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Abstract

The effects of bromine substitution on the physical and gas transport properties were examined for five families of tetra-substituted glassy
polymers: bisphenol A polycarbonates (PC), hexafluoro-polycarbonates (HFPC), hexafluorobisptianglbutyl isophthalates (HFBP-
tBIA), fluorenebisphenot-butyl isophthalates (FBP-tBIA) and bisphenoltAutyl isophthalates (BPA-tBIA). Additionally, the thermal
response of the substituted BPA-tBIA polymers was explored to elucidate the effects of bromine substitution on the activation energies of
permeation and diffusion and on the heat of gas sorption. Compared to its methyl-substituted analog, each bromine-substituted polymer had a
higher cohesive energy density, a higher glass transition temperature and a lower oxygen-specific fractional free volume. Bromine substitu-
tion significantly reduced @and CGQ, permeability and substantially increased botiNQ and CG/CH, selectivity. An increase in the
activation energy of diffusion for Ncompared to @ and for CH, compared to CQ may be credited for the majority of the selectivity gain.
A new method for evaluating penetrant-dependent fractional free volume proved to be a valuable tool in determining the effects of structural
changes on gas transport behaviorl999 Elsevier Science Ltd. All rights reserved.
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1. Introduction atoms contribute to steric hindrance of torsional rotations
about the phenyl ring [2]; hindrance of such rotation has
Polymeric materials with high permeability and high long been associated with increased permselectivity [5].
selectivity are essential to the competitive advantage of The second proposal involves polymer/penetrant inter-
membrane-based gas separation processes. The foundatioactions; i.e., the bromine atoms lead to a polar structure
for developing new materials of this type requires a thor- that preferably interacts with one of these gases so that the
ough understanding of the structure—property relationships O,/N, solubility selectivity is increased [6]. These two ideas
established from studies involving a wide range of poly- are not necessarily mutually exclusive.
mers. From this knowledge, other materials may be This paper explores the effects of bromine substitution on
developed that exploit the unique attributes of various struc- the gas transport behavior and other physical properties of
tural moieties. The tradeoff between permeability and selec- glassy polymers. The glass transition temperature, fractional
tivity observed in polymeric membranes led Robeson [1] to free volume, permeability, diffusivity and solubility of a
propose an ‘upper bound’ on a plot of selectivity versus number of bisphenol-based polymers are examined as a
permeability above which no polymers are currently function of the degree of bromine substitution. The effects
known to exist. of bromine substitution on the activation energy of diffusion
Polymers made from bisphenol monomers with bromine and the heat of sorption were determined to further assess
substitution on the aromatic ringsrtho to the hydroxyl the observed changes i, and CGQ/CH, selectivity.
groups have been shown to exhibit increased/N@
selectivity without substantial loss in oxygen permeability
relative to their structural analogs containing no bromine  sirategy
atoms [2—4]. Two possible explanations of this behavior

have been proposed. The first suggests that the bromine Thjs paper examines the effects of bromine substitution

on the physical and gas transport properties of five families
* Corresponding author. of tetra-substituted polymers; in each polymer, the positions
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Table 1

Polymer structures and physical properties

Structuré Polymer abbreviation T, (°C) Density (g cm®) FFV®
Rl Rz R3 R4

CHj3 CHj3 —C(CHg) — C T™MPC 193 1.083 0.180
Br Br —C(CHa)— c TBPC® 263 1.953 0.178
CH; CH; —C(CR3) o~ c TMHFPC 208 1.286 0.217
Br Br —C(CR),— c TBHFPC 255 1.987 0.239
CHj3 CHj3 —-C(CR)— f TMHFBP-tBIAS 242 1.189 0.216
Br Br —C(CR),— f TBHFBP-tBIA" 261 1.694 0.219
CH, CH; —C(CHa)— f TMBPA-tBIA' 231 1.055 0.189
Br CHs —C(CHg) — f DMDBBPA-tBIA' 252 1.334 0.190
Br Br —C(CHgy) — f TBBPA-tBIA' 261 1.595 0.199
CH3 CHs j f TMFBP-tBIA' 311 1.078 0.207
Br CHj3 j f DMDBFBP-tBIA' 316 1.303 0.209
Br Br j f TBFBP-tBIA" 327 1.525 0.211

2The general polymer structure is as follows: f h)

— p— C_
R1 1 ?Ij
— 0~~~ on- HBC%CHS
/ AN 3
RZ RZ

9Data from Ruiz-Trevino and Paul [7].

. "Data from Pixton and Paul [4].
FFV calculated by Bondi method [8]. " Data obtained in this study.

