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Gas sorption and transport in poly(alkyl (meth)acrylate)s.
II. Sorption and diffusion properties
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Abstract

Gas sorption in amorphous ethyl and decyl acrylate polymers and semi-crystalline and molten octadecyl and behenyl acrylate polymers
were measured as a function of temperature for CH, and CO,. Diffusion coefficients, calculated based on permeability data for these
polymers, are found to increase with increasing side-chain length. The large differences in permeability observed between poly(methyl
acrylate) and poly(ethyl acrylate) are described in terms of the diffusion and solubility of gases in these polymers. Anomalous permeation
switch behavior of poly(behenyl acrylate) is further analyzed using diffusion switch data. The solubility coefficients for CH4 and CO, in
amorphous poly(alkyl acrylate)s are correlated with alkyl content and extrapolated to the long side-chain limit. The extrapolated values are
larger than those for amorphous polyethylene found by extrapolation to zero crystallinity using the traditional two-phase model. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Gas sorption in main-chain semi-crystalline polymers is
generally described by a two-phase model that views crys-
tallites as non-sorbing with no influence on the amorphous
phase. The Michaels and Bixler model [1-3] for the gas
solubility coefficient, S, is given by

S=Sa (1)

where S” is the solubility coefficient of the completely amor-
phous polymer and « the amorphous volume fraction.
Originally developed to fit solubility data in rubbery poly-
ethylene, this model appears to describe several other
systems including glassy poly(ethylene terephthalate)
[4,5]. In these prior studies, the value of S* was found by
extrapolation of data on samples of varying crystallinity. To
our knowledge, only one study has confirmed the above
model using a series of materials that included the com-
pletely amorphous polymer [6]. Furthermore, other studies
have shown that penetrants may sorb in the crystalline
regions of some polymers [7-9].

The question of whether or not the crystallites affect the
nature of the amorphous phase, with regard to solubility,
and if this amorphous phase can be treated as a liquid, as
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in the above model, must be addressed. Budzien et al. [10]
estimated the gas solubility in amorphous polyethylene by
an extrapolation of gas solubility in alkanes and found a
value approximately twice that of the extrapolation
performed by Michaels and Bixler. Clearly, there is no
sharp delineation between the crystalline and amorphous
regions [11] and there is clear evidence that the crystallites
have a great influence on the mobility in the surrounding
amorphous phase. Solid-state  NMR measurements of
several main-chain crystalline polymers reveal an inter-
facial amorphous phase of substantially less mobility than
the bulk amorphous phase. The T, relaxation time for the
interface of polycaprolactone was shown to be 64 times
slower than the bulk amorphous phase [12]. Similar order
of magnitude differences were noted for polyethylene and
hydrogenated polybutadiene [13,14]. In fact, the model
proposed by Michaels and Bixler [3] for diffusion in semi-
crystalline polymers partially takes this stiffened amorphous
phase into account:

D = D'/78 )

where D" is the diffusion coefficient of the completely amor-
phous polymer, 7 the tortuosity and 8 a chain immobiliza-
tion factor accounting for the reduced penetrant mobility in
the amorphous phase surrounding the crystallites.

Part 1 described gas permeation behavior in side-chain
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crystalline poly(alkyl acrylate)s above and below the melt-
ing point [15]. The change in permeation on traversing the
melting point was significantly greater for these materials
than observed for polycaprolactone in both magnitude and
penetrant dependence. These trends were attributed to
differences in crystalline morphology and a larger chain
immobilization effect by the crystallites on the amorphous
phase of the side-chain crystalline alkyl acrylates. This
paper examines gas sorption in these materials. The sorption
data reported here allows factoring the permeation effects
described in Part 1 into their solubility and diffusivity
components. Gas sorption data is only reported for CH,
and CO, owing to the accuracy of measurement for these
gases compared to the other penetrants reported here and to
keep the scope of this study manageable.

