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ABSTRACT: Gas transport of helium, hydrogen, oxygen, nitrogen, methane, and carbon dioxide gases
in a series of polyarylates based on isophthalic acid has been examined. These polyarylates were prepared
from dimethyl-Bisphenol A, tetramethyl-Bisphenol A, diisopropyl-Bisphenol A, and dibromodimethyl-
Bisphenol A monomers to study the effects of varying Bisphenol substituent group size, symmetry, and
polarity. Symmetrical placement of substituent groups increases permeability while asymmetrical
placement lowers permeability. Substitution of a tertiary butyl group at position 5 on the isophthalate
ring increases polymer permeability. Most of the increases in permeability can be related to increases in
the diffusion coefficients of all the gases. The isophthalate of dibromodimethyl-Bisphenol A has gas
separation properties very similar to those of the tetrabrominated analog.

Introduction

The growth of commercial membrane-based gas sepa-
ration processes has been fueled to some extent by the
development of improved membrane materials. There
is now extensive literature detailing the relationships
between gas transport properties and polymer struc-
ture.!721 The goal of current research efforts is to
identify new materials which are simultaneously more
permeable and more selective and which, hopefully,
exceed the “upper bound” in the relation between
selectivity and permeability, as identified by Robeson,?
of presently known polymers.

Previous studies of structure/property relationships
have identified various guidelines for the design of
improved gas separation membrane materials. Some
authors have suggested that structural changes which
both inhibit chain packing and reduce rotational mobil-
ity around flexible linkages in the polymer backbone
might lead to higher permselectivity without a loss in
permeability.®232¢ For aromatic polymers, the rotation
of phenyl rings around their connecting bond axis is the
primary rotational motion which can be inhibited.
Small group substitutions on these phenyl rings is one
way of reducing their rotational mobility and of, simul-
taneously, inhibiting close chain packing. The degree
of such rotational inhibition can be qualitatively judged
by observing shifts in the temperature at which sub-T
relaxations occur or from the magnitude of the relax-
ation peaks while the inhibition of chain packing can
be evaluated from density, d spacing, and fractional free
volume measurements.

The placement symmetry of small group substitutions
on polymer phenyl rings can have a marked effect on
the gas transport as well as other physical properties
of the substituted material 3¢ Two types of phenyl ring
substitution symmetry/asymmetry are shown in Figure
1. Type A asymmetry refers to a monosubstituted
versus a disubstituted phenyl ring, where the substitu-
ent is the same in each case. Type B asymmetry refers
to a disubstituted phenyl ring where the two substitu-
ents are not identical. Effects of type A asymmetry on
gas transport properties are expected to be much greater
than those of type B asymmetry. Symmetrically sub-

® Abstract published in Advance ACS Abstracts, November 1,
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Figure 1. Two possible types of substituted phenyl ring
asymmetry. Type A refers to a mono- versus a disubstituted
ring, while type B refers to a disubstituted ring where the two
substituent groups are not identical.

stituted polymers generally have higher permeabilities
and lower selectivities than their unsubstituted analogs
while unsymmetrically substituted materials of type A
generally have lower permeabilities but higher selectivi-
ties. Both symmetrically and unsymmetrically substi-
tuted units can have severely restricted local motions,
as judged by sub-T} relaxation behavior; however, the
lower Ty’s observed for materials with type A asym-
metrically substituted backbone phenyl rings compared
to those containing symmetrically substituted phenyl
ring units indicate that longer scale chain rigidity is not
similarly affected.® There is less available information
on the physical and gas transport effects of type B
asymmetry; however, one study has shown that when
the various substituent groups are all similar in char-
acter (i.e., all small alkyl groups), additivity of substitu-
ent effects is obtained, at least for polyimides.?

As a continuation of our previous work,?5-27 this study
examines the physical and gas transport properties of
a series of homologous polyarylates based on isophthalic
acid and various ortho-substituted Bisphenol A analogs.
Methyl, isopropyl, and bromo substitutions onto the
Bisphenol phenyl rings are used to disrupt chain pack-
ing and reduce rotational mobility. Our previous work
has shown that symmetric bromine substitution of the
Bisphenol phenyl rings greatly increases the permse-
lectivity of polyarylates. The latter materials are
compared here to the symmetrically methyl-substituted
and the type B asymmetrically substituted bromomethyl

© 1995 American Chemical Society
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Table 1. Monomer Sources and Purification

monomer abbreviation source purification melting point® (°C)

dimethylbisphenol A DMBPA Kennedy and Klim sublimation 139-140

tetramethylbisphenol A TMBPA Kennedy and Klim sublimation 165-167

diisopropylbisphenol A DiisoBPA synthesis recrystallization 98-99

dibromodimethylbisphenol A DBDMBPA synthesis sublimation 120—-121

isophthaloyl dichloride IA Aldrich distillation 4445

5-tert-butylisophthaloyl dichloride tBIA synthesis distillation 43-44

@ After purification.

