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Abstract

Isomeric polyhydroxyimides based on 3,3’-diamind~4lihydroxybiphenyl (+HAB) or 3,3'-
dihydroxy-4,4’-diaminobiphenylpgtHAB) with 2,2-bis(3,4-dicarboxyphenyl)hexafluoragpane
dianhydride (6FDA) were prepared via an ester-as@homer. The polyhydroxyimides were
then acetylated using acetic anhydride to changeottho-functional groups on the polymer
chains. Thesertho-functional polyimides were used as precursorsthiermal rearrangement
(TR) to polybenzoxazoles for gas separation mengxamhe permeability coefficients of TR
polymers significantly improved as theortho-functional polyimides converted to
polybenzoxazoles. The influence wfeta and para isomeric monomers on the gas transport
properties of the resulting TR polybenzoxazolesewstudied. In addition, gas permeation

properties show a dependency on the size obitie-functionality of the polyimide precursors.
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Introduction

Natural gas processing is by far the largest idlsgas separation application.[1]
Separation of C® from natural gas is one of the treatments requit@dmeet pipeline
specifications.[1,2] Membrane gas separation asfiaery technology has become crucial for
natural gas refinery processes.[1,3] In comparismnconventional separation technology,
membrane gas separation has several advantagadingclower energy consumption, smaller
capital investment, and enhanced ease of operfdtid}.However, to maximize the productivity
and efficiency of membrane separation technologsgtiil must overcome several challenges.
These include the trade-off relationship betweermpability and selectivity of polymeric
membranes that limit the productivity of membra@s geparation.[2] In addition, Gihduced
plasticization is encountered with most of the caroial membrane gas separation
processes.[2] Plasticization, in general, wil &ase the selectiviies of polymeric
membranes.[7,8] Designing a polymeric membrane tiaat both high permeability and high

selectivity is one of the challenges for membraae geparation.

Recently, a novel family of gas separation memisaa®wn as thermally rearranged
(TR) polymers has attracted both academic and tridusttention.[9-12] TR polymers are
derived from polyimides withorthojositioned functional groups that are treated ajh hi
temperatures (350-450 °C) in an inert atmosphetginD the thermal rearrangement process,
polyimides with ortho-positioned functional groups undergo decarboxytatand rearrange
inter- and intra-molecularly to form crosslinked lylmenzoxazoles. These TR polymer
membranes possess a combination of high permgahititt high selectivity and have good
resistance to C&induced plasticization due to their crosslinkedictures.[9,13] Sandeet al.

reported that TR polymers with higher gas perméadsiican be prepared from polyimides with
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various orthopositioned functionalities including acetate or ghate groups.[14] Guet al.
demonstrated that the reaction temperature reqrethermal rearrangement is related to the
glass transition temperatures of the TR precursayimpides.[15] However, relationships
between the isomeric structures of the TR polynaeid gas transport properties have not been
extensively studied. For linear polymer membrargss separation properties can often be
significantly manipulated by incorporating diffetelsomeric structures.[16—18] For example,
metalinked polysulfone exhibited higher selectivity daicorrespondingly lower permeability
than paralinked polysulfone.[16] The same phenomenon has &keen found for polyimide
membranes. For example, Colensral. comparednetaandpara-linked fluorinated polyimides
and found that their permeability was greatly dasesl when thpara-connected diamine was
replaced by ametaisomer.[17] Both studies concluded that the desgdgpermeability was
attributed to the higher chain packing efficienaytihe metalinked polymer than in theara-
linked analog. As a result, a higher chain pacldfigiency led to anetalinked polymer with a

lower fractional free volume and therefore a lopermeability.

Recently, Comesafia-Gandatal reported a study on isomer effects of TR polymers
and precursors and showed that tmetalinked linear polyhydroxyimide had a higher
permeability than theparalinked linear polyhydroxyimide.[19] After TR conkson, the
polybenzoxazole derived from thmetalinked linear polyhydroxyimide also had signifi¢hn
higher permeability than the TR polymer from thea-linked polyhydroxyimide. This result is
interestingly different from previously-reportedsgmansport properties on isomeneta/para
linked linear polymers.[17,20] Nevertheless, themsric meta/paraeffects on gas transport
properties may not hold true for TR polybenzoxagzalieie to the inter- and intra-molecular

reactions that occur during thermal rearrangemayether with the added isomeric complexity
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due to the anhydride monomer in the repeat unit asnverts to the polybenzoxazole (can
convert to eithemetaor para). As more of the benzoxazole structure forms, TRepolymers
may lose their structural identity related moeta- and para- linkages that existed in the
precursors. Moreover, the crosslinking that ocadusing thermal rearrangement makes the

