for diffusion. Often the simplest case of a distri-
bution of site energies which are two energetically different
sites is used, in order to obtain closed solutions from the
fundamental relations of statistical thermodynamics al-
lowing an easy, quantitative evaluation of experimental
data.

In the framework of glassy polymers the concept of two
sites or two energy levels of dissolutions, respectively, has
been called the dual-sorption model.?® Itisassumed that
besides regular sites, where dissolution according to
Henry’slaw occurs, holes are present in the glassy polymer
acting as saturable traps for the absorbed molecules
(mostly absorbed from the gaseous state) according to a
Langmuir isotherm. Then the total concentration ¢ can
be written as®

C'ubp
1+bp

where cp and cy are the partial concentrations in regular
sites and holes, p is the partial pressure of the gas, kp is
Henry’s dissolution constant, and b and C’y are the hole
affinity and the hole saturation constants. C’y is inter-
preted to be proportional to the free volume quenched in
at the transition from the liquid to the glassy state, which
is expected not to change with temperature below the glass
transition temperature, T,.5 However, experimental values
of C’y decrease strongly with temperature.> Another
drawback of the dual-sorption model is that its parameters
are difficult to calculate from known properties of the
polymers and the dissolved gasses, although for the
condensable solute CO; the Langmuir capacity has been
predicted from dilatometric data® and correlations appear
to exist between £p and parameters of the Lennard-Jones

¢c=cpteyg=kpo+ (1)
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potential of the gas® and/or the free volume of the polymer.’

Inthe present study it will be shown first that a Gaussian
distribution of site energies is more appropriate than the
two-(energy-)level system of the dual-sorption model. On
the basis of the free volume considerations of Bueche® and
the elasticity calculations of Eshelby,® the width of the
distribution function will be calculated. Secondly, the
relation between concentration and pressure is presented
as derived in detail elsewhere.l* When the experimental
pressure/concentration isotherms are fit to the equations
derived, values of the average free energy of the Gaussian
and its width are obtained which are compared with
theoretical values. Finally, consequences with respect to
the partial molar volume and the concentration depen-
dence of the diffusion coefficient of small molecules in
glassy polymers will be shortly discussed. The difference
between free energy and free enthalpy is considered to be
small for solids and thus the term free energy is used very
often although the term free enthalpy is correct.

2. Site Energy Distribution

A gas molecule is considered to be inserted as a stiff
sphere of volume V; into a hole of volume Vi. The hole
shall be part of the normal interstices between macro-
molecules and part of the free volume of the glassy polymer.
According to Eshelby,’ the volume change or the partial
molar volume V), respectively, is given by

vV, = ‘Y(Vg - 2)
where the factor v is related to Poisson’s ratio v by

_al-w
Y 31+u

6]

Equation 2 requires close contact between the “surfaces”
of the hole and the molecule, which has to be the case for
Vg > Vi, where the molecule has to be squeezed into the
hole. However, for V; < V;, the molecule shall be dissolved
into the hole without straining the glassy polymer and,
therefore, the partial molar volume shall be nil.

For glassy polymers v is about !/3 and, therefore, eq 3
yields ¥ = 1.5. The volume increase above Vg — V} is due
to a shear deformation of the elastic matrix (polymer).
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The elastic energy stored this way in the polymer is given
by®

(V, - Vp)?
Gy = %usg—vhh— 4@

where y, is the shear modulus of the polymer. G, has to
be provided during dissolution of the gas. For the liquid
or rubbery state of the polymer u, is several orders of
magnitude smaller and, therefore, the elastic energies
become negligible. G is considered to be a part of the
total free enthalpy of dissolution, but it will be the part
which gives rise to the distribution of this enthalpy.

If we furtheron assume that the holes in the polymer
have different sizes, the free energy of dissolution should
vary according to the elastic energy of insertion given by
eq 4. Inaddition the partial molar volume of the penetrant
molecule varies according to eq 2. In order to determine
the corresponding distribution function, the hole volume
distribution has to be determined first.