°There is no R for the polycarbonates. j

4Data from Muraganandam et al. [3].
®Data from Hellums et al. [2]. @.@

ortho to the hydroxyl groups of the bisphenol monomer HFBP-tBIA families mentioned above have already been
are occupied by either methyl groups, bromine atoms or areported in the literature. In addition to the data reported
combination of these groups. The families investigated, in the literature [4] for TBFBP-tBIA, the synthesis and char-
each designated by the unsubstituted analog, are: bispheacterization reported here for the two new polymers,
nol A polycarbonates (PC) [3], hexafluoropolycarbonates TMFBP-tBIA and DMDBFBP-tBIA, completes the data
(HFPC) [2], hexafluorobisphendértiary butyl isophtha- for the FBP-tBIA family of polymers. Gas transport data
lates (HFBP-tBIA) [4,7], fluorenebisphentbutyl iso- for the three substituted BPA-tBIA polymers were collected
phthalates (FBP-tBIA) [4] and bisphenol t#butyl over a range of temperatures to examine the effects of bro-
isophthalates (BPA-tBIA). Structures, acronyms and mine substitution on the activation energy of diffusion and
sources for the polymers are given in Table 1. Comparing the heat of gas sorption within this series. This required the
tetra-substituted polymers with varying degrees of methyl synthesis and characterization of a new polymer
and bromine substitution minimizes the effects of simple (DMDBBPA-tBIA) and the synthesis and recharacterization
steric hindrance because of the similarity in size of methyl of two previously studied polymers (TMBPA-tBIA [9] and
groups and bromine atoms. This allows isolation of the TBBPA-tBIA [4]). Thus, experimental data for three new
specific effects of bromine substitution since simple steric polymers are presented for the first time in this paper.
hindrance of rotation of the substituted phenyl ring should
be approximately the same regardless of which of the two
substituents is present. Where possible, a dimethyl-dibromo3. Experimental section
substituted polymer has been used to represent an intermedi-
ate structure between tetramethyl and tetrabromo substitu- Information about the monomers used here to synthesize
tion. A simple comparison between tetrabromo substituted the BPA-tBIA and FBP-tBIA series of polymers is given in
polymers and the analogous structure where hydrogensTable 2. Tetramethyl-fluorenebisphenol (TMFBP) was pre-
occupy theortho positions would involve two effects; the pared by condensing 9-fluorenenone and 2,6-dimethyl
simple size-related steric effect and any specific effect of the phenol in the presence of hydrogen chloride [10,11].
bromine substituent. Dimethyl-dibromo-fluorenebisphenol (DMDBFBP) and
Gas transport and other physical properties of the tetra- dimethyl-dibromobisphenol A (DMDBBPA) were both
methyl and tetrabromo members of the PC, HFPC and prepared by direct bromination of the dimethyl precursor
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[4]. 5-t-Butyl isophthaloyl dichloride (tBIA) was synthe- 4. Experimental results
sized by refluxing the dicarboxylic acid with excess thionyl
chloride, and purified by vacuum distillation [5]. The poly- Three new polymers, DMDBBPA-tBIA, TMFBP-tBIA
mer structures and their physical characteristics are listed inand DMDBFBP-tBIA, were synthesized and their permea-
Table 1. The five polymers synthesized for this study were: tion properties were measured for the first time; these poly-
TMBPA-tBIA, DMDBBPA-tBIA, TBBPA-tBIA, TMFBP- mers complete the substituted BPA-tBIA and FBP-tBIA
tBIA and DMDBFBP-tBIA. All were made by an interfacial ~ families of polymers. In addition, TMBPA-tBIA and
polymerization method described by Morgan [11]. The TBBPA-tBIA were also synthesized and recharacterized.
polymers were reprecipitated twice from chloroform into The gas transport properties of all five polymers were mea-
ethanol and then vacuum dried to remove residual solvent.sured at 35C and 2 atm for @ and N, and at 38C and
The glass transition temperatuiig) of each polymerwas 10 atm for CQ and CH;; the results are shown in Table 3.
measured using a Perkin—Elmer DSC-7 differential scan- Fig. 1(a) and (b) illustrate the position of these polymers
ning calorimeter at a heating rate of’20min—*. The poly- with respect to the Robeson ‘upper bound’ for thgQ, and
mer samples were heated twice andThevas evaluated as  the CQO/CH, permselectivity tradeoff, the open symbols
the onset of the transition on the second scan. All five poly- represent the new polymers and the closed symbols repre-
mers appear to be amorphous, due to their clarity and thesent the retested polymers. The methyl-substituted polymers
absence of a crystalline melting point. The density of each display higher permeability and lower selectivity for both
polymer was measured in a density gradient column basedgas pairs when compared to their bromine-substituted ana-
on either aqueous calcium nitrate solutions or agqueous zinclogs. As bromine substitution is increased, the tradeoff shifts
chloride solutions at 3C. to lower permeability and higher selectivity, approaching
Polymer films (1-2.8 mil) were cast from chloroform the upper bound for both N, and CQ/CH, separation.
(2.5% wt) onto glass plates in a glove bag. The films were The effect of bromine substitution on the,/8, and CQ/
then vacuum dried at room temperature for 24 h and then atCH, permselectivity performance for all five polymer
15CC for five days. Thermogravimetric analysis (TGA) families mentioned in the strategy section will be examined
using a Perkin—Elmer TGA-7 was used to confirm the in a subsequent section.