isomericmeta/paraeffects on gas transport properties less predetab

In this paper, two isomeric thermally rearrangegiéy/imides (meta-and paradinked
TR precursors) based on 4,4’-dihydroxy-3,3-dianfiiphenyl (n-HAB) and 3,3’-dihydroxy-
4,4-diaminobiphenyl  @§-HAB)  with  2,2’-bis-(3,4-dicarboxyphenyl)hexafluggmpane
dianhydride (6FDA) and with differemtrthofunctional groups (hydroxyl and acetate) and their
corresponding TR polymers are described. Synthebiaracterization, film preparation, and
single gas permeability/selectivity of tmeeta/paralinked TR polyimide precursors and TR
polybenzoxazoles are reported. Relationships afctire to gas transport properties of the

isomericmeta/paralinkages anartho-functional groups of the TR polymers are discussed

Experimental
Materials

4,4’-Biphenol, palladium on carbon, triethylamirgyridine, acetic anhydride, calcium
hydride (CaH), anhydrouso-dichlorobenzene and hydrazine hydrate were puechdsom
Sigma-Aldrich and used as received. Nitric acicetace, isopropanol, methanol and ethanol
were purchased from Spectrum Chemicals and usedcas/ed. Dimethylacetamide (DMACc)
andN-methyl-2-pyrrolidone (NMP) were purchased fromhgis NMP used as a reaction solvent

was dried over Cagl distilled under reduced pressure and stored @#thmolecular sieves
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before wuse. 3,3-Dihydroxy-4,4’-diaminobiphenylp-lHAB) was purchased from TCI,
recrystallized from a mixture of DMAc and methanahd dried invacuoat 80°C before use.
2,2’-Bis-(3,4-dicarboxyphenyl)hexafluoropropane nigdride (6FDA) was kindly provided by

Air Products and dried imacuoat 16(°C before use.

Synthesis

Synthesis of 3,3’-diamino-4,4’-dihydroxybiphenytfiAB) monomer3,3’-Diamino-4,4'-
dihydroxybiphenyl, hereafter referred to asHAB, was prepared according to a modified

literature method.[21]

Synthesis of 3,3'-dinitro-4,4’-dihydroxyybiphenyxcess 4,4’-biphenol (12.2 g, 65.5
mmol) and 250 mL of acetone were added to a 500t#mé&e-necked flask equipped with a
condenser, mechanical stirrer and addition funfied reaction mixture was stirred at 60 °C until
the 4,4’-biphenol completely dissolved. Nitric a¢itiL.9 g of 69.3% nitric acid, 131.0 mmol)
was added dropwise via the addition funnel. Upommetion of addition, the solution was
stirred for 6 h at 60 °C. The final heterogeneoustune containing a yellow precipitant was

washed with copious acetone. The product waséit@nd dried ivacuoat 80 °C. Yield 87%.

Synthesis of 3,3’-diamino-4,4’-dihydroxybiphengl.3’-Dinitro-4,4’-dihydroxybiphenyl
(11.6 g, 42.0 mmol), 1.1 g of Pd/C and 200 mL of RiMere added to a 500-mL three-necked
flask equipped with a condenser, mechanical staret addition funnel. The reaction mixture
was heated in a thermocouple-regulated oil bathO® °C and stirred. Hydrazine hydrate (24
mL, 290 mmol) was added dropwise. After completditamh, the solution was stirred and
refluxed for 12 h at 100 °Cl'he reaction mixture was hot-filtered through @el¥ethanol (200

mL) was slowly added into the filtered solution.eTproduct started to crystallize upon cooling.
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White crystals were filtered and washed with waldre product was dried macuoat 100 °C

overnight. Yield 81%. The monomer degrades befoeking.

Synthesis of m-HAB-6FDA polyhydroxyimide via arreatid monomerThe m-HAB-
6FDA polyimide was synthesized via an ester-acidhot according to a modified literature
process.[22] 6FDA (7.0407 g, 15.9 mmol) was intiet] into a 3-necked flask equipped with a
mechanical stirrer, Ninlet, thermometer, reverse Dean-Stark trap afldxe&ondenser. Then,
50 mL of absolute ethanol (856 mmol) and 3 mL @thylamine (21.5 mmol) were introduced,
and the Dean-Stark trap was filled with ethanoktitving, thermocouple-regulated, oil bath was
used to heat the reaction to 90 °C. The mixture reflaxed with stirring for 1 h. Once a clear
solution was obtained, the trap was drained. Whstilldtion of ethanol ceased, the trap was
again drained and refilled witlo-dichlorobenzenem-HAB (3.4268 g, 15.9 mmol) was
introduced followed by 35 mL of NMP and 9 mL @dichlorobenzene (~4/1, v/v) to produce a
solids content of ~30% wt/v. The mixture was heaed80 °C for 10 h, allowed to cool, and
then precipitated in methanol. The polyhydroxyimiglas dried invacuoat 180 °C overnight.