The volume of all holes shall be the free volume of the
polymer, and local fluctuations of the latter shall corre-
spond to fluctuations of the hole volume around an average
value Vio. Thus following Bueche’s treatment,® the
distribution function is obtained as

f(Vy) = fo exp[-B(V}, - Vh0)2/2VhORT] ®

where f is a prefactor, B is the bulk modulus, and R and
T have the usual meaning. Equation 5 corresponds to the
volume fluctuations of a small system being embedded in
a large system as it is calculated in standard textbooks on
statistical thermodynamics (i.e. ref 10, p 37). The dis-
tribution of hole volume will be frozen in at the glass
transition temperature T, and it is shown in the Appendix
A that the free energy G of dissolution of molecules into
the holes of a glassy polymer is described by a Gaussian
function, too:

n(G) = n, exp[~(G - Gy)¥/o*] (9]

where ¢ is the width of the distribution given as (cf.
Appendix A)

2V~ Vi, 2RT,
g=— & B0 Ts (7
3V, BV,

where B is the bulk modulus in the liquid state at 7> T,
whereas u, is the shear modulus at T. The average free
energy Gy corresponds to the free energy change of the
following reaction of a molecule M

M (gas) — M (in average hole of polymer) 8)

It is convenient to define n(G) dG in eq 6 as the fraction
of holes with free energies in the interval G,G+dG.
Summation over all sites gives

JonGrd6 =1 ©
and the prefactor ng becomes

ng=1/cVr (10)

Instead of talking about holes in thestructure of the glassy
polymer, the term sites could have been used as well for
interstices between the macromolecules of the polymer.
The concentration of dissolved gases in polymers is usually
given as cm®(gas)/cm3(polymer) which is easily converted
into number of molecules/cm®(polymer). In order to
transform that into a concentration which is defined as
the fraction of sites being occupied (=number of molecules/
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number of sites), the number of sites per cm3 polymer has
to be known. Different ways of estimating the number of
holes or sites in the polymers lead to similar figures for No,
as shown in Appendix B. In the following a value of Ny
= 6.7 X 102!/cm?® will be used.

3. Calculation of Composition Pressure Isotherms

If we assume that the energetically different holes or
sites introduced before are filled with one molecule per
site only, the thermal occupancy of sites is described by
Fermi-Diracstatistics.»21011 The concept was developed
for hydrogen in metallic glasses and its results for solution
and diffusion have been described in detail elsewhere.l?
Only the most important features will be repeated in this
study.

The partial concentration cg of molecules in sites lying
within the free energy window G,G+dG is the product of
the number of sites n(G) dG and the thermal occupancy

1
cg = (GYdG an
¢ 1+ expl(G - w/RT]
where u is the chemical potential of the dissolved gas or
its Fermi level, respectively, which is related to the gas
pressure p by the well-known relation

p=u,+RTInp (12)

Summation over all partial concentrations or integration
over all energies leads to the total concentration ¢

= f_u n(G) dG (13)
=1+ expl(G - w)/RT]

Independent of the form of n(G) (Gaussian, two-level, etc.),
eq 13 is a general relation between concentration and
chemical potential (pressure) and it includes the dual-
sorption model (eq 1) as a special case.! One may also
state that a Langmuir saturation for all the different sites
has been assumed which becomes obvious by inserting eq
12 into eq 11:

_ pn(G) exp[~(G - uy)/RT]
1+ p exp[~(G - uy)/RT]

Thus the Gaussian sorption model when compared with
the dual-sorption model corresponds to an extension of
the two terms of eq 1 to an infinite number of terms (eq
13) without increasing the number of parameters. Inthe
latter case we have three as well (Ny, o, and Gg) but the
value of at least two of the parameters (Ny, o) can be
estimated or calculated.

When a Gaussian distribution is assumed for the sites,
egs 6, 10, and 13 have to be combined, yielding

cg (14)

= 1 J«m exp{—(G - GO)Q/UZ}
oV Y= 1+ expl(G - u)/RT)

The last equation can be considered as an implicit equation
between the chemical potential u or the pressure p,
respectively, and the concentration ¢. It might be eval-
uated by numerical integration in a computer or by using
one of two limiting cases as discussed in ref 2.

If the polymer is in the rubbery or liquid state, its shear
modulus will be several orders of magnitude smaller than
in the glassy state and, according to eq 7, the width of the
Gaussian distribution will be very small and the Gaussian
function degenerates to a Dirac-5 function. Then eqs 12

dG (15)



Kirchheim

(-3
K
) -

concentration (cm®(CO,)/em?(polymer )

50

B
W
-

0 i | *
0 5 10 15 20 25

co{atm

Figure 1. Pressure—concentration isotherms for CO; in poly-
imide. Data points are from ref 20. The lines are calculated
using eqs 12 and 15 with uo = 0, Go(50 °C) = 17.7, Go(80 °C) =
21.2, and G¢(120 °C) = 24.65 kJ/mol and ¢ = 13 kd/mol.

and 15 yield for ¢ < 1

¢ = p expl{py— Gy)/RT] (16)

This proportionality between concentration and pressure
is called Henry’s law and it is fulfilled for dissolution of
small molecules in rubbery polymers.51213