complete removal of solvent. It was felt that measurement of the activation energy of
Pure gas permeability coefficients were evaluated at tem-diffusion (Ep) and the heat of gas sorptioH §) for at least
peratures ranging from 35 to 87 for O,, N,, CO, and CHj, one of the substituted families would add additional

using a standard pressure-rise type permeation cell and fol-insight into why bromine substitution causes these changes.
lowing standard procedures employed in this laboratory [9]. Thus, permeability coefficients and time-lag diffusion
The gas permeability coefficient®)(were measured at an  coefficients were measured at 2 atm for&d N, for tem-
upstream driving pressure of 2 atm for,@nd N, and peratures ranging from 35 to 8D, and at 10 atm for C®

10 atm for CQ and CH,. The average diffusion coefficients and CH, for temperatures ranging from 35 to &7 for

(D) were calculated from experimentally measured time TMBPA-tBIA, DMDBBPA-tBIA and TBBPA-tBIA; dupli-

lags, using cate measurements were performed at each temperature.
2 The gas transport data at"85were available in the literature
D= 7 (1) for TMBPA-tBIA and TBBPA-tBIA, but these values were

retested to maintain experimental consistency with the values
wherel is the film thickness and is the diffusion time  obtained at higher temperatures. Figs. 2—5 show the results for
lag. The apparent solubility coefficientS) (were estimated  O,, N,, CO, and CH, in the form of Arrhenius relations, i.e.

from the permeability and diffusion coefficients by the

i _ —Ep/RT

relation P=Poe 3)
—Ep/RT

P=DS (2) D=Dge 4)
Table 2
Monomer sources and purification
Monomer Source Purification Melting pofit’C)
tetramethyl-bisphenol A (TMBPA) Ken Seika none 165-167
dimethyldibromo-bisphenol A (DMBDBBPA) synthesis sublimation 120-121
tetrabromo-bisphenol A (TBBPA) Lancaster sublimation 180-182
tetramethyl-fluorenebisphenol (TMFBP) synthesis recrystallization 263-264
dimethyldibromo-fluorenebisphenol (DMDBFBP) synthesis recrystallization 240-242
5-t-butyl isophthaloy! dichloride (tBIA) synthesis distillation 43-44

After purification.
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Table 3
Mobility and solubility components of the #N,* and CQJCH,? separation factor

3
cm’(ST
Polymer Po, (barrerf aom, Do, ¢ Do, /Dy, %,° [ - rn3( atrm So,/Sw,
(10 ¥cm?s7Y)

TMBPA-tBIA 13.1 4.89 145 3.51 0.69 1.39
DMDBBPA-tBIA 6.27 5.92 7.53 4.30 0.63 1.38
TBBPA-tBIA 5.40 6.35 5.85 4.50 0.70 1.40
TMFBP-tBIA 28.1 4.68

DMDBFBP-tBIA 17.9 5.54

Polymer Pco, QCO,/CH, Dco, Dco,/DeH, o, S0/,
TMBPA-tBIA 46.0 16.1 7.93 5.43 4.42 2.98
DMDBBPA-tBIA 22.7 21.5 4.58 7.76 3.77 2.77
TBBPA-tBIA 19.7 23.5 3.23 7.43 4.65 3.16
TMFBP-tBIA 110 16.8

DMDBFBP-tBIA 71.0 215

®Data at 35C and 2 atm.
PData at 35C and 10 atm.
cm?® (STP cm]

°1 barrer=10"1°
arer cr s cm Hg

9From time-lag method (Eq. (1)).
°Estimated fronS= P/D.

where R is the universal gas constant. The data fit these the bromine-substituted polymers is higher than that of
relations accurately and follow the expected trends of its methyl-substituted analog. Fig. 6(b) shows the increase
increasing permeability and diffusivity as temperature in T, associated with increased bromine substitution.
increases. The activation energies of permeattfs) and Furthermore, the magnitude of tfig increase is dependent
diffusion (Ep) determined from these plots and the calcu- on the polymer structure; the two polycarbonate families
lated heats of sorptiorH(), i.e. Hs = Ep — Ep, along with show the greatest increaseTigwhile the three polyarylate
the appropriate pre-exponential factdgs,= Po /D for the families have a smaller, but still significant, increaseTjin
three substituted BPA-tBIA polymers, are listed in Table 4. associated with bromine substitution.
The effect of bromine substitution on the activation energies  The diffusion of penetrants in polymers is often inter-
of permeation Ep) and diffusion Ep) and heats of sorption  preted in terms of the free volume of the polymer; similarly,
(Hg) will be examined in a subsequent section. free volume is also a factor in the solubility of gases in
polymers [13]. Thus, gas permeability coefficients have
been correlated to polymer free volume with considerable

5. Bromine substitution effects for polyesters and success. Fractional free volume (FFV) is frequently esti-

polycarbonates mated from the experimental density and a calculated occu-
pied volumeV,, using the following definition [8,12]