2. Experimental

The polymerization, characterization and permeability
measurement techniques used were documented in the
previous paper [15]. Equilibrium gas sorption isotherms
were measured with a dual volume, pressure decay apparatus
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described elsewhere [16]. This apparatus was immersed in a
thermostated water bath. Due to its tackiness, poly(ethyl
acrylate) (PA-2) film was placed on aluminum foil and
rolled into a cylindrical shape before loading into the appa-
ratus. The volume of the aluminum was subtracted from the
dead volume of the cell when calculating the solubility
coefficient. Amorphous poly(decyl acrylate) (PA-10) and
molten poly(behenyl acrylate) (PA-22) were tested without
the use of aluminum foil. It was confirmed that the polymer
forms a molten pool in the bottom of the dead volume as a
fluid. Yet, equilibrium was routinely reached within 24 h.
While performing solubility measurements in the molten
state, poly(octadecyl acrylate) (PA-18) and PA-22 were
degassed in molten form in a vacuum oven before the
temperature was incremented.

3. Results and discussion

The solubility and diffusivity data for amorphous
poly(alkyl acrylate)s are first documented; the diffusion
coefficients were calculated from D = P/S. The large
change in permeability going from poly(methyl acrylate)
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Fig. 1. Representative CH4 and CO, sorption isotherms for PA-2, PA-10 at 35°C and PA-22 in the semi-crystalline state (cooled at 1°C/min) at 35°C and molten
state at 70°C. The solubility follows Henry’s law at the pressures and temperatures studied.



Z. Mogri, D.R. Paul / Polymer 42 (2001) 7781-7789

(PA-1) to PA-2 described in Part 1 is analyzed here using
the solubility and diffusion coefficients for these polymers.
An asymptotic limit for the diffusion coefficient at very long
side-chain lengths is also discussed. The lower permeability
switch of PA-22 compared to PA-18 is also explained in
terms of the solubility and diffusivity switch for both poly-
mers. Finally, the solubility in the amorphous state is revis-
ited and described as a function of the alkyl composition in
the polymer. Some apparent inconsistencies in the two-
phase model for describing solubility in semi-crystalline
polymers are indicated.

3.1. Solubility and diffusivity in the amorphous state of
poly(alkyl acrylate)s

Representative CH, and CO, sorption isotherms for
rubbery and amorphous PA-2 and PA-10 at 35°C and
semi-crystalline and molten PA-22 at 35 and 70°C are
shown in Fig. 1. Henry’s law is obeyed in every case. The
solubility of CH, and CO, was measured as a function of
temperature for all polymers and was found to follow typi-
cal van’t Hoff behavior in both the semi-crystalline and
molten states.
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Table 1

CH, and CO, permeability (P), solubility (S) and diffusion (D) coefficients
and activation energies of permeation (£;) and diffusion (E4) and heats of
sorption (AH;) of poly(alkyl acrylate)s of varying side-chain length in the
amorphous or molten state

Gas n P* s° D'x10™°  E* AHS ES*
CH, 1 029  0.15°  0.0148 - - -
2 14.9 0.17  0.664 8.1 —24 105
10 47.8 0.18 1.98 68 —19 8.7
18 90.8 0.21 3.23 56 —16 72
22 93.0 024 292 49 -08 5.7
CO, 1 958  1.98°  0.0368 - - -
2176 1.67  0.801 50 —34 8.4
10 261 1.12 1.77 42 -29 7.1
18 428 126 258 27 -6 8.7
22 404 0.71 435 29 -19 48

* P measured at or extrapolated to 35°C and has units of Barrers.

® § measured at or extrapolated to 35°C and has units of cm*/cm® polymer
atm.

¢ Calculated from D = P/S at 35°C with units of cm?/s.

d E,, AH, and E, have units of kcal/mol.

¢ From Ref. [18].
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Fig. 2. CH, and CO, diffusion coefficients (cm?/s) (on arithmetic and logarithmic scales) of amorphous poly(alkyl acrylate)s as a function of side-chain length

at 35°C.
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Table 2
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CH, and CO, permeability, solubility and diffusion coefficients for glassy poly(alkyl methacrylate)s and rubbery poly(alkyl acrylate)s illustrating the source of
‘jump’ in permeability upon addition of the first methylene group in these series

Polymer CH, CO,
Pt s° D* P s° D¢

PMA-1¢ 0.0058 0.39 1.14x 10710 0.36 3.44 7.90x 1071
PMA-2¢ 0.347 0.16 1.60x10°% 7.01 1.48 3.59%x10°%
PMA-2/PMA-1 59.8 0.41 141 19.5 0.43 45.4

PA-1 0.29 0.15 1.48x1078 9.58 1.98" 3.68x10°%
PA-2 14.9 0.17 6.64x 1077 176 1.67 8.01x 1077
PA-2/PA-1 51.7 1.17 44.8 18.3 0.84 21.8

* P given at 35°C and has units of Barrers.