Table 2. Polyarylate Structures and Physical Properties
structure®
R, Rq Rs polymer abbreviation T, (°C) T,(°C) plg/em®  d spacing (A) FFV?® iyl (dL/g)

CH; H H DMBPA/TA 165 45 1.180 5.00 0.153 0.48
CH; H tert-butyl DMBPA/tBIA 177 25 1.102 5.12 0.177 0.85
CHj3 CH; H TMBPA/TA 213 47 1.118 5.90 0.174 0.39
CH; CH;  tert-butyl TMBPA/tBIA 231 53 1.055 5.53 0.194 0.42
~CH(CHz): H H DiisoBPA/TA 122 -10 1.114 6.14, 4.76 0.168 0.68
—CH(CHs: H tert-butyl DiisoBPA/tBIA 142 25 1.061 5.21, 9.50 0.184 0.52
CHs Br H DBDMBPA/TA 233 78 1.448 4.35, 6.60 0.179 0.60
H H H BPA/IA4 183 -57 1.212 4.8 0.161 0.85
H H tert-butyl BPA/BIA4 218 —-63 1.126 5.0,10.1 0.174 1.13
Br Br H TBBPA/IA® 235 1.764 42,32,74 0.178 0.47

@ The general polyarylate structure is
Rl
-0

R,

H, R,
é@}o—@(@@ -
CH g

R,

b FFV calculated using the methods of Bondi and van Krevelen.31:32 ¢ At 25 °C in chloroform. ¢ Data from ref 25. ¢ Data from ref 26.

analogs; since methyl and bromo substituents have very
similar occupied volumes, property differences probably
are related to differences in polarity between bromo and
methyl groups. Substitution of tertiary butyl (fert-butyl)
groups onto the aromatic polymer backbone is used to
further disrupt chain packing and increase the perme-
ability of the base material.

Experimental Section

The monomer sources and their purification methods are
listed in Table 1. Diisopropyl-Bisphenol A was synthesized
by condensing 2-isopropylphenol and acetone in the presence
of hydrogen chloride.?? Dibromodimethyl-Bisphenol A was
prepared by direct bromination of dimethyl-Bisphenol A.2°
5-tert-Butylisophthaloyl dichloride was synthesized by reflux-
ing the free acid with an excess of thionyl chloride and then
purified by vacuum distillation. The other monomers were
obtained commercially. All the polyarylates described in this
paper were synthesized in our laboratory via solution poly-
condensation reactions as outlined by Morgan.®® The polymer
structures and their name abbreviations are listed in Table
2. Each polymer was precipitated at least two times from
chloroform or dichloromethane solution into ethanol or metha-
nol and then vacuum dried to remove any residual solvent.
The intrinsic viscosity for each polymer was measured in
chloroform at 25 °C using a size 25 Cannon-Fenske capillary
viscometer. The levels of molecular weight indicated by these
values proved to be high enough to form useful films. Data
for three analogous polyarylates based on Bisphenol A and
tetrabromo-Bisphenol A are included for comparison.?%26

Approximately 5 wt % solutions of each polymer in chloro-
form were cast onto glass plates to give clear films 2—3 mils
in thickness. After most of the solvent had evaporated, the
films were stripped from the glass plates and vacuum dried,
first at room temperature for 24 h and then at incrementally
higher temperatures until 150 °C was reached after about 4
days. The films were held above 150 °C for at least 24 h and
then removed from the vacuum oven. Those polymers with
glass transition temperatures (T below 150 °C were dried at

a maximum temperature approximately 10 deg below the
polymer T,. Complete solvent removal was verified by ther-
mogravimetric analysis (TGA) using a Perkin-Elmer TGA-7.
Weight loss prior to the onset of polymer degradation was
taken as an indication of residual solvent and any suspect films
were vacuum dried for an additional 72 h and retested.

The T, of each polymer was measured using a Perkin-Elmer
DSC-7 differential scanning calorimeter (DSC) at a heating
rate of 20 °C/min. The samples were heated twice, and the
T was taken as the midpoint of the heat capacity transition
during the second scan. All these polyarylates appear to be
amorphous since no crystalline melting points were observed.
Dynamic mechanical analysis (DMA) was performed using a
Polymer Laboratories DMTA operated at a frequency of 3 Hz
and a heating rate of 4 °C/min from —150 to +200 °C. Test
bars (~1.5 mm in thickness) were prepared by laminating
several strips of each sample film together in a small press,
at 15—20 deg above the polymer T,. The polymer bars were
rapidly quenched to room temperature after pressing to
standardize the thermal history of each sample.