5.1. Physical property trends FFV=(V — V)V (5)

Cohesive energy density (CED) provides a measure of thevv.herev is the measured pplymer specific volume; the occu-
attractive intermolecular forces between polymer chains. Piéd volume can be estimated from the van der Waals
Values for the CED of the members of four of the five VOlUMeS, ¥u)i, of the various structural groups according
polymer families of interest here were estimated by the 0 the refation
group contribution method described by van Krevelen K
[12]; the effect of bromine substitution on these polymers Vo=1.3 D (Vi (6)
is illustrated in Fig. 6(a). The absence of a fluorene connec- k=1
tor group in the van Krevelen database precludes CED esti-This method yields a value of the FFV that is characteristic
mates for fluorene bisphenol polymers by this technique; of the polymer and independent of the penetrating gas. The
therefore, the FBP-tBIA series is not included in Fig. 6(a), trend in FFV associated with replacing methyl substituents
but a similar trend would be evident. For all four polymer (V,, = 13.67 cnt mol™Y) with bromine atoms \(,, =
families, the CED increases significantly as bromine 14.6 cn mol™) is seen in Fig. 7(a). The FFV estimated
substitution increases. in this way increases for the HFPC-, HFBP-tBIA-, FBP-

In all cases, the glass transition temperature of each oftBIA- and BPA-tBIA-based polymers as bromine
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Fig. 1. Effect of methyl and bromine substitution on (a) oxygen perme-
ability and oxygen/nitrogen selectivity at 2 atm andG%nd (b) carbon Fig. 2. Temperature dependence of (a) oxygen permeability coefficients and
dioxide permeability and carbon dioxide/methane selectivity at 10 atm and (b) oxygen diffusion coefficients for the BPA-tBIA polymer series at 2 atm.
35°C for the five polymers synthesized for this study. The open symlols ( puplicate measurements are shown at each temperature.
A) represent new polymers and the solid symb@3 represent polymers
that have been retested. The solid line on both plots depicts the ‘upper
bound’ proposed by Robeson [1]. wherey is a constant unique to each structural wénd
gas typen; values fory, were evaluated by Park and Paul
from permeability data for a large number of glassy
substitution increases, and decreases slightly for the PC-po]ymersl The fractional free volume Computed for oxygen
based polymers. No explanation for these conflicting trends (FFVo,) is shown in Fig. 7(b) as a function of the extent of
is immediately obvious. bromine substitution. In every case, FEVdecreases as
The polymer free volume available for penetrant trans- promine substitution increases. Although not shown,
port may depend on the size or character of the penetrant.Frv, shows similar trends. The similarity in trends across
Park and Paul [13] proposed a new scheme for predicting || the polymer families indicates that the penetrant-specific
gas permeability coefficients for glassy polymers in terms of fractional free volume estimated from Egs. (7) and (8) may
the free volume framework by redefining the occupied be more informative than the general fractional free volume
volume in a way that accounts for any effect of the nature when comparing structural changes, since consideration of
of the penetrant molecule. This group contribution scheme any polymer—penetrant interactions is included.

replaces Egs. (5) and (6) with the following The physical properties of the polymers studied were
v affected to varying degrees by replacement of methyl
FRVa =1V = (Vo)lV (7) groups with bromine atoms. The cohesive energy density

increased significantly, and the glass transition temperature
increased to a lesser extent; these trends are indicative of a

K
(Voln= > YaiVau)k 8 in _ _ are Incicat
k=1 higher degree of chain attraction and chain rigidity in the
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50°C 45°C 40°C 35°C 55°C 50°C 45°C 40°C 35°C
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o g oaaq
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1k u
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J 20 ]
0.6 1 1 | ] ] 1 1 1 1
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L (b) (b)
’g 5 | \\\ _ §
- 2 L ON &~ 10 F _
= g TMBPA-tBIA o g 3 TMBPA-tBIA
o af - a% |
DMDBBPA-tBIA I DMDBBPA-BIA ]
5 r J
I TBBPA-tBIA
TBBPA-tBIA
1 1 1 ] 1 3 1 1 1 1 1
3.10 3.15 3.20 3.25 3.05 3.10 3.15 3.20 3.25
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Fig. 3. Temperature dependence of (a) nitrogen permeability coefficients Fig. 4. Temperature dependence of (a) carbon dioxide permeability
and (b) nitrogen diffusion coefficients for the substituted BPA-tBIA coefficients and (b) carbon dioxide diffusion coefficients for the substituted
polymer series at 2 atm. BPA-tBIA polymer series at 10 atm.