® § given at 35°C and has units of cm*cm?® polymer atm.
¢ D given at 35°C and has units of cm?s.

¢ From Refs. [25,26].

¢ From Refs. [26,27].

" From Refs. [18,26].

The amorphous state gas transport coefficients listed in
Table 1 include previously reported data for PA-18 [17].
The increase in permeability with side-chain length reported
in the previous paper [15] primarily reflects trends in the
diffusion coefficient as shown in Fig. 2 for CH, and CO,.
The diffusion coefficients for PA-1 were calculated from the
permeability data of Part 1 and solubility data determined
earlier in our laboratory [18]. As shown earlier for the
permeability coefficient [15], there is a dramatic increase
in the diffusivity from PA-1 to PA-2 and a fairly linear
increase thereafter, though there is some scatter in the
data. It is useful to present this data on a logarithmic scale
shown also in Fig. 2.

The large difference in permeability between PA-1 and
PA-2 is examined in terms of the solubility and diffusion
contributions in Table 2 for CH; and CO,. The glassy

methyl and ethyl methacrylate polymers (PMA-1 and -2)
have lower diffusivities than the corresponding rubbery
acrylate polymers (PA-1 and -2), as might be expected.
There is a large increase in the diffusivity for both sets of
polymers upon addition of the extra methylene unit;
however, the increase is greater for the glassy polymers.
The extra methylene significantly decreases the solubility
coefficient for glassy polymethacrylates; however, for the
rubbery polyacrylates, this leads to a small increase for CH,
and a small decrease for CO,. Solubility contributes about a
factor of two or more to the permeability increase caused by
the extra methylene for the rubbery materials than the glassy
ones. Though CO, has a larger diffusivity than CH, for each
set of polymers, it is the change in diffusivity that gives rise
to the size dependence, possibly due to a more flexible back-
bone and higher free volume.

Table 3

CO, diffusivity (D) and solubility (S) and activation energies of diffusion (E) and heats of sorption (AH;) in amorphous polyethylene and amorphous analogs of
polyethylene

Polymer T (°C) D*x107¢ ES Dx 1079 (35°C) s° AH S (50°C) Reference
PA-22 35 4.35 4.8 4.35 0.71 -1.9 0.61 This work
Natural rubber 25 1.24 8.2 1.95 0.94 -3.0 0.64 [3]
Natural rubber 25 1.10 8.9 1.79 0.90 —-2.8 0.63 [28]
Methyl rubber 25 0.063 12.8 0.127 0.90 -1.6 0.73 [28]

Butyl rubber 25 0.0578 12.0 0.112 0.68 -2.1 0.52 [28]
Polymethylpentadiene 50 0.438 8.3 0.233 1.10 - 1.10 [28]
Molten gutta percha 50 4.13 9.2 2.05 0.69 2.5 0.69 [28]
Polybutadiene 50 278 7.3 1.60 0.72 —2.1 0.72 [28]
Molten polybutadiene 25 0.206 6.4 0.292 0.96 -3.0 0.65 [29]

(48% trans)

Molten polyethylene 188 56.9 4.4 5.21 0.24 —-0.8 0.34 [30,31]
Polyethylene (a — 1) 25 - - - 0.45 —2.8¢ 0.31 [2]
Amorphous polyethylene 25 - - 0.99 -2.8¢ 0.68 [10]
Molten polypropylene 188 42.4 3.0 8.32 0.20 —-1.7 0.43 [30,31]

* Calculated from D = P/S at 35°C with units of cm?s.
® E, and AH, have units of kcal/mol.

¢ S has units of cm*cm® polymer atm.

¢ Natural rubber AH, from Ref. [28].
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Fig. 3. CH4 and CO, solubility coefficients for PA-22 as a function of temperature. The semi-crystalline state measurements were made with polymer cooled
from the melt at 1°C/min. The solubility switch is calculated from the extrapolated values of the semi-crystalline and molten states (S5, and Sgg).