Wide angle X-ray diffraction (WAXD) spectra for each
polymer were made using a Phillips APD 3520 X-ray diffrac-
tometer at a Cu Ko wavelength of 1.54 A. The broad
diffraction peak obtained for amorphous polymers can be an
indicator of the average chain spacing. The corresponding d
spacings were calculated from the diffraction peak maxima
using the Bragg equation, nd = 2d sin 6. Polymer densities
were measured in a density gradient column on the basis of
degassed, aqueous solutions of calcium nitrate at 30 °C. The
polymer densities were used to calculate the fractional free
volugx;a2 (FFV) following the method of Bondi and van Krev-
elen3l

(1

where V is the measured polymer specific volume and Vj is
the occupied volume. The occupied volume was estimated from
the van der Waals volume (Vw) according to the relation
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V, = 1.3Vy )

The factor of 1.3 was estimated from data for only a few
polymeric materials and is only an approximation. Quantita-
tive calculation of FFV is difficult; however, interesting
qualitative and semiquantitative comparisons have been made
between materials with similar structures.

Pure gas permeability coefficients at 35 °C for He, Hj, O,
N,, CH,, and CO» gases were measured in a pressure-rise type
permeation cell using the standard technique employed in our
laboratory.®® All the gases were chromatography grade with
the exception of CH, which was chemically pure grade. H»
and O, permeabilities were measured at upstream driving
pressures as high as 6 atm while He, Ny, CHy, and COq
permeabilities were measured up to 20 atm. CO; permeation
was measured last since time-dependent hysteresis has been
associated with CO; pressurization and depressurization cycles
in some materials.?3 Ideal permselectivities (a}y) were
calculated from

atp = Py/Py ®)

where Pa and Pp are the pure gas A and B permeabilities. If
the downstream pressure is negligible and there are no
penetrant/penetrant interactions or plasticization of the mem-
brane material, this ideal permselectivity should provide a
good estimate of the actual mixed gas performance. Pure gas
sorption of Oz at pressures up to 6 atm and N2, CHy, and CO;
at pressures up to 35 atm was measured in a two-volume
pressure decay type sorption cell at 35 °C.3657

Polymer Characterization

The physical properties, as well as structures and
nomenclature used, of these polyarylates are listed in
Table 2. All the polymers formed clear, tough films with
adequate strength for mechanical manipulation. The
T's of the tert-butyl-substituted polymers are higher
than those for the unsubstituted analogs; the magnitude
of the increase depending upon the size and placement
of the various substituent groups. The T, of DMBPA/
tBIA is 12 deg higher than that of DMBPA/IA, the T}
of TMBPA/tBIA is 18 deg higher than that of TMBPA/
IA, and the T of DiisoBPA/tBIA is 20 deg higher than
that of DiisoBPA/TA. Symmetry effects on polymer Ty
are readily apparent from Table 2. For both the
isophthalate and ter¢-butylisophthalate series, the glass
transition temperatures rank as follows:

TMBPA > BPA > DMBPA > DiisoBPA

The four polymers based on the type A asymmetric
monomers (DMBPA and DiisoBPA) all have lower T¢’s
than the unsubstituted BPA/TA material while the three
polymers based on the symmetric or type B asymmetric
monomers (TMBPA and DBDMBPA) all have higher
Tg’s. Symmetric methyl group substitution has previ-
ously been shown to increase polymer Ty while type A
asymmetric methyl group substitution lowers 7.6 The
T, of DBDMBPA/IA is only 2 deg lower than that of the
symmetrically brominated analog, TBBPA/IA, but 20
deg higher than that of the symmetrically methylated
analog, TMBPA/IA, The chain stiffening effect of one
bromine substitution is apparently quite similar to that
of two. These results confirm that type A asymmetry
has a much larger effect on polymer physical properties
than type B asymmetry.

The WAXD scans for the various polyarylates are
shown in Figure 2; all of these materials are clearly
amorphous. The polymers based on DMBPA and TMB-
PA show only one broad diffraction peak which may be
a composite of several overlapping peaks too closely
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Figure 2. Wide angle X-ray diffraction scans for each of the
polyarylates.