bromine-substituted polymers. The increase in chain attrac-coefficients may be noted, which can be attributed, in
tion is also reflected as a substantial loss in the £Fas part, to using different methods to obtain the data, as will
bromine substitution increases, even though the brominebe discussed subsequently. Ideal permselectivibeg)X
atoms ¥,, = 14.6 cn? mol™?) are slightly larger than the  were calculated from
methyl groups¥,, = 13.67 cni mol ™). The Park and Paul
method of estimating penetrant-dependent FFV was of great*A8 = Pa/Pg )
value in investigating structural changes due to its consid- whereP, andPg are the permeability coefficients for pure
eration of polymer—penetrant interactions. gas A and pure gas B, respectively. Ideal permselectivity
should provide a good estimate of actual mixed gas perfor-
mance because of the relative lack of interaction between
5.2. Gas transport property trends oxygen and nitrogen with the polymer; however, this may
not be so at high pressures for gOH, because of the high
Pure gas permeability, diffusivity and solubility coeffi- solubility of CO.. In all cases, going from tetra-methyl sub-
cients for @ and CQ as well as GQ/N, and CQ/CH, stitution to tetra-bromo substitution leads to a reduction in
ideal separation factors for the various polymers consideredO, and CG permeability, but a gain in @N, and CQ/CH,4
here are summarized in Table 5 and Table 6. Two sets ofideal selectivity.
data for TMBPA-tBIA and TBBPA-tBIA are included; the Comparing the permselectivity performance of polymers
values in parentheses were taken from previously reportedis important for evaluating the effects of structural changes.
studies whereas the values without parentheses were meafhe effect of methyl and bromine substitution on the rela-
sured as part of this work. The differences in the two data tionship between oxygen permeability ang//, selectivity
sets are not significant for the permeability coefficients but for four of the polymer families of interest is shown in
some substantial differences in diffusivity and solubility Fig. 8(a); the PC family is not represented because the
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polymers are very far from the ‘upper bound’. Tetra-methyl-
substituted polymers have comparatively high oxygen per-
meability and low Q/N, selectivity; this trade-off seems to
be improved by bromine substitution to give a lower oxygen
permeability but much higher N, selectivity. Bromine
substitution leads to polymers that lie closer to the Robeson
‘upper bound’ curve with the exception of the HFPC family,
which moves approximately parallel to the curve. Fig. 8(b)
gives a similar comparison for the GICH, gas pair. Com-
paratively, the tetra-methyl-substituted polymers lie farther
from the CQ/CH, ‘upper bound’ curve than is the case for
O,/N,. Bromine substitution substantially improves the
trade-off for the HFBP-tBIA and FBP-tBIA families, shift-
ing them toward the ‘upper bound’ curve, whereas the BPA-
tBIA moves slightly toward the curve and the HFPC family
moves away from the curve.

As seen in Fig. 9(a) and (b), oxygen permeability
decreases and AN, selectivity increases as the degree of
bromine substitution increases for each polymer family. In
two cases (BPA-tBIA and FBP-tBIA), data are available to
show the effect of replacing only two of the methyl units
with bromine atoms. It appears that the majority of the
reduction in Q permeability occurs upon di-substitution
with bromine. The largest increase in,/8, selectivity
resulting from bromine substitution is seen for the polycar-
bonates; however, the increases for the other polymers are
also significant. Similar trends for the GIQH,4 gas pair can
be seen in Fig. 10(a) and (b): a decrease in §€&meability
and an increase in CfICH, selectivity as bromine substitu-

Fig. 5. Temperature dependence of (a) methane permeability coefficientstion increases. As with © permeability, the dimethyl-
and (b) methane diffusion coefficients for the substituted BPA-tBIA dibromo substitution in the BPA-tBIA and FBP-tBIA

polymer series at 10 atm.

Table 4

families accounts for the majority of the G@ermeability

Arrhenius and van't Hoff parameters for,(N,, CO, and CH, transport in BPA-tBIA polymers

3

Polymers E3 P, (barrer) E3 Do HE S <10*3 {w} )
(10-*[em? 7Y om® atm

O,

TMBPA-tBIA 2.68 1036 5.37 9.43 —2.69 8.35

DMDBBPA-tBIA 3.07 946 5.63 7.46 —2.56 9.64

TBBPA-tBIA 3.06 785 5.76 7.09 —-2.70 8.41

Nz:

TMBPA-tBIA 3.84 1466 6.79 26.8 —2.95 4.15

DMDBBPA-tBIA 4.36 1322 7.04 17.5 —2.68 5.74

TBBPA-tBIA 5.24 4454 7.84 49.0 —2.56 6.91

CO,.

TMBPA-tBIA 2.01 1230 4.87 2.21 —2.86 42.3

DMDBBPA-tBIA 2.37 1083 5.19 2.23 —-2.83 36.9

TBBPA-tBIA 2.36 939 5.40 2.22 -3.04 321

CH4:

TMBPA-tBIA 4.41 3831 6.94 12.3 —-2.53 26.9

DMDBBPA-tBIA 5.24 5455 7.75 18.5 —-2.51 22.8

TBBPA-tBIA 5.33 5091 8.07 22.9 —-2.74 16.9

3Units of Ep, Ep andHs are kcal mot™.
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Fig. 6. Effect of replacing methyl groups with bromine atoms on (a) cohe- Fig. 7. Effect of replacing methyl groups with bromine atoms on (a) the
sive energy density and (b) glass transition temperature for the families of fractional free volume computed by the Bondi method [8] and (b) the
substituted polymers studied: PC [®), HFPC [2] @), HFBP-tBIA [4,7] oxygen specific fractional free volume computed by the Park method
(A), FBP-tBIA [4] (V) and BPA-tBIA (#). The FBP-tBIA family is not [13] for the families of substituted polymers studied: PC [@®),(HFPC
included in the CED plot due to the absence of a fluorene group in the van [2] (W), HFBP-tBIA [4,7] (A), FBP-tBIA [4] (V) and BPA-tBIA (4).
Krevelen [12] database.
permeability. The @ diffusivity decreases and the DI,

decrease in going from methyl groups to bromine atoms in diffusivity selectivity increases for all polymers as bromine
the fourortho positions. The C@CH, selectivity increase  substitution increases. Results for FBP-tBIA polymers are
resulting from bromine substitution is significant for all the not shown because the data are incomplete at this time. Itis
families; the PC and HFPC families show the largest evident from Fig. 12(a) that CQOdiffusivity decreases as
increases. bromine substitution increases; the HFPC family shows

The apparent diffusion coefficients reported in Tables 5 the greatest decline in GQiffusivity. Each family of poly-
and 6 were determined by one of two methods. In one, the mers shows a similar increase in @OH, diffusivity selec-
diffusion coefficients were calculated from experimentally tivity, as seen in Fig. 12(b). The majority of the diffusivity
measured time lags using Eq. (1). In the other, the diffusion selectivity increase occurs upon di-substitution with
coefficients were estimated from the experimentally deter- bromine in the BPA-tBIA family.
mined permeability and solubility coefficients using Eq. (2).  Solubility coefficients were also determined utilizing one
Diffusion coefficients are compared in Fig. 11(a) and (b) to of two methods. In one, solubility coefficients were calcu-
establish trends; caution should be exercised because timelated from the secant slope of experimental sorption iso-
lag calculated diffusion coefficients may be different than therms. In the other, experimental permeability and
those estimated from permeability and sorption. The effects diffusivity (by time lag) coefficients were used to estimate
of bromine substitution on the apparens @iffusivity and solubility coefficients from Eq. (2). Fig. 13(a) shows the
0O./N, diffusivity selectivity are similar to those seen for small increase in @ solubility associated with bromine
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Table 5
Mobility and solubility components of the #N, separation factdr

3375

3
Polymer Po, ¢ (barrer) Ao, Do," Do, /Dy, S,° {%ﬂ} So,/S\,
(10’B[Cm2 571]) cm® atm

TMPC® 5.59 5.13 8.1 3.77 0.52 1.45
TBPC® 1.36 6.36 1.69 4.97 0.6f 1.49
TMHFPC® 32.0 4.16 316 3.2 0.78 1.3
TBHFPC® 9.7 5.4 9.9 4.2 0.80 1.3
TMHFBP-tBIA® 40.0 4.3 36.9 3.1 0.8% 1.39
TBHFBP-tBIA" 22.1 4.94 18.4 4.38 0.93 1.13
TMBPA-tBIA 13.1 4.89 14.8 351 0.69 1.39
(TMBPA-tBIA) (12.2) (4.84) 12.8 (3.82) (0.74) (1.26)
DMDBBPA-tBIA 6.27 5.92 7.58 4.30 0.63 1.38
TBBPA-tBIA 5.40 6.35 5.8% 4.46 0.70 1.40
(TBBPA-tBIA™ (5.63) (6.25) (6.99 (3.62) (0.63) (1.73)
TMFBP-tBIA 28.1 4.68
DMDBFBP-tBIA 15.4 5.54
TBFBP-tBIA" 16.8 571 12.9 4.03 1.01 1.42

#Data at 35C and 2 atm.

PData from Muraganandam et al. [3].

‘Determined by time-lag method (Eq. (1)).

Estimated byP = DS

*Data from Hellums et al. [2].

‘Determined by sorption.

9Data from Ruiz-Trevino and Paul [7].

"Data from Pixton and Paul [4].

'Data from Pixton and Paul [9].
Table 6
Mobility and solubility components of the GIiLH, separation factdr

2
Polymer Pco, (barrer) QCO,/CH, Dco, Dco,/Dch, o, {cn:nsﬂ} Sco,/Sen,
(10 ¥[cm?s™Y) cmatm

TMPC® 17.6 22 6.1% 7.54 2.148 2.92
TBPC® 4.23 33.6 1.66 12.8 1.93 2.63
TMHFPC® 110 24 21.6 7.0 4.1 3.4
TBHFPC® 32 36 6.4 11.7 34 3.1
TMHFBP-tBIAS 140 18 19.8 55 5.5 3.2
TBHFBP-tBIA" 85.1 25.3 16.3 9.31 3.98 2.72
TMBPA-tBIA 46.0 16.1 7.98 5.43 447 2.98
(TMBPA-tBIA) (44.6) (17.4) (11.3 (6.19) (3.04) (2.8)
DMDBBPA-tBIA 22.7 215 4,58 7.76 3.77 2.77
TBBPA-tBIA 19.7 235 3.28 7.43 4.64 3.16
(TBBPA-tBIA™ (21.5) (25.2) (4.99% (9.21) (3.29) (2.73)
TMFBP-tBIA 110 16.8
DMDBFBP-tBIA 71 215
TBFBP-tBIA" 69.5 25.1 11.9 9.68 4.43 2.59

®Data at 35C and 10 atm.