For the glassy state of a polymer Henry’s law is not
valid which has been demonstrated for a large variety of
polymers and solute molecules and which is explained in
the present study by a Gaussian distribution of dissolution
energies. Inorder to evaluate the width o and the average
value G of the Gaussian distribution, experimental data
from a large number of different systems as published in
many papers*”14-4l were used by enlarging figures or by
plotting sorption isotherms with the aid of the published
dual-sorption parameters. These data plots were com-
pared with isotherms calculated from eq 15 by varying o
and Gy until a good fit of the experimental data was
achieved. Gp is the change of free enthalpy during
dissolution with respect to the gas at temperature T and
at 1 atm pressure, i.e. uo = 0. Therefore, the quantities
free enthalpy of dissolution and free enthalpy of a site will
be the same. Usually, data with ¢ > 40 cm®(gas)/cm?
polymer were disregarded, as then the glassy polymer is
subject to swelling.!718323438 Qome examples of experi-
mental data and calculated composition—pressure iso-
therms are shown in Figures 1-3. As sorption isotherms
were measured at different temperatures the average
sorption free enthalpy varied linearly with temperature
as shown in Figure 4 for two examples and as expressed
by the relation

where H, is the average enthalpy and Sy the average
entropy of dissolution. For the case of CO; in PET which
was only 40% amorphous it was assumed that dissolution
occurs in the amorphous phase only and, therefore, the
number of sites Ny was reduced from 6.7 X 102! to 2.7 X
102! cm™. Values of the various quantities are compiled
in Tables I-V, where Table I contains all data for CO,,
Table II for CH,. Table III for N2, and Table IV for other
gasses (He, Ar, SO, Hy0, CoHg, C;Hs and CCIFy). Table
V compiles a few results on sorption of CO; for polymers
above the glass transition temperature, where Henry’s law
is valid (¢ = 0).
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Figure 2. Pressure—concentration isotherms for various gases
in polystyren. Data points are from ref 31 for T = 308 K. The
lines are calculated using eqs 12 and 15 with uo = 0 and G, and
o values given in Tables I-IV.
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Figure 3. Pressure-concentration isotherms for SO, in Kapton.
Data points are from ref 37. The lines are calculated using eqs
12 and 15 with uy = 0, Go(25 °C) = 8.5, Go(35 °C) = 9.7, Go(45
°C) = 10.9, and Go(55 °C) = 12.1 kJ/mol and ¢ = 12 kJ/mol.
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Figure 4. G values obtained from fitting the Gaussian model
to the experimental data shown in Figures 1 and 3 plotted versus
temperature.

4. Width o of the Sgrption Energies

For the case of CO; in PEMA% the quantities in eq 7
have been measured or can be calculated and, therefore,
can be compared with the experimental value of ¢ = 8
kJ/mol. The following numbers are provided in refs 30
and 35: B(T= T, =2.5 X 10°Pa, T; =334 K, V, =3 X
10-5m3,and B(T = 310 K) = 3 X 10° Pa. Intheglassy state
(v = 1/3) the shear modulus can be calculated as u, = B/(2
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Table I Table I11
Gaussian Parameters for CO; in Various Polymers* Gaussian Parameters for N» in Various Polymers
g Go Ho SQ (4 Go HO SO
molecule polymer (kd/mol) (kJ/mol) (kJ/mol) (JK'mol?) ref molecule polymer (kJ/mol) (kJ/mol) (kJ/mol) (JK'mol!) ref
CO, PET® 9.5 -20.8 124 14 N, Bis-PEI® 10 26.7 27
PET 11 -16 127 15 Bis-PA 8 25.2 27
PET 9 19.6 (30) 41 Bis-PH 8 28.9 27
CO, PC 7 16 16 N PC 9 27 17
PC{cond)* 10 17.6 17 TMPC 8 22.6 17
PC 7 16 18 TCPC 8.5 22.8 17
PC(cond)* 11.5 18.2 18 TBPC 8.5 23 17
PC(cond)¢ 16 18.7 18
2 31
PC(cond): 10 17.6 19 No PS 7 23 (25)
TMPC 95 152 17 N, PVB 8 -6.7 13 29
TCPC 105 164 17 N;  PSUL 11 975 32
TBPC 11 16.8 17
N; copolyest 7 24.2 19
CO, PI 13 -20 116 20
PI 12 17.6 (26) 21 s G values are for 35 °C or the temperature given in brackets.
PI 115 20.8(80) 22 b On Bisphenol basis.
PI 12,5 -17.6 117 23
PI 105 16.5 24 Table IV
PI 1 18.2 24 Gaussian Parameters for Some Molecules in
PI 13 21.1 24 Various Polymers
g H :g: (80) §§ 7 Go Ho So
’ kJ/mol K1 mol!,
Kapton 1 23.5 (80) P molecule polymer (kJ/mol) (kJ/mol) (kJ/mol) (JK'mol?) ref
Kapton 15 25.4 (60) 25 He PC 0 24.4 17
Kapton 7 —22 14 26 Ar PS 8 23 (25) 31
CO, Bis-PEI* 12 17.7 27 Ar PVB 8.5 26.4 29
Bis-PA 10 17.3 27 Ar PEMA 7 -2.2 78 35
Bis-PH 10 21 27 Ar copolyest 8 24 19
CO, cellulose 9 16 ~-24 130 28 SO, Kapton 12 8.5 (25) 36
Kapton 12 -27.3 120 37
Co, PVB u 50 6y 2 so, PC s 792 38
CO, PEMA 8 -24.4 133 30 SO, PA 9 10.5 (25) 38
CO, PIO 10 -274 140 7 H,0? polyelect 9 -2.6 (30) 39
CO, PS 9 19.6 (25) 31 C;H, PSUL 19 26 32
co, PSUL 13 -16 115 32 CHs  PET 135 2@ 16
C3Hg PS 14.5 -4.9 97.5 40
CO, copolyest 9 18.45 19 C:H, PC 15 -10 110 40
o . .
¢ Go values are for 35 °C or the temperature given in brackets. CHCIF, PS 13 112 106 0