spaced to be resolved; the DiisoBPA-based and DBD-
MBPA/IA polymers show two broad but distinct diffrac-
tion peaks. Two distinct WAXD peaks have been
reported for polymers with pendant phenyl rings or
aromatic connector groups such as polystyrene,383?
fluorene Bisphenol and phenolphthalein isophthalates,?
and poly(2,6-diphenyl-1,4-phenylene oxide)?4° and have
been attributed to pendant or connector group “stack-
ing”. Since such “stacking” is impossible in the current
materials, the secondary diffraction peaks must have
some other origin. The secondary peak in the DiisoBPA/
tBIA spectra may be a second-order (n = 2) diffraction.
The much higher X-ray scattering ability of bromine is
a likely source of the observed secondary peak in
DBDMBPA/IA. The secondary peak in the DiisoBPA/
IA spectra is of unknown origin. The most prominent
WAXD peak in each spectra was selected as representa-
tive of the average polymer chain d spacing and is listed
first in the d spacing column of Table 2. Interestingly,
the primary d spacings, based on the most prominent
WAXD peak, are lower for the tert-butyl-substituted
TMBPA- and DiisoBPA-based materials than for the
unsubstituted analogs. The lower density of the tert-
butyl-substituted materials suggest that the distance
between their chains should be higher. Apparently, the
X-ray spectra reflect scattering features other than the
average distance between polymer chains and, thus,
have limited usefulness for interpreting transport prop-
erties.

The calculated polymer fractional free volumes are
listed in Table 2. In every case, FFV is increased by
addition of a tert-butyl group to the isophthalate unit.
The increase in FFV is largest for the polymers based
on DMBPA and smallest for those based on DiisoBPA.
For either the isophthalate or fert-butylisophthalate
series the FFV’s rank in the following order:

TMBPA > DiisoBPA > DMBPA

The FFV of TMBPA/IA is higher than that of BPA/IA,
while that of DMBPA/IA is lower. This compares well
with a series of polysulfones synthesized from these
same monomers by McHattie.®! The FFV of DBDMBPA/
1A is slightly larger than that of TMBPA/IA and almost
identical to that calculated for TBBPA/TA. These results
indicate that type A asymmetrically substituted poly-



8280 Pixton and Paul

6 T T T L T T

sk DBrDMBPA/LA X 10°

DiisoBPA/BIA X 10°
/

3 E'/_—’— DiisoBPA/IA X 10 A
w0
= ab TMBPAABIA X 10° A
&
&
g
i I TMBPA/IA X 102 N

0 C-//W i
; m/ )
3 W |

-150 -100  -50 0 50 100 150 200

Temperature (°C)

Figure 3. tan 0 at 3 Hz as a function of temperature for the
polyarylates. The curve for the DMBPA/IA material corre-
sponds to the tan ¢ scale shown. The curves for all the other
polymers have been shifted upward by factors of 10 (for
DMBPA/tBIA), 100 (for TMBPA/IA), etc., for clarity.
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Figure 4. Relationship between the sub-T, relaxation tem-
perature, T, and fractional free volume. Solid circles repre-
sent the current polyarylate data, while the open symbols are
for polyarylates (circles) and polysulfones (triangles) described
elsewhere. The line represents the best fit of the polysulfone
data.

mers pack more efficiently while symmetrically substi-
tuted polymers pack less efficiently. This is supported
by the higher density of the DMBPA-based polymers
as compared to their TMBPA-based analogs. For type
B asymmetry, packing is not strongly affected and, thus,
DBDMBPA/IA has a FFV between that of TMBPA/IA
and TBBPA/IA.

The DMTA traces for these polyarylates are shown
in Figure 3; the temperatures at which the sub-Tj
y-relaxation occurs, i.e., T, are summarized in Table
2. For all the polymers, the tan d peaks are quite broad,
much more so than for polyarylates containing unsub-
stituted Bisphenol phenyl rings. The broadness of the
observed relaxation peaks makes the exact determina-
tion of the maxima more difficult. The T, relaxation
maxima occurs 20 deg lower for DMBPA/tBIA than for
DMBPA/IA; however, it is 5 deg higher for the TMBPA-
based tert-butyl isophthalate than for the unsubstituted
analog and 35 deg higher in the case of the DiisoBPA-
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Table 3. Helium Permeability and Ideal
Selectivities at 35 °C

Py, (10 atm)

polymer (barrer®) of(He/CHy?  o*(He/Hy)
DMBPA/IA 9.5 207 1.22
DMBPA/BIA 26 65 0.96
TMBPA/TA 34 72 0.88
TMBPA/tBIA 72 28 0.75
DiisoBPA/TA 19.5 64 1.03
DiisoBPA/tBIA 37.3 26 0.90
DBDMBPA/IA 22.1 146 0.95
BPA/IA? 13.4 58 1.00
BPA/tBIA¢ 34.3 24 0.80
TBBPA/IA® 16.3 115 0.89

@ Barrer = 107 [(cm cm®(STP)Y(cm? s emHg)]. ® 10 atm. ¢ 2
atm. 9 Data from ref 25. ¢ Data from ref 26.