Yield 98%.

Synthesis of p-HAB-6FDA polyhydroxyimides via aereacid monomerThe p-HAB-
6FDA polyhydroxyimide was synthesized in the exact marasethem-HAB-6FDA polymer,

exceptp-HAB was used instead of-HAB.

Acetylation of m-HAB-6FDA polyhydroxyimide to foanm-polyacetylimideAcetylation
of the mHAB-6FDA polyhydroxyimide was conducted accorditg a modified literature
method.[13] The acetylatat-HAB-6FDA polyacetylimide is hereafter referred de m-HAB-

6FDA-Ac. Them-HAB-6FDA polyhydroxyimide (4.00 g, 6.4 hydroxyl gnd 20 mL of NMP
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were introduced into a 3-necked flask equipped vetimechanical stirrer, Ninlet, and a
condenser. Once the polymer was fully dissolvedtia@nhydride (38.4 mmol, 3.63 mL) and
pyridine (37.2 mmol, 3 mL) were added to the solutiThe mixture was heated to 50 °C, and
maintained at that temperature for 24 h with cardirs stirring and a Npurge. The resulting
viscous solution was cooled to room temperaturel precipitated by slowly dripping the
solution into stirring methanol (1 L). Tha-polyacetylimide (m-HAB-6FDA-Ac) was dried in

vacuoat 180 °C overnight. Yield 99%.

Acetylation of p-HAB-6FDA polyhydroxyimide to folmp-polyacetylimide (p-HAB-
6FDA-Ac). Acetylation of p-HAB-6FDA was conducted in the exact manner asnhHdAB-

6FDA-Ac, excepp-HAB-6FDA was used instead oFHAB-6FDA.

Film preparation

The polyhydroxyimide was dissolved in DMAc oMR (~7%, w/v) and filtered through
a 0.45um Teflon syringe filter to remove any dust and jgatates. The filtered solution was
sonicated for 15 min to degas the solution, themas cast onto a level, dry glass plate (cleaned
with acetone) and dried initially with an infrarkanp at approximately 60 °C for 24 h to remove
most of the solvent and form a film. The film wsamaked in deionized water for 24 h to remove

residual solvent, then dried wvacuoat 180 °C for at least 24 h.

Thermal rearrangement of ortho-functional polyimide films to form polyimide-

polybenzoxazoles

The polyhydroxyimide and polyacetylimide fdmvere converted to their corresponding
polyimide-polybenzoxazole TR polymer films via thed rearrangement using a Carbolite tube

furnace (Model# HZS 12/600) under a &tmosphere with a purge rate of 900 mL/min. I thi
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study, the polyhydroxyimide films were first heatad5 °C/min to 300 °C and held at that
temperature for 1 h under,Nand then heated to a desired TR temperaturedB800 °C) at 5

°C/min and held at that temperature for either 86min.
Structural Characterization

'H- NMR analysis was performed on a Varian Inovacapeneter operating at 400 MHz.
All spectra were obtained from 15% (w/v) 1-mL sauos in DMSO-d. Fourier Transform
Infrared Spectroscopy with attenuated total refleceé (FTIR-ATR) was performed to observe
acetylation of the polyhydroxyimides and to meashesconversion of thermal rearrangement to
form polyimide-polybenzoxazoles. The FTIR-ATR spactwere recorded on an FTIR
spectrometer (Bruker Tensor 27) equipped with aiAftachment with a horizontal diamond
crystal. The resolutions of the spectra were 4 @md 32 background scans were performed. A
small amount of polymer film was placed on the danh crystal and the FTIR spectrum was
measured with 32 scans. All measurements were rpegtb at ambient temperature. Intrinsic
viscosities of the polymers were measured with anGa-Ubbelohde viscometer using 1.0, 0.67,

0.50 and 0.40 g/dL polymer solutions in NMP at 85 °

Size exclusion chromatography (SEC) was conducted te HAB-6FDA-Ac
polyacetylimides to measure molecular weight disttions. The solvent was DMAc that was
distilled from CaH and that contained dry LiCl (0.1 M). The column sensisted of 3 Agilent
PLgel 10pum Mixed B-LS columns 300x7.5 mm (polystyrene/ditbbgnzene) connected in
series with a guard column having the same statyoplaase. The column set was maintained at
50 °C. An isocratic pump (Agilent 1260 infinity, Agnt Technologies) with an online degasser