As described earlier for permeability, at very long side-
chain lengths, one might expect the diffusion coefficient of
amorphous polyacrylates to approach that of amorphous
polyethylene. The arithmetic plots do not indicate an
asymptotic limit; however, the logarithmic plots shown in
Fig. 2 suggest that such an asymptote may exist. The diffu-
sion behavior in amorphous polyethylene has not been
studied extensively; nevertheless, the limited data for amor-
phous polyethylene and for some polymers of similar struc-
ture are compiled in Table 3 for CO,. When compared at the
common temperature of 35°C by appropriate extrapolation,
the diffusion coefficients for most of these polymers are well
below that of PA-22. However, both molten polyethylene
and polypropylene have higher values, when extrapolated to
35°C, which is consistent with the hypothesis of an asymp-
totic limit for the diffusion coefficient of these side-chain
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acrylates. A similar comparison for CH, is not possible
since, to our knowledge, such data are not available for
any of these polymers except for natural rubber whose
value is a factor of two lower than that for PA-22. Clearly,
further data are needed to unambiguously evaluate this
hypothesis.

The results in Table 1 also show that as the alkyl unit
becomes longer, the activation energy of diffusion
decreases, following the same trend as E, [15], while the
heat of sorption generally becomes more endothermic.

3.2. Solubility and diffusivity switch for poly(behenyl
acrylate)

The solubility and diffusivity switch values are calculated
in the same way as described previously for permeability.
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Fig. 4. CH, and CO, diffusivity coefficients for PA-22 as a function of temperature. The semi-crystalline state measurements were made with polymer cooled
from the melt at 1°C/min. The diffusivity switch is calculated from the extrapolated values of the semi-crystalline and molten states (D7, and D).
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Table 4

Comparison of thermal switch values for permeability, solubility and diffusivity of PA-18 and PA-22. T is the temperature of the switch, 50°C for PA-18 and
70°C for PA-22 (note that the ratio of solubility coefficients shown here are the inverse of the convention used for the permeability and diffusion coefficients in

order to facilitate comparison of the solubility ratio to « as predicted by Eq. (3))

Polymer o CH, CO,

PrIP; Sy /ST Dy /D7y = 18 P; /Py Sy /83 Dy /Dy = 1B
PA-18 0.63 81.5 031 252 61.1 0.37 22.5
PA-22 0.53 48.1 0.18 8.7 40.1 0.31 12.8

That is, the solubility and diffusivity data in the semi-
crystalline and molten states are extrapolated to the polymer
melting temperature as shown in Figs. 3 and 4. The ratio of
these extrapolated values characterize the switch on melt-
ing. According to the models proposed in Eqgs. (1) and (2),
the solubility and diffusivity switch values should be given
by

St _
G )
D} _
—D; =18 “)

where the superscript (—) indicates values in the semi-crys-
talline state, the superscript (+) indicates values in the
molten state and T the temperature where the comparison
is made, usually T;,. The corresponding P, D and S ratios are
shown in Table 4 for CH, and CO, in PA-18 and PA-22. The
semi-crystalline state for both polymers was established by
cooling from the melt at 1°C/min. Note that the solubility
switch ratio is constructed here using the inverse of the
convention used for the permeability and diffusivity ratios
to permit comparisons with a expected by Eq. (3).

The solubility ratios for both PA-18 and PA-22 are less
than the value of « determined calorimetrically by approxi-
mately a factor of 2. Thus, it is quite clear that S7/S7 # «
for these side-chain crystalline polymers. Note that the
value of the solubility ratio also depends on the penetrant
which is contrary to the simple model expressed by Eq. (3).
Of course, as noted previously [15], there is a change in
composition on melting, and an attempt to account for this
is made in the next section. The solubility change on melting
is larger for PA-22 than PA-18 for both penetrants and
accounts for a factor of 3—5 of the permeation jump.

The diffusion switch plays a larger role in the permeation
jump and is dependent on size, as may be expected. The
lower permeation jump for PA-22 compared to PA-18 is
largely due to the lower diffusion jump for the former.
This could well be due to different morphologies in the
semi-crystalline state including crystallite size and shape.
As seen in Table 5, there is a much higher diffusion coeffi-
cient in the semi-crystalline state for PA-22 than PA-18.
One cannot quantitatively test the validity of Eq. (4) since
a priori determinations of either 7 and B are not presently

possible. In fact, Michaels [19] noted the complexities of
estimating the tortuosity of two-phase materials without
complete knowledge of their geometry.