®Data from Muraganandam et al. [3].
‘Estimated byP = DS.

YDetermined by sorption.

*Data from Hellums et al. [2].

'Data from Ruiz-Trevino and Paul [7].
9Determined by time-lag method (Eq. (1)).
"Data from Pixton and Paul [4].

'Data from Pixton and Paul [9].
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Fig. 8. Effect of methyl and bromine substitution on (a) oxygen perme- Extent of Bromine Substitution

ability and oxygen/nitrogen selectivity at 2 atm and@G%nd (b) carbon Fig. 9. Effect of replacing methyl groups with bromine atoms on (a) oxygen
dioxide permeability and carbon dioxide/methane selectivity at 10 atm and permeability coefficients and (b) oxygen/nitrogen selectivity at 2 atm and
35°C for four of the families of substituted polymers studied: HFPC ] ( 35°C for the families of substituted polymers studied: PC [8],(HFPC [2]
HFBP-tBIA [4,7] (A), FBP-tBIA [4] (V) and BPA-tBIA (#). The PC (m), HFBP-tBIA [4,7] (A), FBP-tBIA [4] (¥) and BPA-tBIA (¢).
family of polymers is not shown because of its distance from both Robeson
‘upper bound’ curves which are illustrated by the dashed line on each
figure. families and again exhibits a mixed trend for the BPA-tBIA
family.
substitution for the polymers of interest here. No clear trend The changes in gas transport properties associated with
was established for the AN, solubility selectivity; as seen  bromine substitution for the five polymer families of interest
in Fig. 13(b), a slight increase for the PC polymers, a sig- were substantial. The oxygen permeability was reduced and
nificant decrease for the HFBPA-tBIA polymers, and no the OJ/N; ideal selectivity increased significantly with bro-
significant change for the HFPC and BPA-tBIA polymers. mine substitution; this combination of changes causes the
The relatively small values of the AN, solubility selectiv- bromine-substituted polymers to approach the Robeson
ity are sensitive to experimental error, which may partially ‘upper bound’. The same trends were evident for ,CO
explain the lack of clear trends. Similar plots for ¢O CH, permselectivity performance. The decreases jraau
solubility and CQ/CH, solubility selectivity can be seen CO; diffusivity and increases in €N, and CQ/CH, diffu-
in Fig. 14(a) and (b). No clear trend can be established for sivity selectivity were similar to those for permeability, and
the effect of bromine substitution on the gG@olubility indicate that diffusivity contributions drive the gas transport
selectivity; it decreases in the HFBPA-tBIA, PC and changes associated with replacing methyl groups with
HFPC families and shows a mixed trend for the BPA- bromine atoms. The small magnitude of the solubility selec-
tBIA family. Likewise, there is no consistent trend for tivity changes indicates that polymer—penetrant interactions
the COQJCH,; solubility selectivity; the solubility in bromine-substituted polymers are not the predominant
selectivity decreases for the HFBPA-tBIA, PC and HFPC reason for improved &N, and CGQ/CH, selectivity.
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Fig. 10. Effect of replacing methyl groups with bromine atoms on (a) Fig. 11. Effect of replacing methyl groups with bromine atoms on (a)
carbon dioxide permeability coefficients and (b) carbon dioxide/methane oxygen diffusion coefficients and (b) oxygen/nitrogen diffusivity
selectivity at 10 atm and 36 for the families of substituted polymers  ggectivity at 2 atm and 38 for the families of substituted polymers stu-

(V) and BPA-BIA (#). and BPA-BIA (4).

5.3. Effect of bromine substitution on energy parameters for bromine atoms, as seen in Fig. 9(a) and 10(a). Likewise, the
substituted BPA-tBIA polymers increase in the difference in activation energies for permea-
tion of N, relative to Q and of CH, relative to CQ is

Fig. 15(a) shows that the permeation activation energy for consistent with the increase in selectivity as bromine
N, is always larger than that for &and both increase as the atoms replace methyl groups, as seen in Fig. 9(b) and
degree of bromine substitution increasésjncreases with  10(b).
bromine substitution more strongly for,Nhan for G,, as Fig. 17 shows how the activation energies of diffusion for
seen in Fig. 15(b). Similar plots for the G@H, pair are 0, and N,, and their difference, depend on bromine substi-
shown in Fig. 16. The curves are comparable to those seentution. The activation energy of diffusion for nitrogen is
for the OJ/N; pair. BothEp (CO,) andEp (CH,) increase as  larger than for oxygen in all three substituted polymers,
the degree of bromine substitution increases; as with and both activation energies of diffusion increase as bro-
the OJ/N, gas pair,Ep increases with bromine substi- mine substitution increases. The differenceBg for N,
tution more strongly for Cll than for CQ, as seen in  compared to @ increases significantly as bromine
Fig. 16(b). The increase in the activation energies of per- substitution increases. Similar plots for g@nd CH, can
meation for all gases is consistent with the decrease inbe seen in Fig. 18. The activation energy of diffusion for
absolute permeability as methyl groups are replaced with CH, is always greater than for GCand both increase as
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Fig. 12. Effect of replacing methyl groups with bromine atoms on () fjg. 13. Effect of replacing methyl groups with bromine atoms on (a)
carbon dioxide diffusion coefficients and (b) carbon dioxide/methane dif- oxygen solubility coefficients and (b) oxygen/nitrogen solubility selectivity