(Agilent 1260), autosampler and column oven wasl dee mobile phase delivery and sample
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injection. A system of multiple detectors connedtederies was used for the analyses. A multi-
angle laser light scattering (MALLS) detector (DAVWANELEOS 1l, Wyatt Technology Corp.),
operating at a wavelength of 658 nm, a viscometdeador (Viscostar, Wyatt Technology
Corp.), and a refractive index detector operatih@ avavelength of 658 nm (Optilab T-rEX,
Wyatt Technology Corp.) provided online resultseTdystem was corrected for interdetector
delay and band broadening. Data acquisition antysieavere conducted using Astra 6 software
from Wyatt Technology Corp. Validation of the syst&vas performed by monitoring the molar
mass of a known molecular weight polystyrene saropleght scattering. The accepted variance
of the 21,000 g/mole polystyrene standard was ddfims 2 standard deviations (11.5% far M

and 9% for M) from a set of 34 runs.

Thermal Analysis

The polyimide films were characterized thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). TGA scamsre conducted using a TA Instruments
Q500 thermogravimetric analyzer under an air athesp A heating rate of 10 °@in™ was
employed to 700 °C. Differential scanning calorirgetvas performed using a Perkin-Elmer
DSC6000. The glass transition temperatures of tigirpide samples were heated from 25 to

300 °C with a heating rate of 10 °C rionder a N atmosphere.
Single Gas Transport Measurements

The single gas permeabilities of, LH;, Nz, Op, and CQ through the polymers were
measured using a constant-volume/variable-presaetbod at 35 °C with feed pressures up to
around 17 atm.[9] In this method, the polymeric rbesne was enclosed inside a stainless steel

Millipore filter holder (Millipore, Billerica, MA,USA) and the test gas was allowed to permeate

10
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through the membrane into a known downstream voluiitee pressure increase of the collected
permeate gas in the downstream volume was monitsed a pressure transducer. The linear
slope of the pressure rise versus time provideg#mmneation rates of penetrating gases. Hence

the gas permeabilities were calculated by equdtion

py= L@ &
PyRTA

where V is the downstream volumés film thicknesspPy is the upstream pressure, R is the gas
constant, T is absolute temperature, A is film aegaldp/dtis the rate of pressure change as the

gas permeated into the closed downstream volume.

Permeabilities are commonly reported in units ofr&a defined by equation 2:

cm3(STP) - cm
cm?-s-cmHg

1 Barrer = 10710

(2)

The ideal selectivity (pure-gas selectivity), was determined by taking the ratio between the

single gas permeabilities of the gas pair undetystu

d4q/p = Py/Ps (3)

Results and Discussion

Synthesis and characterization of the 3,3-diaminat4’-dihydroxybiphenyl (m-HAB)

monomer

Synthesis of 3,3’-diamino-4,4’-dihydroxybgnyl was conducted in two steps starting

from 4,4’-biphenol, which is a commonly used monoriog various commercial polymers such

11
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as polysulfone, poly(arylene ether ketone) and qanlyonate.[23] 4,4’-Biphenol was nitrated in
an aromatic electrophilic substitution reactionféom 3,3’-dinitro-4,4’-biphenol, and this was
followed by reduction of the nitro groups with hgdine hydrate in the presence of Pd/C as the
catalyst. The product was recrystallized in a mixtof NMP and methanol to give the monomer
with a high yield. The structure of the final pratu3,3’-diamino-4,4’-dihydroxybiphenyl, was

confirmed by*H NMR (Figure 1).

e
H,N

Cc
a b NH,

b

e
d water DMSO'dG
»~ | B S
E) £l
~N <

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

Figure 1.'H NMR spectrum confirms the structure of them-HAB monomer.

