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gas transport properties of
triptycene-containing polybenzoxazole (PBO)-
based polymers derived from thermal
rearrangement (TR) and thermal cyclodehydration
(TC) processes†

Shuangjiang Luo,a Junyi Liu,b Haiqing Lin,b Barbara A. Kazanowska,a

Michael D. Hunckler,c Ryan K. Roederc and Ruilan Guo*a

Polybenzoxazoles (PBOs), such as thermally rearranged (TR) polymers, have been shown to have excellent

gas separation performance. Herein we report the preparation and transport properties of two new series of

PBO-based polymers that were thermally derived from triptycene-containing o-hydroxy polyimide and

polyamide precursors via a thermal rearrangement (TR) process and a thermal cyclodehydration (TC)

process, respectively. Incorporation of triptycene units into poly(hydroxyimide) precursor structures led

to a significant increase of fractional free volume and created ultrafine microporosity in the converted

PBO-based TR polymers, which enabled both high gas permeabilities and high selectivities. Although the

TC process of the poly(hydroxyamide) precursor led to moderate improvement in the separation

performance of the resulting triptycene-containing PBO polymers as compared to the TR process, the

PBO films converted via the TC process exhibited excellent mechanical properties superior to many

other TR polymers previously reported in the literature as well as the triptycene-containing TR polymers

in this study. In particular, the PBO film thermally rearranged at 450 �C showed a H2 pure gas

permeability of 810 barrer, a CO2 permeability of 270 barrer, and CO2/CH4 and H2/CH4 selectivities of

67 and 200, respectively, at 35 �C and 11 atm, which are far beyond the upper bound limits.
1. Introduction

Membrane-mediated gas separation represents an attractive
and fast-growing separation technology, due to its advantages of
a small footprint, high energy efficiency, low cost and ease of
operation and maintenance.1–3 Producing robust polymeric
membranes with both high permeability and high selectivity
that defy the permeability-selectivity tradeoff limit, i.e., Robe-
son's upper bounds,4,5 has been the main research focus in the
eld of membrane science and technology. Among the many
new membranes reported recently, polymers of intrinsic
microporosity (PIMs)6–10 having stiff ladder-type backbones with
contorted sites and thermally rearranged (TR)11–17 polymers
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derived from poly(hydroxyimide) precursors are two represen-
tative classes of novel separation membrane materials, which
display unprecedentedly high gas permeabilities and good
selectivities due to highly rigid and contorted backbone struc-
tures and high microporosity in the polymers. In particular, TR
polymers have polybenzoxazole (PBO)-based structures that are
in general fabricated via a solid-state thermal rearrangement
reaction of poly(hydroxyimide) precursors at high temperatures
(usually above 400 �C). The formation of a large amount of
microcavities with narrow cavity size distribution upon the TR
conversion process is responsible for the extraordinary size-
sieving based separation performance of TR polymers.11

However, TR polymers usually suffer from insufficient
mechanical properties most likely due to undesired thermal
degradation at high temperature treatment, which also partially
explains themuch less attractive gas selectivities of TR polymers
considering their ultra-high gas permeabilities. To address this
issue, a variety of TR-based copolymers have been prepared and
studied, which include copolymers with non-rearrangable pol-
yimide,18 polypyrrolone,19 and poly(aromatic ether).20 However,
most of these PBO-based copolymers are not comparable in
their separation performance to the earlier TR polymers
despite their improved mechanical properties. Thermal
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 (a) Thermal rearrangement (TR) of the triptycene-containing TPHI poly(hydroxyimide) precursor and (b) thermal cyclodehydration
(TC) of the triptycene-containing TPHA poly(hydroxyamide) precursor to form PBOs.
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cyclodehydration (TC) of poly(hydroxyamide) precursors has
been reported as an alternative low-temperature approach to
produce PBO polymers similar to TR polymers. The TC process
involves solid-state cyclodehydration reactions at temperatures
that are typically about 100 �C lower than the TR conversion
temperature to achieve full PBO conversion.16,21–24 As such, PBO
polymers prepared via the TC process are much mechanically
stronger than those converted via the TR process due to the
elimination of thermal degradation.16 On the other side, due to
less signicant changes in chain conformations during the TC
conversion process, PBO polymers converted from poly-
(hydroxyamide) precursors via the TC process are generally less
permeable than the TR polymers with similar structures. Based
on the abovementioned studies, it is clear that new poly-
(hydroxyimide) and poly(hydroxyamide) precursor structures
are still highly demanded so that mechanically robust PBO-
based gas separation membranes can be produced in a more
efficient way (i.e., low conversion temperature) that possess
exceptionally high permeability–selectivity combinations.11–17