4 40% amorph. ¢ Conditioned by exposure to high gas pressure.
@ Measured during desorption. ¢ On Bisphenol basis. / Values were
omitted during averaging.

Table II
Gaussian Parameters for CH( in Various Polymers*
a Go Ho SO

molecule polymer (kd/mol) (kJ/mol) (kJ/mol) (JK*'mol?) ref
CH, PS 11.5 25.5 (25) 31
PS 9 23.6 -7.2 100 33

CH, PC 10.5 23.7 17
PC 11.5 26.1 34

TMPC 11.6 22.6 34

TMPC 9.5 20.1 17

TMPC? 11 21.7 17

TCPC 10.5 21.1 17

TBPC 11.2 22 17

CH, PI 11 23.2 24
PI 12.5 27 24

PI 13.5 28.6 24

Kapton 17.5 37.6 (60) 25

CH, BisPEF 115 243 27
Bis-PA 10.5 24 27

Bis-PH 115 295 27

CH, PSUL 15 277 32
CH, copolyest 9 23.7 19

8 Go values are for 35 °C or the temperature given in brackets.
b Conditioned by exposure to high gas pressure. ¢ On Bisphenol basis.

+ 2v) = 1.13 X 10° Pa and with the volume of CO; V; =
4.6 X 107 m3 (see section 6) the average hole volume is

8 G values are for 35 °C or the temperature given in brackets.
b Concentrations are given as moles of H2O per moles of structural
unit of the polymer. They were divided by an estimated factor of
10 to convert them into molecules of HzO per site.

Table V
Sorption Parameters for Polymers in the Liquid State
4 Go H, So
molecule polymer (kJ/mol) (kJ/mol) (kJ/mol) (J Kmoll) ref
CO, PVB 0 -16 97 29
CO, PET 0 -9.6 85 14
CO, PEMA 0 -13 85 30
CO, LDPE 0 -6.4 78 32

obtained from eqs 2 and 3 as V},p = 2.6 X 105 m3, With
these values eq 7 yields ¢ = 12 kJ/mol. In the light of the
assumptions made during the derivation of eq 7 the
agreement between experimental and theoretical values
is considered to be good.

Because all of the quantities in eq 7 describing properties
of the polymer matrix are rather similar, one would expect
to have about the same value of o for a given gas or
molecule, respectively, in agreement with evaluated values
of o (Tables I-1V). Exceptions are polymers which were
exposed to high gas pressures (so-called conditioning)
before the measurement, leading to a larger width, and
the group of polyimides also having larger ¢ values on the
average. The latter may be understood by eq 7 because
the glass transition temperature of polyimides is higher
compared to other glassy polymers in Table V. Then a
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broader distribution of free volume was frozen in at higher
temperatures giving rise to a broader distribution of site
energies.