Synthesis and characterization of isomeric polyhydixyimide TR precursors

The isomerianeta- and para-HAB-6FDA polyhydroxyimides were synthesized via a
diester-diacid monomer in a manner similar to presly described procedures.[13,15] In the
diester-diacid method (Scheme 1), the hydrolytycaihstable dianhydride monomer was first
reacted with an alcohol at low temperature to faamhydrolytically-stable diester-diacid

monomer. Then, the aminophenol monomer was intedland the temperature was elevated to

12
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produce the polyhydroxyimide in a one-step proc&ks. diester-diacid monomer is less reactive
than the corresponding dianhydride. Our objectives wo avoid any reaction of thatho-
hydroxyl group with the very reactive dianhydridaridg imide formation. The structural
differences between the two isomeric polyhydroxyes, meta- and para-HAB-6FDA, were
confirmed by'H NMR (Figure 2). Previous studies have demondlrateat the pendent
functional groups affect the transport propertie3R polymers.[13] For example, TR polymers
that were prepared fronortho-acetate functional polyimides had significantly Heg
permeabilities than the TR polymers that were pegbafrom ortho-hydroxyl functional
polyimides. In order to compare the isomer effext the bulky pendent group effect on the TR
polymers, the two isomeric polyhydroxyimides wepstpacetylated using acetic anhydride and
a weak base as the catalyst to form the correspgndbomeric polyacetylimidesneta- and
para-HAB-6FDA-Ac (Scheme 2). Since thmeta-and para-HAB-6FDA-Ac polyacetylimides
were chemically modified from the initial polyhyciyimides fneta-andpara-HAB-6FDA), any
effects of different molecular weights or possiideimide structures resulting from different
synthetic methods were avoided. Acetylation ofifzeneric polyhydroxyimides was confirmed
by 'H NMR and FT-IR (Figures 3 and 5). Molecular wekybf these polyimides were estimated
by intrinsic viscosities and SEC (Table 1). Lovitrinsic viscosities were observed for the
acetylated polyimides as compared to the polyhygmixies due to lack of hydrogen bonding
interactions. SEC of the polyacetylimides quantiedy substantiated high molecular weight,

and these results are shown in Figure 2 and Table 1

m-HAB-6FDA  p-HAB-6FDA m-HAB-6FDA-Ac p-HAB-6FDA-Ac

[n] 1.33 1.58 0.93 1.04

M, (x10°g/mol) - - 44 41

13



M., (x 10%g/mol) - - 112 92

PDI - - 2.€ 2.2

Table 1. Molecular weights ofmeta and para-HAB-6FDA ortho-functional polyimides

Relative Scale

1.0 1

-0.1

p-HAB-6FDA-Ac

m-HAB-6FDA-Ac

30 40 50

Time (min)

Figure 2. Light scattering SEC chromatograms ofara and meta-HAB-6FDA-Ac

14
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polyhydroxyimides.
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Figure 4.'H NMR spectra confirm the structures ofmeta- (top) and para-HAB-6FDA-Ac (bottom)

polyacetylimides.
Thermal properties of isomeric polyhydroxyimide andpolyacetylimide TR precursors

TGA profiles (Figure 5) show similar two-step wetidbss stages for the two isomeric
polyhydroxyimides and their acetylated analogs innikogen atmosphere. As reported
previously,[14] the first weight loss correspondgtie thermal rearrangement process with loss
of the by-products and the second depicts degdati the polymers. The polyacetylimide
precursors had earlier and more weight loss in ldwer temperature region than the
polyhydroxyimides, and this is in agreement witk\pous reports.[13] Theoretical mass losses
for a 100% TR polybenzoxazole converted from theBHBFDA polyhydroxyimide and for a
fully converted HAB-6FDA-Ac are 14.1 and 24.0% restively. Figure 5 shows the weight

losses observed upon heating those precursorseinT@®A to be slightly lower than the

18
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theoretical values for full conversion. This mayledst be partially attributable to the heating
rates being too fast (10 °C/min) to allow the preous to achieve full TR conversion before they

underwent degradation as the temperature was etkvat

80

80
m-HAB-GFDA

....... p-HAB-6FDA
W ananag m-HAB-6EDA-AC

Weight %

— . — . p-HAB-6FDA-Ac

60 Y

T T T T T T T T T T T
100 200 300 400 500 600 Too

Temperamre™C

Figure 5. TGA profiles of meta/para HAB-6FDA polyhydroxyimides and polyacetylimides:Samples

were heated at 10°C/min from 25 to 700°C under aNatmosphere.

Structures of TR precursors and TR polybenzoxazoles

Structural changes that occurred upon conversionthef polyhydroxyimides to
polyacetylimides and from thertho-functional polyimide precursors to polybenzoxazole
during the thermal treatments were examined by ATRR. Figure 6 shows ATR-FTIR

transmission spectra oh-HAB-6FDA, m-HAB-6FDA-Ac, p-HAB-6FDA andp-HAB-6FDA-

19
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Ac. Figures 7-8 show ATR-FTIR transmission speofrthe m-HAB-6FDA andm-HAB-6FDA-