Recently, microporous polymers containing iptycene units in
the backbone structures were developed and studied as gas
separation membranes, which showed very promising gas
separation performance.9,10,12,25–32 Iptycenes, e.g., triptycene and
pentiptycene, are a large family of molecules containing
multiple arene rings fused together into three-dimensional,
bulky structures.33,34 When incorporated into polymer backbone
structures, the bulky iptycene units efficiently disrupt chain
packing, resulting in a large fractional free volume and conse-
quently, greatly enhanced gas permeability.9,10,12,25–31 More
importantly, we have demonstrated that the so-called internal
free volume dened as the open cles between the benzene
“blades” not only introduces a signicant amount of molecular
cavities enabling high gas permeabilities, but also the size of
these internal molecular cavities is comparable with the kinetic
diameters of important gas molecules (e.g., H2, CO2, O2, N2, and
CH4) relevant to industrial separations, which provides an effi-
cient approach to nely tune the overall microcavity size and
size distribution, affording high gas selectivities via precise size
sieving.26–28

In this study, we seek a novel combination of PBO-based TR
polymers and iptycene structural units, whereby superior gas
This journal is © The Royal Society of Chemistry 2016
permeabilities of TR polymers are synergistically integrated
with the ultrane microporosity induced by iptycene-based
structures leading to signicantly improved selectivities in the
resulting TR polymers. In particular, we report in this paper the
synthesis and characterization of two new triptycene-containing
poly(hydroxyimide) and poly(hydroxyamide) precursors, i.e.,
TPHI and TPHA, which are prepared from commercial 2,20-
bis(3-amino-4-hydroxyphenyl)hexauoropropane (6FAP) and
custom-synthesized triptycene-containing dianhydride or
di(acid chloride) monomer. Systematic studies of the solid-state
thermal rearrangement and thermal cyclodehydration reactions
(Scheme 1) using the triptycene-containing precursors are pre-
sented and the PBO conversion efficiency is analyzed as
a function of thermal treatment temperature for both TR and
TC processes. Comprehensive characterization and analysis of
physical properties in terms of fractional free volume, polymer
chain packing, mechanical properties and pure-gas transport
properties of the resulting triptycene-containing PBO lms are
also provided to establish the fundamental structure–property
relationships for these new PBO-based polymers.
2. Experimental
2.1. Materials

2,20-Bis(3-amino-4-hydroxyphenyl)hexauoropropane (6FAP,
>98.5%) was purchased from Akron Polymer Systems and dried
at 65 �C in a vacuum oven overnight prior to use. 4-Nitro-
benzonitrile (97%), thionyl chloride ($99%), chloro-
trimethylsilane (TMCS, $99%), anhydrous pyridine ($99.8%)
and anhydrous N-methyl-2-pyrrolidone (NMP, $98%) were
purchased from Sigma-Aldrich and used as received. All other
chemicals were obtained from commercial sources and used as
received.
2.2. Synthesis of the triptycene-containing diacid chloride
(TPDC) monomer

The triptycene-containing diacid chloride (TPDC)monomer was
synthesized via a chloroformylation reaction of an intermediate
triptycene diacid which was prepared via hydrolysis of the
triptycene dinitrile compound, as shown in Scheme 2. The
J. Mater. Chem. A, 2016, 4, 17050–17062 | 17051
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Scheme 2 Synthesis of the triptycene-containing diacid chloride monomer (TPDC).
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triptycene dinitrile compound was synthesized as follows:
a mixture of triptycene 1,4-hydroquinone28,35 (4.30 g, 15 mmol),
anhydrous potassium carbonate (4.25 g, 31 mmol), dime-
thylformamide (DMF, 45 mL) and toluene (9 mL) was charged
into a two-neck ask equipped with a Dean–Stark trap and
a nitrogen inlet. The mixture was stirred and reuxed at 120 �C
under a nitrogen atmosphere for 3 h, during which water was
removed as an azeotrope with toluene. The reaction was then
cooled down to room temperature and 4-nitrobenzonitrile
(4.70 g, 31 mmol) was added. Aer reacting at 100 �C overnight,
the mixture was precipitated in a water/methanol (v/v ¼ 5/1,
400 mL) mixture. The solid was ltered and washed repeatedly
withwater andmethanol, and then dried at 120 �C under vacuum
to afford white powder as triptycene dinitrile (7.58 g, yield 85%).
1H NMR (500 MHz, CDCl3): d 5.49 (s, 2H), 6.76 (s, 2H), 6.89–6.91
(d, J ¼ 8.75 Hz, 4H), 7.00–7.02 (m, 4H), 7.18–7.20 (m, 4H), 7.61–
7.63 (d, J ¼ 8.75 Hz, 4H). ATR-FTIR (n, cm�1): 2234 (C^N str).