As stated in Part 1, there is a clear decrease in activation
energy of permeation upon traversing the melting point,
indicative of chain immobilization effects, as has been docu-
mented for main-chain crystalline polymers [20,21]. It is of
interest to note the contributions from diffusion and solubi-
lity to this decrease. One might expect most of the difference
to be accounted for in the diffusion activation energy since
the chain immobilization term appears in Eq. (4). A compar-
ison of Tables 1 and 5 shows substantially lower activation
energies of diffusion in the molten state compared to the
semi-crystalline state and generally accounts for most of
the difference in E, above and below the melting point.
But also note the generally lower heats of sorption in the
molten state compared to the semi-crystalline state. This
behavior is not supported by Eq. (3) and is further evidence
that a simple two-phase model does not describe these
systems and chain immobilization may affect the solubility
of gases in side-chain crystalline materials. The difference
in the heat of sorption in the molten and semi-crystalline
states also contributes to the difference in E,, but generally to
a lesser degree than the difference in Ej.

3.3. Effect of alkyl composition on solubility in the
amorphous state of poly(alkyl acrylate)s

As seen in Table 1, the solubility coefficients for gases in
poly(alkyl acrylate)s above T;, depend on the length of the

Table 5

CH, and CO, permeability (P), solubility (S) and diffusion (D) coefficients
of PA-18 and PA-22 in the semi-crystalline state (established by cooling
from the melt at 1°C/min). T is the temperature of the switch, 50°C for PA-
18 and 70°C for PA-22

Gas n «a Pr*  S;° Drx107° ES  AHS  ES

CH, 18 063 170 0.06 0221 131 -26 157
22 053 437 004 0873 83 —17 100

CO, 18 0.63 858 030 0221 92 -23 115
22 053 162 0.6 0.757 59 —-35 94

* P has units of Barrers.

® $ has units of cm*cm® polymer atm.

¢ Calculated from D = P/S with units of cm?s.
d E,, AH, and E, have units of kcal/mol.
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Fig. 5. Structure of poly(alkyl acrylate) illustrating the backbone and alkyl
units comprising the polymer. The van der Waals volumes were computed
for these units and the alkyl volume fraction was calculated. These values
are shown in Figs. 6 and 7.

alkyl side-chain. As suggested previously [15] for the gas
transport properties of molten alkyl acrylate polymers, one
might expect gas solubility coefficients to approach the
values for amorphous polyethylene in the limit of very
long side-chains. An appropriate way to explore this propo-
sal is to plot the gas solubility coefficients of poly(alkyl
acrylate)s as a function of the volume fraction of alkyl
units in these materials. The alkyl volume fraction was
calculated from

Vgl 5)

Valkyl + Vbackbone

where Vi and Vigerone are the van der Waals volumes,
computed by group contribution methods [22] for each of
the two portions of the repeat units shown in Fig. 5.

Figs. 6 and 7 show the CH, and CO, solubility coefficients
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Fig. 6. Dependence of CH, solubility on the composition of alkyl units in
amorphous and molten polymers measured at or extrapolated to 50°C. The
solubility for PA-1 was calculated from data in Ref. [18] using the heat of
sorption from Table 6.

plotted on a log scale as a function of the alkyl volume
fraction; the form suggested by theoretical arguments for
homogeneous multicomponent polymers or copolymers
[23]. The extrapolation error from the values given at
35°C in Table 1 to 50°C seen in Figs. 6 and 7 is less than
7% for the acrylate polymers except for PA-1. The solubility
coefficients for PA-1 at 50°C were estimated from values at
35°C [18] using a heat of sorption of —1.3 kcal/mol for CH,
and —2.3 kcal/mol for CO,, which are taken as typical
values, see Tables 3 and 6; this temperature correction is

4
T=50°C

Budzien

polymer atm)

(cmalcm3

2
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Fig. 7. Dependence of CO, solubility on the composition of alkyl units in
amorphous and molten polymers measured at or extrapolated to 50°C. The
solubility for PA-1 was calculated from data in Ref. [18] using the heat of
sorption averaged from the values in Table 3.
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relatively small in any case. The plots shown in Figs. 6 and 7
form a reasonable correlation of the data for the various
poly(alkyl acrylate)s, and the line drawn is the best linear fit.
The extrapolation of this line to an alkyl volume fraction of
unity will be compared below to other estimates for amor-
phous polyethylene.