Ac polyimides and their corresponding TR polymd®sak a (3500 cr) represents the H-O
stretch. Peaks b (1780 @nand c (1720 cif) represent the symmetric and asymmetric imide
carbonyl stretches, and peak d (1380'tnepresents the imide C-N stretch. Peaks e (166%),c

f (1480 cm') and g (1050 cif) represent the benzoxazole ring stretches. As the
polyhydroxyimides were converted to polyacetylinsidéhe peak associated with the hydroxyl
functional groups (peaks a, Figure 6) disappeandtich is a sign of complete acetylation. In
Figure 7, as the polyhydroxyimides were exposedifferent thermal treatments, the hydroxyl
peak (a) and peaks associated with the polyimidetstres (b, ¢ and d) declined in intensity.
Figure 8 shows the FTIR spectra of the polyaceiglas treated under different conditions. For
the m-HAB-6FDA-Ac-TR350 polymer, a broad peak associatgith the hydroxyl functionality
was observed (peak a). The presence of the hydp@ak is a result of the loss of the acetate
functional group and the formation of a hydroxybgp on the polyimide prior to the thermal
rearrangement to form the polybenzoxazole.rké#AB-6FDA-Ac-TR400 polymers, peaks (e, f,
and g) began to develop that may be evidence afdx@zole formation, but these peaks were
very weak. Nevertheless, ATR-FTIR was a criticathtaque for monitoring the thermal

rearrangement process from polyimides to polybeazobes.
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As polyimides undergo the TR process, their madsesease. Therefore, conversion of

the polyimides to TR polymers was quantified bygheiloss using the following equatidh:

Actual Mass Loss
Conversion (%) = - x 100
Theoretical Mass Loss

Table 2 shows the theoretical weight losses foiTtReprecursor polyimides, the measured losses
due to thermal rearrangement after being heaté@@tC for 60 min, and the percent conversion
from the orthofunctional polyimides to the TR polymers. Thus,appears that while the

polyhydroxyimides convert almost quantitatively golybenzoxazoles under these conditions,
the efficiency of conversion of the acetylated padys is rather low, even after treatment at 400

°C for 60 minutes.
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Measured weight lo Conversior
Theoretical weight loss

Precursors (Wt%) (%)
(Wt%)
TR40(-60 mir
m-HAB-6FDA 14.1 13.C 92
p-HAB-6FDA 14.1 12.¢ 88
m-HAB-6FDA-Ac 24.3 11.2 47
p-HAB-6FDA-Ac 24.3 13.C 54

Table 2. Weight losses of meta/parartho-functional polyimides during the TR processes
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Gas transport

Pure-gas permeation properties ef &, N,, CO,, and CH of the fourortho-functional
polyimide precursors and their corresponding TRympars were measured at 35 °C with an
upstream pressure of 10 atm. Tables 3-4 show dkepgrmeation properties of the isomeric
precursors with differenbrtho-functionalities and their corresponding TR polyménat were
thermally treated at 400 °C for 60 minutes. The gasneability coefficients of HAB-6FDA
polyimides from this study are lower than thoseortgrd by Comesafia-Gandara et al. The
permeability coefficients of all five gases fmHAB-6FDA polyhydroxyimide were higher than
those ofmHAB-6FDA. For example, permeability of GQvas 5.9 Barrer fom-HAB-6FDA
and 8.3 Barrer fop-HAB-6FDA. Becausepara-connected polymers are believed to have
greater sub-transitional rotational mobility arothd phenylene groups than ohetaconnected
polymers, para-linked isomers typically havaigher fractional free volume (FFV), and thus,
higher gas permeability coefficients, thametalinked analogs. However, the differences in
permeability of these polyimide precursors are astsubstantial as some of the traditional
aromatic polyimides reported in previous studie5Z0,24] For examplgara-linked polyimide
derived from 6F-dianhydride and gFdiamine (6FDA-6BDA) had a CQ permeability of 63.9
Barrer while the polyimide derived from the 6F-digdride and 6Fn-diamine (6FDA-6MDA)
only had a CQ@ permeability of 5.1 BarrelPara-oriented aromatic polymers usually pack less
efficiently and have less inter-segmental mobitiian metaoriented aromatic polymers.[20]
Thus, higher fractional free volumes and highernmsbilities for paraoriented aromatic
polymers are often observed. However, these TRupsecs that contain highly polar functional
groups along the backbone likely complicate sudeces. Typically, the presence of polar

groups decreases fractional free volume, resulim@ lower gas permeability.[25,26] For
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example, gas permeability coefficients for polyso# decrease dramatically with degree of
nitration.[26] For the polyhydroxyimides, much aogyas permeabilities are observed between
meta- and para-oriented polymers than the traditional polyimidéserefore, we hypothesize
that in addition to thpara/metaconfiguration difference, the presence of polarctionalities in

the ortho-position also influences gas transport properthes.a result, the difference in gas
transport properties of these polyhydroxyimidesn® as drastic as traditional polyimides

reported in previous studies.

