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ABSTRACT:

The gas permeation behavior of poly(dialkylfumarate)s (PDAF)s with various

bulky ester side chains has been studied. The thermal molecular motion and intermolecular
distances depended on the bulkiness of ester side groups. The permeation behavior was strongly
influenced by thermal molecular motion and density of PDAFs. The magnitude of permeability for
0,, N,, and CO is in the order of 107'°—107° cm*(STP)-cmcm™!s™!cmHg ™! at 298 K. The
magnitude of separation factor of O, to CO was above 10 at 298 K and remained high below the -

relaxation temperature.
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The separation process of gases through
polymeric films has made great progress these
days due to the appearance of new polymeric
materials and the development of fabrication
techniques.! ~> Membrane based gas perme-
ation plays important roles for industrial
processes such as hydrocarbon recovery from
purge streams* and oxygen enrichment.” The
permeation behavior of gases across non-
porous membrane is influenced by the thermal
molecular motion.® Below the glass transition
temperature, T,, the membrane is in a glassy
state, the molecular motion of polymer chains
is restricted and the contribution from acti-
vated diffusion is very small.”® In the rubbery
state, the free segmental motion is active so
that chain mobility and diffusivity increase. In
general, the permeation rate in a rubbery

polymer is higher than that of a glassy one;
however, a glassy polymer shows higher selec-
tivity due to the lower molecular mobility in
the glassy state.

The high temperature separation process
has an advantage from the view point of
energy saving. Also, the mechanical strength
of membrane is an important factor. In order
to keep high permselectivity at high tempera-
ture, it is necessary to develop a new class of
glassy polymers. The poly(dialkylfumarate)
(PDAF) is a candidate. This polymer shows a
high glass transition temperature due to its
rigid rod-like structure.” ' Also, the aggre-
gation state can be controlled by changing the
bulky ester side chains.

In this study, the effects of ester side chain
structure on permeation behavior of PDAFs
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with various ester side chain groups is
discussed.

EXPERIMENTAL

Materials

The chemical structure and ester sub-
stituents of PDAFs used in this experiment are
shown in Figure 1. In order to reveal the effects
of ester substituents, two series of PDAFs were
used in this study. One of the two ester sub-
stituents of each series of PDAFs is isopropyl
alcohol (iP) or tert-butyl alcohol (tB). Other
substituents are cyclohexyl alcohol (cH), sec-
butyl alcohol (sB), and 4-methylpentyl alcohol
(4mP). These polymers are designated as P(R-
iPF) or P(R-tBF) where R indicates the var-
ious types of ester substituents. The film
specimen of these polymers was prepared by
casting a 1wt% benzene solution on a clean
glass plate at room temperature. This film was
subsequently dried in vacuo for 12 h. The film
thickness of these films was about 25um.

Ry R;
CHsCH
-cH: -CH 2 d
R1 \ /2
| “iP: -GH=CH, CH3CH,
§, ¢H3
+ _¢.)ﬁ -sB:-CH-CH:CH,
Mo (=0 Hy Hy :
9 -ta:—g~cr13
R, CHy -LmP:-EH-CHigZH-CHa
i
(N m

Figure 1. Chemical structures of poly(alkyl isopro-
pylfumarate)s and poly(alkyl r-butylfumarate)s and
their ester substituents.

Table I. Properties of polyalkylfumarates
Polymer R, R, M, djgem ™3
P(cH-iPF) -cH -iP 77100 1.124
P(sB-iPF) -sB -iP 89000 1.094
P(4mP-iPF) -4mP  -iP 101300 1.078
P(iP-tBF) -iP -tB 88500 1.084
P(cH-tBF) -cH -tB 49500 1.100
P(sB-tBF) -sB -tB 63200 1.076
P(4mP-tBF) -4mP  -tB 41800 1.038
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Table I summarizes the ester substituents, the
number average molecular weight, and density
of poly(alkyl isopropylfumarate)s and poly-
(alkyl ¢-butylfumarate)s used in this study.