based materials. The highest measured 7, among the
current polyarylates is for DBDMBPA/IA. These dif-
ferences can be understood in terms of changes in FFV
and rotational barriers. The rotational barrier of a
substituted phenyl ring is much higher than that of an
unsubstituted one, hence, the large shift in T, between
these polyarylates and the similar but unsubstituted
materials reported previously. The fert-butyl substitu-
tion, which simultaneously increases FFV and hinders
phenyl ring rotational mobility through steric interac-
tions, may raise or lower the measured T, depending
upon which effect is dominant. For the relatively
densely packed DMBPA/IA, the lower intermolecular
barriers to rotation following tert-butyl substitution, due
to larger interchain spacings, are the primary cause for
the observed decrease in T,. For the polymers based
on TMBPA and DiisoBPA, increased intrachain steric
barriers to phenyl ring rotational mobility following tert-
butyl substitution dominate. The presence of polar or
polarizable groups on the polymer backbone should
increase intermolecular attractions and, thus, rotational
barriers. This may explain why the T, for DBDMBPA/
IA is higher than that of TMBPA/IA.

Figure 4 shows a plot of T, versus FFV for these
polyarylates and a number of other polymers previously
reported.?46-82527 The current polyarylates consis-
tently have T, much higher than the other materials
having similar FFV. The addition of substituent groups
to the Bisphenol phenyl rings more strongly affects
rotational mobility than the changes in FFV among the
comparison materials, all of which have at least some
unsubstituted phenyl rings.

Gas Sorption and Transport

Permeation. Pure gas permeability coefficients and
ideal selectivities for gas pairs of particular interest are
shown in Tables 3—5. Permeability isotherms are given
in Figures 5—10 as a function of upstream driving
pressure. The permeability coefficients for COz, CH,,
and N decrease with increasing upstream pressure
while those of He, Hy, and O; show little pressure
dependence, as expected for glassy polymers. For both
the isophthalate and tert-butylisophthalate-based pol-
yarylates described here, the permeabilities to the
various gases fall in the following order within each
series of fixed Bisphenol unit.

TMBPA > DiisoBPA > DMBPA

For both the tert-butyl-substituted and unsubstituted
series the DMBPA-based polymers have higher He/
CHy, COo/CHy, and Oo/N; selectivities than either the
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Table 4. Mobility and Solubility Components of the O./N; Separation Factor®

Sozb P = - =
polymer Py, [barrer] a*(0g/Ng) fem? (STP) em ™3 atm™] So0,/SN, 108Do,¢ [em?/s] Do,/Dx,

DMBPA/TA 0.40 6.37 0.33 1.33 0.93 4.78
DMBPA/ABIA 2.37 6.03 0.42 1.31 4.31 4.61
TMBPA/IA 3.26 5.63 0.55 1.37 4.53 4,11
TMBPA/tBIA 12.2 4.84 0.74 1.26 12.5 3.82
DiisoBPA/TA 1.64 6.01 0.17 1.66 7.33 3.62
DiisoBPA/ABIA 5.03 4.66 0.25 1.55 15.5 3.01
DBDMBPA/TA 1.52 6.94 0.59 1.25 1.94 5.54
BPA/IAY 1.33 5.54 0.28 1.92 3.62 2.89
BPA/BIA4 5.95 4.97 0.50 1.48 9.06 3.34
TBBPA/IA® 1.30 7.23 0.45 1.77 2.19 4,11

@ Data at 35 °C and 2 atm. ? Calculated from the sorption isotherm. ¢ Calculated from D = P/S. ¢ Data from ref 25. ¢ Data from ref 26.

Table 5. Mobility and Solubility Components of the CO/CH4 Separation Factor®

Scozb - _ _ - -
polymer Pco, [barrer] a*(COo/CHy) fem? (STP) em 8 atm™1] Sco/Sch, 108D¢o, [em?/s]® Dco/Dew,

DMBPA/IA 1.24 27 1.70 3.10 0.55 8.70
DMBPAABIA 8.0 20 2.23 2.93 2.74 6.81
TMBPA/TA 12.0 25.3 2.73 2.83 3.35 8.94
TMBPA/ABIA 44.6 17.4 3.04 2.80 11.2 6.19
DiisoBPA/TA 5.16 17.0 1.53 4.13 2.57 4.12
DiisoBPA/tBIA 16.1 11.4 1.70 3.15 7.18 3.63
DBDMBPA/TA 5.45 36.1 2.76 2.73 1.50 13.2
BPA/IA4 5.4 23.2 1.73 3.91 2.38 5.93
BPA/BIAC 24.2 16.9 2.52 2.92 7.30 5.79
TBBPA/IA® 4.93 34.7 1.81 2.62 2.07 13.2

e Data at 35 °C and 10 atm. ® Calculated from the sorption isotherm. ¢ Calculated from D = P/S. ¢ Data from ref 25. ¢ Data from ref 26.
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Figure 5. Pressure dependence of He permeability coefficients
at 35 °C.