Inspection of Tables I-V shows that the width of the
site energy distribution increases as the size of the molecule
increases; averaging over the different polymers gives the
following order:

o(He) = 0 < o(Ar) = 7.9 < o(N,) = 8.5 < 5(CO,) =
10.6 < o(CH,) = 11.6 kJ/mol

The few values available for H20 and SO; range between
9 and 12 kd/mol, as one would expect from their sizes to
be about the same as CO; or CHy, but the values for ¢ may
not be representative in order to be included in the ranking.
For the large molecules CoHg and C3Hg the o values are
considerably larger, but more data are necessary to obtain
reliable results. Ingeneral dataonthesorption of different
moleculesin the same polymer are most helpful in studying
the relationship between molecule volume and o.

The correlation between o and the volume of the
molecule V is predicted by eq 7 assuming that the average
holesize Vioand the other quantities in eq 7 of the different
polymers do not vary too much. The ranking of the o
values is valid with a few exceptions where s(CH,) is
slightly smaller than ¢(CO3). By comparing the results of
different studies on the same gas/polymer system, one
has to take into account that the pretreatment of the
polymer (annealing or conditioning) will affect the sorption
data.182!

The fact that He atoms do not have a distribution of
site energies in PC (o = 0) is obvious because their volume
is smaller than the volume of the holes and elastic straining
of the matrix does not occur. Thus molecules of different
size can be used to obtain information on the volume
distribution of the holes in a glassy polymer.

5. Free Enthalpy Gy and Entropy Sy of Sorption

The average free enthalpy change during sorption of
small molecules Gy according to eq 8 contains besides the
elastic part given by eq 4 another part which arises from
the nearest neighbor interaction of the molecule and the
segments of the polymer. If the chemical bonds of the
molecule remain unchanged during sorption, this nearest
neighbor interaction will be mostly of the van der Waals
type and, therefore, it may be described by Lennard-Jones
potentials. As the Lennard-Jones potential of the gases
describes melting and evaporation of gases quite well, a
correlation exist between the parameters of this potential
(namely the energy parameter ¢) and the melting or boiling
point. The Lennard-Jones parameter ¢ is a measure of
the polarizability of the small molecules or their permanent
dipole moment, which together with the corresponding
quantities of the polymer segments determine the inter-
action energy. In addition the Lennard-Jones energy
parameter ¢ is linearly dependent on the Lennard-Jones
distance parameter ro® which correlates with the size of
the small molecules. The latter changes the elastic part
of Go. These arguments explain qualitatively why a
correlation exists between solublity of small molecules
(mainly determined by Go) and the Lennard-Jones force
constant or the boiling points, respectively. These cor-
relations have been observed for glassy'%171922 and rub-
bery!3 polymers. AnexampleisshowninFigure 5between
Gy values at 308 K and boiling temperatures of some gases
having about the same molecular volume, in order to
account for a similar contribution from the elastic energy.
The latter being about 10 kJ/mol for molecules of about
the size of CO: as calculated from eq 4 and the parameters
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Figure 5. Average free enthalpy of dissolution Gy of various
gases in various polymers as given in Tables I-IV versus boiling
point temperature.

Table VI
Boiling Point T}, Standard Entropy S, Gas/Solid
Transition Entropy Sg/., and Entropy of Sorption in Glassy
Polymers S, for Some Gases

gas
Ar CHy CsHg CO, N; 80

Ty (K) 87 112 225 195° 77 263
Sps (JK'mol) 152 186 266 210 192 245
S Ktmol) 88 81 100 127 81 123
-SoJKlmoll)  113% 100®° 104 124 78 120

o Sublimation temperature. ® One value only.

given at the beginning of section 4. The lowest values of
Gy correspond to those gases having a permanent dipole
moment, as SO, and H20. The same arguments should
hold for polymer segments; i.e. segments with permanent
dipole moments should decrease Gy and, therefore, increase
the solubility.

Most of the correlation discussed before is related to
the enthalpy part of G as the entropy Sy is about the same
for the various gases (cf. Tables I-IV). Asshown in Table
VI, the entropy change of the molecules from the gaseous
state to solution in a polymer S, is about the same as
during the transition from the gaseous state to the solid
state Sy/s. The latter was calculated by adding the
entropies of vaporization and fusion?* (in the case of
CO;the heat of sublimation was divided by the sublimation
temperature). Table VI also contains the standard
entropies Szgs of the gases at 295 K and 1 atm. The
magnitude of Szg5 is mostly determined by contributions
from the translational degrees of freedom and smaller
contributions from rotational degrees of freedom, the latter
playing an important role for the larger molecules only.
If we assume that the dissolved molecules do not rotate
within the glassy polymers, all of the entropy content
arising from translation and rotation in the gaseous state
has to vanish during dissolution. However, the magnitude
of the entropy of dissolution S; is smaller than Sggs. It is
assumed that the difference (70-160 J K-! mol™!) corre-
sponds to an entropy gain due to vibrations (or rotations)
of the small molecule in its site between the polymer
segments.