fusivity selectivity at 10 atm and 36 for the families of substituted poly-
mers studied: PC [3]&), HFPC [2] @), HFBP-tBIA [4,7] (A), FBP-tBIA
[4] (Y) and BPA-tBIA (¢).

at 2 atm and 3% for the families of substituted polymers studied: PC [3]
(@), HFPC [2] @), HFBP-tBIA [4,7] (A), FBP-tBIA [4] (V) and BPA-
tBIA ().

bromine substitution increases; the curves are similar in than for Q.. The difference between the,Mind O, values
magnitude but not in shape. As with permeation, the trend increases with bromine substitution (Fig. 19(b)). As seen in
of increasing activation energies of diffusion and decreasing Fig. 20, the values dfls (CH,4) andHs (CO,) decrease with
diffusivities (Fig. 11(a) and 12(a)) as bromine atoms are increasing bromine substitution, and the difference is essen-
substituted for methyl groups is consistent. Moreover, the tially constant (Fig. 20(b)).
increase in @N, and CGQ/CH, diffusivity selectivity as The activation energies of diffusion for all gases increase
bromine atoms replace methyl groups (Fig. 11(b) and with increasing bromine substitution; significant increases
12(b)) is consistent with the increase in the difference in were seen in thé&y for N, relative to G and for CH,
activation energies for diffusion of Nrelative to Q and relative to CQ. Since Ep is a measure of the energy
of CH, relative to CQ. required for diffusional jumps of gas molecules through
The differences in heat of sorption for penetrants are the polymer matrix, it is clear that bromine substitution
generally small compared to the analogous differences inmakes the diffusion of Bl less energetically favorable
activation energy of diffusion. The heats of sorption of O than that of Q and, similarly, CH less favorable than
and N, are plotted as a function of bromine substitution in CO,. The changes in the activation energies for gas permea-
Fig. 19. The values dfls (N,) andHs (O,) are rather similar  tion in these polymers are dominated by changes in the
for each polymer and generally tend to increase with activation energies of diffusion, and the heats of sorption
bromine substitution; the trend is more consistent fgr N play only a minor role.
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Fig. 14. Effect of replacing methyl groups with bromine atoms on (@) substitution for the substituted BPA-tBIA polymer series.

carbon dioxide solubility coefficients and (b) carbon dioxide/methane solu-
bility selectivity at 10 atm and 3& for the families of substituted polymers
studied: PC [3] @), HFPC [2] @), HFBP-tBIA [4,7] (A), FBP-tBIA [4]

(V) and BPA-tBIA (¢).

torsional rotation about the phenyl ring, as suggested by the
higher cohesive energy density and glass transition tempera-
The effects of bromine substitution on physical and gas ture, respectively. These physical manifestations of bromine
transport properties of five polymer families were investi- substitution affect the diffusion of oxygen and nitrogen
gated. Further, the response of one of these series of poly-through the polymer to different degrees. Compared to oxy-
mers, viz. substituted BPA-tBIA, to temperature was gen, the energy requirement for the diffusion of nitrogen
studied to establish how bromine substitution changes thethrough the brominated polymer is substantially higher.
activation energies of gas transport and to gain further This gives rise to improved &N, diffusivity selectivity
insights about the @N, and CQ/CH, permselectivity and, thus, enhanced ,@l, permselectivity for the bro-
response. mine-substituted polymers. These same factors are respon-
Bromine-substituted polymers exhibit high permeability sible for the smaller but still significant improvement in
and high selectivity which is desirable for membrane-based CO,/CH, permselectivity for the substituted BPA-tBIA
gas separation processes. High permeability is achieved dugolymers. The lack of change in, M, solubility selectivity
to the size of the bromine substituent, and improvetNQ as a function of bromine substitution suggests that polymer/
selectivity is due to a more rigid and closely packed matrix; penetrant interactions do not contribute significantly to the
polar bromine atoms increase chain attraction and impedeoverall permselectivity increase.

6. Summary and conclusions
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Fig. 17. The change in activation energies of diffusion for oxygen and

and methane (a) and their differences (b) as a function of degree of bromineNitrogen (a) and their differences (b) as a function of degree of bromine
substitution for the substituted BPA-tBIA polymer series.
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