TMBPA or DiisoBPA-based analogs. DBDMBPA/IA has
the highest Oy/N3s and CO/CH, selectivities of any new
polymer reported here; however, its selectivity for Oy/
N is lower than that of the previously reported TBBPA,2
whose results are also shown here for comparison. The
He/CH,4 and COo/CHy selectivities of DBDMBPA/IA are
higher than those of TBBPA/TA. The TMBPA-based
polymers have permselectivities similar to their BPA-
based analogs but at higher levels of permeability. All
of the substituted polymers in this study have either
higher permeability, higher selectivity, or both than the
unsubstituted comparison polymer BPA/IA.

The tert-butyl-substituted materials have higher gas
permeabilities than their unsubstituted analogs; the
magnitude of the increase is larger the smaller the size
and number of the Bisphenol substituent groups. tert-
Butyl substitution increases the permeability by ap-
proximately 2—3-fold for He and H; and by 3—6-fold for

T T T =T —T ™
H, /35°C
100F o o —— TMBPA/BIA ]
- i ]
2 ]
E ]
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5
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Figure 6. Pressure dependence of Hs permeability coefficients
at 35 °C.

N3, Og, CHy, and COq. The calculated ideal selectivities
are lower for all gas pairs in the tert-butyl-substituted
materials, as expected from the well-known “trade-off”
relation.

The effects of substitutions on the phenyl rings on the
Oo/N; selectivity versus O permeability “trade-off” are
shown graphically in the top portion of Figure 11. The
symmetrically methylated material, TMBPA/IA, has a
higher O permeability and a slightly higher O/N;
selectivity than the unsubstituted BPA/IA. Type A
asymmetric methyl substitution, i.e. DMBPA/IA, yields
a material with lower Og permeability but higher Oy/
Ng selectivity than BPA/IA while type A asymmetric
isopropyl substitution, i.e. DiisoBPA/IA, yields a mate-
rial with both slightly higher Oz permeability and O/
Ny selectivity. The type B asymmetrically substituted
material, DBDMBPA/IA, has similar Oy permeability
but much higher Oy/N; selectivity than BPA/IA and is
much closer to TBBPA/IA than TMBPA/IA in transport
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Figure 9. Pressure dependence of CH, permeability coef-
ficients at 35 °C.

properties. The effect of tert-butyl substitution can be
seen in the bottom section of Figure 11. tert-Butyl
substitution moves most of the polymers parallel to the
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Figure 10. Pressure dependence of CO; permeability coef-
ficients at 35 °C.
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Figure 11. Effect of monomer structure on the oxygen
permeability and oxygen/nitrogen selectivity for the various
isophthalates (upper plot) and tert-butyl-substituted isoph-
thalates (lower plot) where solid points represent isophthalates
and open points represent fert-butyl isophthalates. The curve
in the upper right of both plots is the “upper bound” as
proposed by Robeson.??

Robeson upper bound curve with the exception of the
DiisoBPA material which moves slightly away.

Figure 12 shows the permeability coefficient for
DBDMBPA/IA divided by that for TMBPA/IA as a
function of upstream pressure for all the gases. Note
that each of the permeability ratios is significantly less
than 1, indicating the lower permeability of DBDMBPA/
IA. The calculated permeability ratio for He is ap-
proximately twice that of CHy; thus, He/CH, selectivity
is much higher for the brominated material. Similarly,
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Figure 12. Ratio of the permeability coefficients for DBD-
MBPA/IA divided by those of TMBPA/IA for various gases as
a function of pressure at 35 °C.
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Figure 13. Ratio of the permeability coefficients for DBD-
MBPA/IA divided by those of TBBPA/IA for various gases as
a function of pressure at 35 °C.

the permeability ratio for Oq is higher than that of Ny;
hence, the Oo/Ng selectivity of DBDMBPA/IA is higher
than that of TMBPA/IA. This evidence suggests that
DBDMBPA/IA is more size selective than TMBPA/IA
which may result from the stiffening effect of enhanced
polar interactions between chains. Figure 13 shows a
similar plot of the permeability coefficient for DBD-
MBPA/IA divided by that for TBBPA/TA. Note that in
this case the permeability ratios are all near to or
greater than 1. The permeability ratio is highest for
He and declines with penetrant molecular size. The
scatter of the Na permeability ratio data is mainly due
to small measurement errors which are most significant
for the gases which permeate slowly, i.e., N; and CH,.
Previous studies have shown an approximate corre-
lation between gas permeability, P, and fractional free
volume, FFV, of the form
—B
P=A eXp(FFV) 4)

where the parameters A and B depend only on temper-
ature and gas type. A semilogarithmic plot of Og
permeability versus inverse FFV ig shown in Figure 14
for these polyarylates along with data for a number of
other polymers. The polyarylate data tend to fall
somewhat below the best fit line for the polysuifone
data; however, these differences may reflect inaccuracies
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Figure 14. Correlation of oxygen permeability with inverse
fractional free volume. Solid points represent the current
polyarylate data, while open points correspond to various other
polyarylates (circles), brominated polyarylates (diamonds), and
polysulfones (triangles) described elsewhere. The line is the
best linear fit to the polysulfone data.
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Figure 15. Sorption isotherms for nitrogen at 35 °C. Solid
points represent the unsubstituted materials, while open
points represent the tert-butyl-substituted analogs.

in the calculated van der Waals volumes for certain
groups. Additionally, it has been suggested that some
of the effects associated with polarity may not be fully
accounted for in this approach, which may explain the
deviation of a number of the brominated polymer
materials from this correlation.”