Gas Permeation Experiment

The gases employed for the permeation ex-
periment were H,, N,, O,, and CO and had a
purity above 99.99;. The gas permeation
measurements were carried out with 20K in-
tervals from 298 to 453 K by the high vacuum
method.!> A stainless steel permeation cell
with effective area of 0.79cm? was used and
sealed with a Viton® gasket. The MKS
Baratoron pressure transducer was used to
monitor continuously the down stream pres-
sure.

RESULTS AND DISCUSSION

Permeation Behavior of Poly(dialkylfumarate)

The permeability for various gases are
shown in the form of Arrhenius plots in
Figures 2 to 5. The magnitude of permeability
at 298 K, pre-exponential factor, and the acti-
vation energy are summarized in Table II. The
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Figure 2. Temperature dependence of the gas per-
meability of poly(cyclohexyl isopropylfumarate) and
poly(cyclohexyl t-butylfumarate).
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Figure 3. Temperature dependence of the gas per-
meability of poly(s-butyl isopropylfumarate) and poly(s-
butyl t-butylfumarate).
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Figure 4. Temperature dependence of the gas per-
meability of poly(4-methylpentyl isopropylfumarate)
and poly(4-methylpentyl z-butylfumarate).

permeability increased in the order of ni-
trogen, carbon monoxide, oxygen and hy-
drogen. There has been reported several at-
tempts to correlate the permeability of gases
with thermal molecular motion of polymeric
chains.!* "1 The temperature dependence of
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Figure 5. Temperature dependence of the gas
meability of poly(isopropyl #-butylfumarate).

per-

dynamic viscoelasticity revealed that the on-
set of the B-relaxation for poly(alkyl ¢-butyl-
fumarate) occurs at a lower temperature than
that for poly(alkyl isopropylfumarate).'? In
the case of poly(alkyl r-butylfumarate) with
bulky ¢-butyl group, the f-relaxation occurs at
a lower temperature than that for poly(alkyl
isopropylfumarate). Also, the differential scan-
ning calorimetry revealed that the thermal
degradation of poly(alkyl r-butylfumarate)
started at a lower temperature than that for
poly(alkyl isopropylfumarate). This onset of
thermal degradation corresponds to the o-
relaxation of PDAF. The gas permeation be-
havior of PDAFs can be divided into two types
depending on thermal molecular motion be-
cause there is a large difference in the slopes of
the Arrhenius plots of these two series.
Yamada and coworkers reported that intermo-
lecular spacing of poly(diisopropylfumarate)s
increased with temperature.!' Especially the
increase became remarkable at the f-absorp-
tion region which is related to the side chain
motion. This steep increase in intermolecular
distance will give rise to change in the diffu-
sivity of gases. The dependence of permeability
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Table II. P at 298K, P, and E, for polyalkylfumarates
H, 0,
Px10° Py x 108 £ Px10° Py x 10° E
Polymer P o
cm?(STP)cm kcal cm?(STP)cm kcal
cm 257! cmHg ™! mol ! cm 257! cmHg ™! mol ™!
P(cH-iPF) 4.1 1.3 34 0.8 2.3 4.7
P(sB-iPF) 5.1 14.9 4.8 1.2 19.8 5.8
P(4mP-iPF) 15.6 9.8 3.9 45 5.0 4.2
P(iP-tBF) 13.3 0.7 2.4 2.1 0.5 3.2
P(cH-tBF) 7.2 1.4 3.1 1.7 0.7 3.7
P(sB-tBF) 14.5 1.0 2.5 3.9 0.6 3.0
P(4mP-tBF) 16.9 2.0 2.8 49 0.8 3.0
N, co
' Px10° Py x 10° E Px10° Py x 10° E
Polymer P P
cm?(STP)cm kcal cm?(STP)cm kcal
cm™ 257! cmHg ™! mol ™! cm 257! cmHg ™! mol ™!
P(cH-iPF) 0.3 43 5.7 0.3 4.0 5.6
P(sB-iPF) 0.5 26.0 6.5 0.6 2.7 6.5
P(4mP-iPF) 1.4 13.1 5.5 1.5 13.9 5.4
P(iP-tBF) 0.9 0.3 3.5 0.9 0.4 3.6
P(cH-tBF) 0.5 25 5.2 0.5 22 5.0
P(sB-tBF) 1.3 1.3 4.0 1.4 1.5 4.2
P(4mP-tBF) 1.6 1.7 4.2 1.7 2.3 4.3
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Figure 6. Temperature dependence of the permeability
of oxygen through various poly(dialkylfumarate)
membrane.
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butylfumarate) with various ester side groups.
This difference in permeation behavior may
be due to the difference in thermal molecular
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Figure 7. Relationships between gas permeability and
density for poly(dialkylfumarate)s.