After acetylation of the polyhydroxyimgleboth of the polyacetylimides have increased
permeability as thertho-hydroxyl groups are changed to acetate groups phénomenon has
been reported in previous literatures. Interesyintie permeability coefficients gifarameta
linked the polyacetylimide contradict from the peability coefficients of traditionaheta/para
linked polyimides. For all five gases, shown in lEa® and 4metalinked m-HAB-6FDA-Ac has
higher permeability coefficients than that péra linked p-HAB-6FDA-Ac. However, the
meta/para linked polyimides that previous repoffiadgas transport studies, do not have any
bulky groups at thertho-position to the imide ring. Therefore we hypothedihat the presence
of bulky groups at thertho-position, in this case the acetate groups, casecateric hindrance
and inhibit the phenylene “ring flip” effect of thmaraisomer. Consequently, the acetate groups
diminish thepara/metaisomer effect and appears to disrupt polymer cpacking to a greater
extent form-HAB-6FDA-Ac than forp-HAB-6FDA-Ac. Thus, greater permeability coefficisnt

of metalinked polyacetylimide are observed than thapaa linked polyacetylimide.

Like other TR polymers, conversion atho-<functional polyimides to polybenzoxazole TR
polymers significantly improved the permeabilityefficients of bothm-HAB-6FDA and p-

HAB-6FDA TR polymers.[27,28] The permeabilities ftfe common gases through the TR
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precursors and TR polymers are compared feHAB-6FDA and p-HAB-6FDA based
structures (Tables 3 and 4). Upon thermal rearraegé at 400 °C for 60 minutes, all of the gas
permeabilities increased. For example, permeglfitO, for TR-M-HAB-6FDA-Ac and TRp-
HAB-6FDA-Ac increased by 400 and 936%, respectivatpmpared with those of their
corresponding TR precursor polyimides. Additiopalthe TR polymers derived from the
polyacetylimide precursors had much higher gas pahifities than the TR polymers derived
from polyhydroxyimide precursors. For example, gemeability of CQ through the TRy
HAB-6FDA-Ac was 75 Barrer whereas the permeabityCO, for TR-m-HAB-6FDA was only

57 Barrer. This phenomenon agrees with previoasalitire.[13,14,29]

Moreover, the TR polymers derived frometa- and para-oriented precursors also
exhibited small differences in gas permeabilityr Egample, the Clgas permeability through
TR400m-HAB-6FDA-Ac was 2.0 Barrer and that of TR4PEHAB-6FDA-Ac was 3.0 Barrer.
There are two reasons for the small differenceda germeability between the two isomers.
First, the precursors have small differences in gasneabilities between theeta and para
isomers. These TR polymers could have two compsndepending on the percentage of
conversion: unconverted polyimide withortho-functional groups and rearranged
polybenzoxazole. It was found that the permeabdagfficients of theanetaandpara oriented
polyhydroxyimides were not significantly differefithus, the unconverted polyimide component
may only contribute a small difference in gas pabilgies between the two isomeric TR
polymers derived from the polyacetylimides. Secamdike more conventionaheta-or para-
linked polymers, the benzoxazole structures in igmmeric TR polymers may not have
significant differences in inter-segmental mobilgcheme 4). As a result, the TR polymer

component derived frormeta and para isomeric precursors also may only contribute small
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1 differences in gas permeability. So the simpliafythe m-HAB monomer synthetic route makes

2 metaoriented TR polymers an economically better option.

4 Table 3. Single-gas permeabilities fometa/para HAB-6FDA ortho-functional polyimides and their

5 corresponding TR polymers measured at 10 atm feed'@ssure and 35 °C.

Single Gas Permeabilities (Barr

H, N, O,
Samples

polyimide TR40(- polyimide  TR40(- polyimide TR40(-

precursor 60 min  precursor 60 min  precursor 60 min

m-HAB-6FDA 33%1 124+4 0.2:+£0.01 3.1+01 1.7+0.06 15+0.
p-HAB-6FDA 36+2 147+6 0.2+0.0z 3.7+01 21+0.1 18+0.7
m-HAB-6FDA-Ac 43+1 165+7 0.7+0.0z 4.0+0.2 4.0+£0.1 20+0.€
p-HAB-6FDA-Ac 37+2 237+9 0.47+0.0z 6.0+02z 2&+01 29%1

8 Table 4. Single-gas permeabilities of COand CH, and ideal selectivity of CQ/CH, for meta/para

9 HAB-6FDA ortho-functional polyimides and their corresponding TR pdymers measured at 10 atm

10

feed pressure and 35 °C.