In order to estimate the vibrational entropy of the
dissolved molecules, the vibrational entropy of a Lennard-
Jonesium (a solid of particles interacting via a Lennard-
Jones potential) was calculated for the gases in Table VI
by assuming the molecules to be Einstein oscillators
vibrating with the Debye frequency.4®* Thus a vibrational
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Figure 6. Schematic entropy diagram for CO; (representative
for small molecules) containing the entropy levels of the gaseous,
liquid, and solid states. The entropies of dissolution S; in a
glassy polymer (gp) or a liquid polymer (lp) are shown for
comparison. Note the similar magnitude of the entropy of a
small molecule (cf. Table V) in its liquid state and in a liquid
polymer or in its solid state and in a glassy polymer, respectively.

entropy of about 50 J K1 mol! at 295 K was obtained for
Ar, Ny, CO2, and CH, which is the right order of magnitude
but somewhat smaller than the difference of 70-90 J K!
mol~! between standard entropy and entropy of dissolution
for these gases. From these entropy considerations it can
be concluded that the dissolution of small gaseous mol-
ecules in glassy polymers resembles the transition from
gaseous into thesolid state. Inafirst-order approximation
the difference between the Sy values for the glassy and
liquid state of the polymer should be the entropy change
during solid/liquid transition, which is 50 J K1 mol~! for
CO, in agreement with the 34 J K1 mol! difference
between the average values of Sy for the glassy and liquid
states (cf. Tables I and V). The various entropies of the
gas molecules discussed in this section are shown sche-
matically in Figure 6.

6. Volume Changes during Sorption and
Diffusion

One of the most convincing arguments supporting the
dual-sorption model is the following: The holes in the
structure of the glassy polymer are so large that incor-
poration of gaseous molecules does not change the overall
volume of the polymer, whereas dissolution in normal sites
givesrise to a volume change which is typical for dissolving
the same molecule in various organic liquids and rubbery
polymers. Then the volume change is proportional to the
concentration ¢p of molecules in normal sites (first term
on the right-hand side of eq 1) which should be proportional
to the partial pressure of the dissolved molecules in
agreement with experimental findings.3%.46 However,
recent measurements on CHg4 sorption in conditioned and
unconditioned polycarbonates®* and CO: sorption in
conditioned polymers'® reveal strong deviations from this
proportionality between volume change AV and pressure
p (cf. Figures 8 and 9).

Independent of the relation between AV and p, it is a
general experimental result that the partial molar volume
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Figure7. Schematic presentation of the measured and predicted
volume change AV or partial molar volume V, of small molecules
inglassy polymers as a function of concentration and temperature
(Vg = volume of the small molecule).
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Figure 8. Pressure—concentration data as calculated from the
Gaussian model (symbols) by using eqs 12 and 15, o = 10 kJ/mol
and Gy = (-21 + 0.137) kJ/mol. The solid lines are fitted to the
data points by using eq 1 of the dual-sorption model with the
parameters given in Table VII.
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Figure 9. Hole saturation constant of the dual-sorption model
C’y as obtained from fitting the data of the Guassian model in
Figure 8 and as compiled in Table VII plotted versus temperature.

Ve = AV/c of gases in glassy polymers increases with
increasing concentration c. Intheframework of the model
presented in this study the partial molar volume depends
on the size of a site V},. Large values of V), correspond to
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low partial molar volumes (cf. eq 2) and low elastic energies
(cf. eq 4), and therefore, they are occupied first, giving rise
to low partial molar volumes at low concentrations. If the
concentration is raised, sites of smaller volume V}, have to
be occupied, leading to larger partial molar volumes.

For a liquid or rubbery polymer Poisson’s ratio is » =
0.5 and eq 3 yields v = 1. Then the partial molar volume
should be V, = V, - V}, (cf. eq 2), if the molecule of volume
Vy is dissolved in a hole of volume Vy. However, above
the glass transition temperature the macromolecules will
have enough mobility to compensate the annihilation of
a hole by the creation of another hole, in order to keep the
free volume constant. Thus the partial molar volume will
be identical with the volume of the small molecule V;, =
Vg (this is equivalent with the well-known method of
determining the volume of a solid body by immersing it
in a liquid). Therefore, measured values of V} of CO. in
different organic liquids and in silicone rubber are about
the same, i.e. V}, = 46 = 3 cm3/mol.#6 This value is larger
than the molar volume of CQOq in its solid state (ca. 27
cm?/mol). Nevertheless, V; = 46 cm3/mol was used,
because it reflects the interaction of the solute molecules
with organic molecules. A similar interaction is expected
to occur in the glassy polymer. In the glassy state the
macromolecules are not mobile enough to create free
volume after a hole has been occupied and the partial
molar volume will be given by eq 2, yielding much lower
values for V,, (about 20 cm?3/mol18303546) This dependence
of V, on temperature and concentration is shown sche-
matically in Figure 7.