CHy solubility increases while CO, solubility decreases
with increasing alkyl volume fraction. Qualitatively, these
trends make sense. Increasing the hydrocarbon content
should lead to a more favorable thermodynamic interaction
with CH4. On the other hand, diluting the polarity of the
acrylate polymers by longer alkyl units should lead to less
favorable interactions with CO,. An earlier study noted an
increase in the CO,/CH, solubility ratio as the polarity
increased in low molecular weight solvents and other
various polymers [24]; this is entirely consistent with the
trends in Figs. 6 and 7.

The extrapolation of the lines shown in Figs. 6 and 7 to an
alkyl volume fraction of unity falls well above the predic-
tions of CH4 and CO, solubility in amorphous polyethylene
proposed by Michaels and Bixler. While there is some scat-
ter in the data for CHy, the extrapolation yields a value of
0.22 cm*/cm® polymer atm which is close to the value for
natural rubber (see Table 6) but in between the values
predicted for amorphous polyethylene by Budzien et al.
and Michaels and Bixler (see Fig. 6). The plot for CO,
has less scatter and the extrapolation yields a value of
0.59 cm*/cm’ polymer atm, which again is close to that of
natural rubber (see Table 3) and is much closer to the esti-
mate for amorphous polyethylene reported by Budzien et al.
than those reported by Michaels and Bixler or by Durrill and
Griskey (see Table 3 and Fig. 7).

The effect that the compositional change on melting has
on the value of the solubility switch ratio for PA-18 can now
be evaluated. PA-10 has the same number of carbons in the
amorphous state as does semi-crystalline PA-18; hence, the
S7 values of 0.16 cm*/cm® polymer atm for CH, and
0.91 cm’/cm’ polymer atm for CO, are substituted for
those of PA-18 at T = 50°C. The S; values of PA-18
remain the same for this calculation. The corrected solubi-
lity switch value (S7/S7) increases from 0.31 to 0.38 for
CH, but decreases from 0.37 to 0.33 for CO,. The corrected
values are still well below the value of a determined from
the heat of fusion indicating that accounting for the compo-
sitional change does not reconcile the discrepancy between

Table 6

CH, solubility in amorphous polyethylene and amorphous analogs of poly-
ethylene. Solubility and AH, have units of cm*/cm® polymer atm and kcal/
mol

Polymer TCC) § AH, S at 50°C Reference
Natural rubber 25 025 —13 021 [3]
Polyethylene (o = 1) 25 020 —1.3* 0.17 3]
Amorphous polyethylene 25 036 —1.3* 030 [10]

* Natural rubber AH, from Ref. [3].

S7/S7 and a predicted by the simple model of Michaels and
Bixler.

4. Conclusions

Data for the solubility of CH4 and CO, in amorphous and
semi-crystalline poly(alkyl acrylate)s have permitted further
analysis of permeation trends presented earlier [15]. The
increase in permeability as the side-chain length increases
and the large change in permeability in going from PA-1 to
PA-2 are predominantly due to trends in the diffusion coef-
ficient and not solubility. The semi-crystalline state diffu-
sion coefficient for PA-22 is significantly higher than for
PA-18 and is a major factor in the lower permeability switch
of PA-22 despite a higher degree of crystallinity. Gas solu-
bility in amorphous acrylates was found to depend on the
alkyl composition of the polymer. An extrapolation of the
solubility data to an alkyl volume fraction of unity was
compared to that of amorphous polyethylene. This method
of estimating the solubility in amorphous polyethylene leads
to substantially higher values than found by extrapolation of
semi-crystalline polyethylene data to the amorphous state.
This combined with an analysis of the change in solubility
on melting of the side-chain crystalline poly(alkyl acrylate)s
suggests that the simple two-phase model of Michaels and
Bixler may not fully describe the effect of crystallinity on
solubility.
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