Sorption. Pure gas sorption isotherms for Ny, CHy,
and COg are shown in Figures 15—17 for this series of
polyarylates. For a given polymer, CO; sorption is
highest followed by that of CH4 and No. Note that the
gas sorption isotherms for TMBPA/IA and DBDMBPA/
IA are virtually identical. The relative contributions of
solubility and diffusivity to the overall gas permeability
can be determined from

P=DS (5)

where D is the concentration-averaged diffusion coef-
ficient and S is the solubility coefficient calculated from
the secant slope of the sorption isotherm evaluated at
the upstream condition. The ideal overall permselec-
tivity (eq 3) can be factored into solubility and diffusivity
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Figure 16. Sorption isotherms for methane at 35 °C. Solid
points represent the unsubstituted materials, while open
points represent the tert-butyl-substituted analogs.
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Figure 17. Sorption isotherms for carbon dioxide at 35 °C.
Solid points represent the unsubstituted materials, while open
points represent the tert-butyl-substituted analogs.

terms using eq 5 to give

. _Pa Da\(Sa ;
“Wa*a;)s:) ©

where (Da/Dp) is the mobility selectivity and (Sa/Sg) is
the solubility selectivity. The Oz and CO; solubility and
diffusivity coefficients as well as the calculated solubility
and mobility selectivities for the gas pairs Oo/Nz and
CO,/CH, are reported in Tables 4 and 5.

Oxygen solubility is highest in the TMBPA and
DBDMBPA-based polymers and lowest in the DiisoBPA-
based polymers, while the DMBPA-based polymers fall
in between. Oxygen diffusivity is highest for the Di-
isoBPA- and TMBPA-based polymers and is much lower
for those based on DMBPA and DBDMBPA. The well-
packed chains of the DMBPA-based polymers and the
interchain polar interaction of DBDMBPA/IA are prob-
ably responsible for their low O diffusivities. tert-Butyl
substitution increases both the Oz solubility and O;
diffusivity coefficients of the TMBPA-, DMBPA-, and
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Figure 18. Correlation of the O; (a) and CO; (b) solubility
coefficient at 85 °C with fractional free volume. Diamonds
represent the polyarylates reported here, while open points
correspond to polyarylates (circles), brominated polyarylates
{triangles), and polysulfones (squares) described elsewhere.
The dotted lines represent the approximate boundaries of the
polymer data.

DiisoBPA-based materials. tert-Butyl substitution gen-
erally decreases Oo/Ny diffusivity and solubility selectiv-
ity so that the overall selectivity declines. Note that
the oxygen solubility levels in DBDMBPA/IA are similar
to those observed for TMBPA/IA and are higher than
in TBBPA/IA.

Carbon dioxide solubility is highest for the TMBPA-
and DBDMBPA-based materials, intermediate for those
based on DMBPA, and lowest for the DiisoBPA-based
polymers. Carbon dioxide diffusivity is highest for the
TMBPA-based polymers, intermediate for those based
on DiisoBPA, and lowest for those based on DMBPA and
DBDMBPA. The COy/CHy, solubility selectivity follows
a trend opposite that of COg solubility. tert-Butyl
substitution increases CO; solubility; however, the 3—4-
fold increases in CO. diffusivity are the largest factor
in the increased CO; permeabilities. tert-Butyl substi-
tution causes both the solubility and the diffusivity
selectivities for COo/CHy to decline so that the ideal COy/
CH, selectivities for the tert-butyl-substituted materials
are somewhat lower. The solubility levels for Nz and
CH, follow similar trends according to connector group
size, with the order being TMBPA > DMBPA > Di-
isoBPA.