motion as mentioned above. The magnitude
of permeability for oxygen are 1—5x107°
cm®(STP)cmem ™ 2s 'cmHg ! at  298K.
Compared with other glassy polymers such
as poly(phenyleneoxide) (PPO)'® and poly-
imide,!” this magnitude is higher in PDAFs.
This would be related to the aggregation state
of PDAF which consists of rigid rod-like
molecules.

Figure 7 illustrates the correlation between
permeability of gas at 298 K and density of
PDAF membrane. The density of each speci-
men is shown in Table 1. The general trend is
that the permeability of gases decreases with
an increase in density. Despite the bulkiness of
the side chains, poly(cyclohexyl isopropylfu-
marate), and poly(cyclohexyl t-butylfumarate)
have high density, which might be due to the
compact packing state of the side chain groups
in these membranes. The decrease in per-
meability with increasing density suggests a
large contribution of diffusivity of gases to the
permeation behavior.

Since the permeability is also a function of
solubility, the permeation behavior of PDAFs
can be correlated with the solubility parameter
calculated from chemical structure.® Table I11
summarizes the solubility parameters, §, for
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Table III. Solubility parameters for polyalkylfumarates
Osp
Polymer
(calem~3)12
P(cH-iPF) 13.0
P(cH-tBF) 12.4
P(sB-iPF) 9.8
P(sB-tBF) 9.6
P(iP-tBF) 9.7
P(4mP-iPF) 9.5
P(4mP-tBF) 9.4
16
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Figure 8. Temperature dependence of separation fac-
tors Py,/Pco and Pg, /Py, for poly(dialkylfumarate)s.

PDAFs. The magnitudes of §,, were estimated
by the method of Fedors.'® Except for PDAFs
with cyclohexyl substituent group, the d, is
almost of the same magnitude. The value for
poly(alkyl z-butylfumarate) is lower than that
for poly(alkyl isopropylfumarate). This may
be ascribed to an decrease in interaction be-
tween molecular chains due to an increase in
the number of carbon atoms in alkyl sub-
stituents. On the basis of the magnitudes of the
solubility parameters, it is expected that the
poly(4-methylpentyl t-butylfumarate) has the
highest permeability among the polymers used
in this study. This would agree quite well with
the experimental results.

Figure 8 shows the temperature depen-
dences of separation factors of hydrogen to
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carbon monoxide gases, Py,/Po, and oxygen
to nitrogen gases, Py,/Py,, in these mem-
branes. With increase in temperature, the
magnitude of separation factor decreases. The
magnitude of Py,/Pcq takes the range of 10 to
14 and that of P,,/Py,, over 3 at 298 K. The
decrease in magnitude of separation factor is
steep at the f-relaxation region around 330 K.
The magnitude of separation factor also de-
pended on the density of membrane, which
reflect the packing state of the molecule. The
separation factor for poly(cyclohexyl ¢-
butylfumarate) with the highest density among
these PDAFs showed the highest permselec-
tivity, especially for Py,/Pqo. The separation
factor for oxygen to nitrogen showed high a
magnitude below S-absorption temperature.

CONCLUSIONS

The permeation behavior of PDAFs with
various substituents groups were investigat-
ed. The magnitude of permeation coefficient
strongly depended on the chemical structure of
ester substituents. The magnitude of permse-
lectivity of H, to CO was above 10 at 293K
and decreased above the f-absorption tem-
perature.
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