Samples

Single GasPermeability (Barre Selectivity

CG, CH, CO,/CH,
polyimide TRA40(- polyimide TR40(- polyimide TRA40(-
precursor 60 min precursor 60 min precursor 60 min

29



mM-HAB-6FDA 5€+0.2 56+x2 0.065+0.00:
p-HAB-6FDA 8.2+£0L5 73+£3 0.0¢+0.00¢
m-HAB-6FDA-Ac  15+0.8  75%3 0.3¢+0.01

p-HAB-6FDA-Ac  9.€+0.t 11f+4 0.2:+0.01

1.€+£0.0¢ 91

2.2+0.1 92
2.0+ 0.0¢ 3¢
3.0+£0.1 42
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polymers.
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Figure 9 illustrates a CfLLH,; upper bound plot fomHAB-6FDA, p-HAB-6FDA, m-HAB-
6FDA-Ac, p-HAB-6FDA-Ac and their TR polymers. As a general setvation, the
polyhydroxyimides iitHAB-6FDA and p-HAB-6FDA) have higher C&CHj, selectivities and
lower CQ permeabilities than the polyacetylimides. The TRIlymers derived from
polyacetylimide precursors showed even greatep G& permeability and more competitive
CO,/CH, selectivity than the TR polymers derived from gudyhydroxyimide precursorsChis
may also be influenced by the fact that conversadrthe TR-polyacetylimides were incomplete
under the conditions imposed in this study, and tthis aspect will require further investigation
to fully understand. The gas transport propertieshe polymers from this study differ from
those reported by Comesafna-Gandara et al.[19] dthukl be attributed to differences in either

the synthetic methods employed to prepare the pecpolymers, or more likely, to differences
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in membrane casting and thermal conversion proesdWhat this suggests is that further work
should be done to understand the sensitivity ofhsomaterials, particularly to processing
conditions. There are some differences in the §&3 permeability and the GIOH, selectivity
betweenmeta and para oriented TR precursors and their corresponding DRnpers, and a
detailed discussion of the differences in permégbbetweenmeta and para oriented TR
precursors and TR polymers will be reported in pas&te publication.[30] To this end, the
meta/paraoriented TR polymers do not have a substantialaat®ge over one another in
CO,/CH,gas separation but TR polymers derived from thégilgrrearranged polyacetylimides
demonstrate better G(@H, gas separation properties than the TR polymerveaterirom the

polyhydroxyimides at high conversion.

Conclusions

Meta and para oriented high molecular weight aromatic polyimidemtainingortho-
positioned hydroxyl groups were synthesized usimjeater-diacid monomer to avoid possible
reactions of theortho-hydroxyl groups with the more reactive dianhydridenomer. Those
polyhydroxyimides were post-modified to change dnofunctional groups to acetates. Then
the isomeric orthofunctional polyimides were converted to polymersthwbenzoxazole
structures via thermal rearrangement (TR). Masssareaents before and after conversion
suggested strongly that thermally rearranging thedgimides at 400 °C for 60 minutes was
efficient for conversion of the polyhydroxyimidesitbwas insufficient for the corresponding

polyacetylimides.

Gas transport measurements conducted on theserisgraymer membranes confirmed

the expected dramatic increases in permeabilittesafl of these materials upon thermal
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rearrangement. Unlike traditional linear polymermieanes, the TR precursors had similar gas
permeabilities betweemetaandpara oriented isomers due to a possible dominating effethe
polar functional groups over thmeta/paraisomer effect. The TR polymers derived from
meta/paraoriented isomeric TR precursors also had simites separation properties, especially
for CO,/CH, separation, and it is hypothesized that this is tiu a lack of intersegmental
mobility distinction between the two isomeric TRIyuers. Finally, the TR polymers derived
from meta/paraisomeric precursors had similar gas separatiopepti@s, but the TR polymers
derived from the same backbone structure but wiftferdnt ortho-functional groups had

different gas separation properties.
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Highlights
e Polyhydroxyimides with different meta vs para monomers and their rearranged
polybenzoxazoles were synthesized

* The polyacetylimides were shown to have high molecular weights and narrow
distributions by SEC

e Both meta and para oriented TR polymers (TR400-m-HAB-6FDA-Ac and TR400-p-
HAB-6FDA-Ac) surpassed the 1991 CO,/CH, upper bound