Changes in polymer FFV can explain some of the
effects of tert-butyl and connector group substitutions
on gas sorption. Polymers with high FFV tend to have
high gas sorption levels. Figure 18 shows the effect of
FFV on the gas sorption capacity, S, of Oz (at 2 atm)
and CO; (at 10 atm) where S is calculated from the
secant slope of the sorption isotherm. For oxygen, most
of the polyarylate values fall within the band, defined
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Table 6. Dual-Mode Sorption Parameters at 35 °C

kp
[em3 (STP) Cu
polymer gas cm~%atm™] [em3 (STP)em™3] b [atm™]]

DMBPA/IA Ng 0.160 1.43 0.069
CH,4 0.230 7.12 0.081

COq 0.714 13.71 0.252

DMBPA/ABIA Ng 0.192 2.21 0.065
CH, 0.326 7.90 0.114

COq 1.062 14.83 0.366

TMBPA/TA Ny 0.182 4.42 0.054
CH4 0.252 14.51 0.096

CO2 1.118 20.62 0.354

TMBPAABIA N, 0.231 6.59 0.061
CH; 0.261 15.3 0.117

CO:z 1.39 19.75 0.502

DiisoBPA/TIA Ng 0.058 0.54 0.097
CH,4 0.168 401 0.101

) CO, 0.975 7.12 0.287
DiisoBPA/tBIA N 0.110 0.613 0.096
CH4 0.190 712 0.097

COq 0.952 10.09 0.324

DBDMBPA/TA Ng 0.139 6.84 0.055
CH, 0.280 13.51 0.118

CO; 1.102 20.72 0.401

by the two dashed lines in Figure 18, occupied by a large
number of polymers studied previously; the exceptions
being the much lower levels of solubility exhibited by
the two polymers based on DiisoBPA. For carbon
dioxide, some of the polyarylate values fall within a
similar band (see Figure 18) containing the other
polymer data; however, the two DiisoBPA-based materi-
als again show substantially lower solubility coefficients.
Positive deviations of COq solubility from this type of
rough correlation have been observed for some polymers
examined previously and have been related to the high
concentration of carbonyl groups in these materials. The
low gas solubility levels shown here for the DiisoBPA-
based materials, at least in part, may be related to their
low Ty’s, as explained below.

The sorption data are well described by the dual-mode
sorption model41:42

Cybp
1+bp

C=kpp+ (7

where kp is the Henry’s law solubility coefficient, Cy is
the Langmuir capacity factor, and b is an affinity
parameter characterizing the relative rates of sorption
and desorption. Nonlinear curve fitting of the sorption
data to the dual-mode sorption model using the Leven-
berg—Marquardt algorithm allows calculation of all
three model parameters for the gases No, CHy, and COq;
see Table 6. For all polymers, kp and Cy; are highest
for CO; and lowest for N with CH, falling in between.
Note that the Langmuir capacities of the DiisoBPA-
based polymers are considerably lower, for each gas,
than those of the other materials in this study while
the Henry’s law coefficients are all similar. For polymer
glasses, the Langmuir contribution to total gas sorption
capacity is inversely proportional to the difference
between the temperature of sorption and the polymer
Te and, thus, is smaller for polymers with low Tg's.*3
This may explain the low solubility of gases in the
DiisoBPA-based materials, but comparison of the &p
values in Table 6 reveals that this is not the only issue
involved.

Conclusions

Symmetric and asymmetric replacement of the ortho
hydrogens on the phenylene rings of the Bisphenol
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monomer by methyl, isopropyl, or bromo substituents
significantly affects the physical and gas transport
properties of aromatic isophthalates. Dimethyl substi-
tution of each of the Bisphenol phenyl rings (.e.
TMBPA) increases polymer permeability while lowering
permselectivity, as compared with the BPA-based ana-
logs. Monomethyl substitution of each of the Bisphenol
phenyl rings gives materials that are more selective but
less permeable than the BPA-based analogs while
monoisopropyl substitution of both Bisphenol phenyl
rings gives materials that have similar permeabilities
but lower selectivities. Simultaneous bromo and methyl
substitution on each of the Bisphenol phenyl rings gives
a material very similar in physical and gas transport
properties to the symmetrically brominated analog. This
observation indicates that polymers with lower bromine
contents can achieve membrane performance nearly
equivalent to that of the highly attractive tetrabromi-
nated materials discussed earlier;? potential implica-
tions of this in terms of polymer synthesis, economics,
stability, etc. should be explored. Substitution of a tert-
butyl group at position 5 of the isophthalate unit
increases gas permeability by 2—6-fold, depending upon
the gas, while decreasing permselectivity. Gas sorption
is moderately increased in all cases by tert-butyl sub-
stitution and by symmetric bisphenol ring substitution;
however, increased diffusion coefficients are the primary
cause of the much higher gas permeabilities.

The selectivity enhancing ability of the bromine
substitution appears to result from both size and
polarity considerations. Interchain polar attractions
stiffen the polymer backbone, increasing permselectiv-
ity, while packing constraints prevent a collapse of free
volume and concomitant loss of permeability. The
incorporation of polar or polarizable groups within
polymer structures which inhibit free volume collapse
appears to be a viable strategy for simultaneously
increasing permeability and permselectivity.
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