A quantitative evaluation of the volume change AV for
a glassy polymer is achieved by averaging over the partial
molar volume of the dissolved molecules in the various
sites according to the following equation:

AV = [TV, (Greg dG (18)

Note that V depends on G via eqs 2 and 4. For Vi(G) =
Ve no volume change is expected to occur and, therefore,
the corresponding energy is used as a lower bound of the
integralin eq 18. A detailed description of the evaluation
procedure and comparison with experimental data are
given elsewhere.¥’

The distribution of site energies for a given solute gives
rise to a dependence of the diffusion coefficient on solute
concentration as measured for hydrogen in metallic
glasses®!! and alkali-metalions in oxide glasses.2!! During
an increase of solute concentration, sites of low energy are
filled first and then sites of higher energy have to be
occupied. Thus the average activation energy of diffusion
decreases, leading to an increase of the solute diffusivity.
The quantitative evaluation of these dependencies is based
on averaging over the jump frequencies of the solute
particles in the varioussites.!! This conceptis applicable
to experimental values of solute diffusion in glassy
polymers, too, as shown in ref 48. It is worthwhile to note
that the concentration dependence of D is determined by
the width of the site energy distribution o alone.2 The
width, however, is not an adjustable parameter as it stems
from the sorption data of the same system.

7. Dual Sorption versus Gaussian Model

One of the major drawbacks of the dual-sorption model
is that fitting of experimental data yields hole saturation
constants C'y which decrease with temperature. The
parameters C’y is a measure of the overall hole volume,
and therefore, this annihilation of hole volume has to occur
reversibly although the polymer is in the glassy state. In
favor of a reversible structural change it has been often
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Table VII
Dual Sorption Parameters Used To Calculate the Lines
Shown in Figure 9

C'u k

D
T (K) (cm?®/em?) ((cm3/cm3)/atm) b (atm™)
208 18.5 0.53 0.2
308 17 0.4 0.14
318 15 0.33 0.11
338 10 0.25 0.08
368 5 0.165 0.05

observed that the hole saturation constant decreases
linearly with temperature, becoming zero at the glass
transition temperature.5>3® However, for SO, sorption in
a polyimide with a glass transition temperature around
400 °C C’y changed far below T, and became zero at 90
°C. It will be shown in the following that this behavior
is a consequence of a Gaussian distribution of site energies.
Inorder to prove this, pressure—concentration values were
calculated for a Gaussian distribution with typical average
values for CO; ¢ = 10 kdJ/mol and Gy = (-21 + 0.137)
kJ/mol at different temperatures. The correspondingdata
points are shown in Figure 8 and compared with lines as
obtained from the dual-sorption model, i.e. eq 1. The
parameters used to obtain the excellent agreement as
shown in Figure 8 are compiled in Table VII. In Figure
9the hole saturation constant obtained this way is plotted
versus temperature, and it can be seen that in agreement
with the experimental observations mentioned before, C'y
decreases about linearly with temperature intercepting
the T axis around 390 K.

Both dual-sorption and Gaussian models are able to fit
pressure—composition isotherms equally well; however,
whereas the Gaussian model requires four fitting para-
meters (No, Hy, So, and o) the dual-sorption needs at least
8ix (kp, b, C'y, and at least three more to describe their
temperature dependence). Moreover, the number of sites
No used in the Gaussian model was estimated and kept
constant during all calculations, reducing the number of
fitting parameters to three. The width o of the Gaussian
distribution can be calculated from measurable quantities,
and it agrees with values obtained from pressure—com-
position data. The entropy values Sy for dissolution are
reasonable when compared with other entropy changes of
thegas. Therefore, the parameters Sp must not be changed
arbitrarily. Inaddition the predicted dependencies of Gy,
So, and ¢ on various properties of the gas or the polymer
are in agreement with experimental findings.

If one acceptsarigid distribution of intermolecular space
between the macromolecules of a glassy polymer and the
assumption that incorporation of small molecules then
gives rise to a distribution of energies of dissolution, the
Gaussian model is a natural consequence of these con-
siderations. To describe the relationship between size of
the intermolecular space and site energy of a small
molecule, Eshelby’s continuum theory of elasticity may
not be appropriate. It could be replaced by atomistic
calculations like the one by Richards*® developed for
hydrogen in amorphous metals, obtaining a similar relation
between site energy and site volume.

In very recent papers by Gusev and Suter®® and Weiss
et al.5! a continuous-site model has been proposed for
solutes in glassy polymers independently. Different from
the present study, no physicochemical reasoning was
provided for a specific type of distribution of site energies
and its various parameters, yet it was shown that sorption
results can be fitted by a variety of distribution functions
equally well when compared with the dual-sorption model.
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Appendix A: Distribution of Free Energies of
Dissolution

The free energy of dissolution G of molecules from the
gas phase (it might be any other state as well) is equivalent
with the free energy change of the following reaction

M (gas) — M (in polymer) (Al)
During dissolution the elastic energy given by eq 4 has to
be provided, which will be a part of G besides other
contributions (namely due to van der Waals interaction)
and will depend on the hole volume V. Expansion of G
in a Taylor series around the averagethole volume Vyy
yields

4G,
G=G,+ —I (Vo - Vio) (A2)
WVilv,=v,,

where Gy is the free energy of the reaction given by eq A1
if only holes of volume Vy are occupied. Insertion of eq
4 in eq A2 gives

Vi - V2
G-Gy=2u 0 5V, - V,0) (A3)
37 Vi
which is used to transform the distribution of eq 5 into a
distribution of free energies of dissolution n(G):

9BV, (G - Gy)*
8RT(Vio' - V),
where nis a prefactor which is related to the total number

of holes. Equation A4 may be written in the usual form
of a Gaussian function:

n(G) = n,y exp[-(G - Gp)*/*] (A5)
where ¢ is the width of the distribution given as

_ 2V, - Vi, 2RT,
3Vho BV,

According to the derivation presented here B is the bulk
modulusin the liquid state at T = T where the free volume
is frozen in, whereas y; is the shear modulus at 7 where
the molecules are incorporated. u,drops byseveral orders
of magnitude on going from the glassy to the liquid state,
and therefore, the Gaussian distribution becomes very
narrow compared to the thermal energy RT.

n(G) = n, exp[ - ] (A4)

(A6)

4

Appendix B: Number of Sites (Holes) in a Glassy
Polymer

There are several approaches to estimate for 1 cm? of
polymer the number of sites, where a small molecule will
be in a local equilibrium position. In the following, three
estimations are listed.

1. The packing density of the gases (Ar, CO3, CHy, SO,
Ny) in the liquid or solid state is about 2 X 1022/cm3, This
would be the upper limit for the number of sites in a glassy
(nonswelling) polymer. If we assume that only the free
volume of the polymer is occupied by the molecules and
that this free volume is present with a fraction of 0.15 of
the total volume, the site density reduces to Np = 3 X
102/cm3. The latter number is an underestimation, as
molecules are dissolved in holes of the polymer structure
which are smaller than the volume of the molecules, giving
rise to the overall volume change described by eq 2.

2. Using eq 2 and measured values of 30 cm?/mol for
the partial molar volumes of CQ; in glassy polymers® and
46 cm®/mol for the molecular volume,!8 a hole volume of
26 ¢cm3/mol is calculated for the holes (sites) in the glassy
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polymer. If it is again assumed that 1 cm® of the glassy
polymer contains a free volume of 0.15 cm?, the number
of these holes becomes Ny = 3.5 X 10%!/ecm3,

3. The number of sites shall be equal to the number of
segments of the macromolecules. This concept is the basis
of the successful Flory—-Huggins theory of polymer solu-
tions.?25 With an average molecular weight of 100 per
segment and a density of 1 g/cm? for the glassy polymer
the number of sites becomes Ny = 6 X 102!/cm?,

Although the three estimations presented are rather
different, they yield a site density for small molecules which
differs by a factor of 2 only. For the comparison of the
calculated concentrations, diffusivities, and partial molar
volumes with experimental data, the value of Ny = 6.7 X
102!/ cm® has been used for the density of sites. Itis at the
upper limit of the values estimated before, but it yields
the simple conversion factor of 250 for transforming the
concentration given as molecules per sites into cm? of gas
per cm? of polymer.

A different choice of the site density or the conversion
factor changes the calculated concentrations, diffusivities,
and partial molar volumes or the evaluated width o and
the average free energy of sorption Gy only slightly. Thus
a decrease of Ny by a factor of 4 lowers ¢ by 40% and Gy
by 60% ; however, the temperature dependence of Gy, i.e.
the average entropy of sorption S;, does not exhibit
significant changes.
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