Hydrolysis and chloroformylation of triptycene dinitrile were
conducted as follows: to a one-neck ask was added a suspen-
sion of the triptycene dinitrile compound (5.0 g, 10 mmol) in an
ethanol/water mixture (50 mL/50 mL) containing 20 g of
potassium hydroxide (KOH, 0.356 mol), and the mixture was
reuxed for 48 h. Aer cooling to room temperature, the
resulting clear solution was acidized to pH ¼ 1.0 with concen-
trated HCl solution and formed precipitates of triptycene
dicarboxylic acid, which were collected via ltration and washed
repeatedly with deionized (DI) water. Aer drying in a vacuum
oven at 120 �C overnight, the obtained triptycene dicarboxylic
acid was reuxed in thionyl chloride (20 mL) overnight. The
pale-yellow powder product was collected by evaporating
residual thionyl chloride and vacuum drying at 65 �C overnight
as triptycene diacid chloride (TPDC, 5.13 g, yield 96%). 1H NMR
(500 MHz, CDCl3): d 5.52 (s, 2H), 6.80 (s, 2H), 6.91–6.93 (m, 4H),
7.00–7.03 (m, 4H), 7.19–7.21 (m, 4H), 8.10–8.12 (m, 4H).
2.3. Synthesis of the triptycene-containing
poly(hydroxyamide) precursor (TPHA)

The TPHA poly(hydroxyamide) precursor was synthesized by
condensation polymerization between TPDC and 6FAP using
the silylation method reported earlier (Scheme 3).16,36,37 6FAP
(1.4006 g, 3.8 mmol) and anhydrous NMP (14 mL) were added
into a ame-dried, three-neck ask equipped with a mechanical
17052 | J. Mater. Chem. A, 2016, 4, 17050–17062
stirrer and a nitrogen inlet. Aer the complete dissolution of
6FAP, TMCS (2.3 mL, 18.4 mmol) and pyridine (1.6 mL,
19.4 mmol) were added, and the mixture was stirred at room
temperature for 2 h to complete the silylation of 6FAP. The ask
was then immersed in an ice-water bath followed by addition of
TPDC (2.1765 g, 3.8 mmol) and anhydrous pyridine (0.8 mL,
9.7 mmol). The solution was stirred in the ice-water bath for 2 h
aer which the temperature was gradually increased to room
temperature. The condensation polymerization continued at
room temperature overnight to form a viscous solution of sily-
lated polyamide. The resulting polymer solution was precipi-
tated in 1 : 1 methanol/water mixture (v/v, 600 mL) and then
washed thoroughly with fresh methanol to hydrolyze the sily-
lated groups to nal hydroxyl groups. The brous polymer
product was collected and dried at 180 �C under vacuum over-
night affording a white solid as TPDC-6FAP-TPHA (3.38 g, yield
98%). 1H NMR (500 MHz, DMSO-d6): d 5.70 (s, 2H), 6.85 (s, 2H),
6.96 (s, 2H), 6.97 (s, 2H), 6.97–6.98 (m, 4H), 6.98–6.99 (m, 4H),
7.26–7.28 (m, 4H), 7.96 (s, 4H), 7.98 (s, 2H), 9.48 (s, 2H), 10.37 (s,
2H). ATR-FTIR (membrane, n, cm�1): �3300 (br, –OH), 1648
(amide C]O str), 1536 (amide C–N str). Molecular weight
measured by size exclusion chromatography (SEC), (DMF
eluent, polystyrene standards): Mn ¼ 2.42 � 104 g mol�1, Mw ¼
8.04 � 104 g mol�1, PDI ¼ 3.31.
2.4. Synthesis of the triptycene-containing
poly(hydroxyimide) precursor (TPHI)

The triptycene-containing poly(hydroxyimide) precursor, TPHI,
was synthesized via solution thermal imidization as described
in our previous study.27 Poly(amic acid) was rst formed by the
reaction between triptycene-containing dianhydride (TPDAn)
and 6FAP, and it was then converted to polyimide through
solution thermal imidization using o-dichlorobenzene as an
azeotropic reagent at 190 �C overnight. Isotropic lms were
obtained by a solution casting method and the lms were
further thermally treated in a Thermo-Scientic muffle furnace
at 300 �C under a nitrogen atmosphere for 2 h to afford a fully
imidized TPHI polyimide thin lm.
2.5. Film formation and thermal conversion

The brous TPDC-6FAP-TPHA precursor was dissolved in NMP
to form a clear polymer solution (�5% w/v, g mL�1), which was
This journal is © The Royal Society of Chemistry 2016
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Scheme 3 Synthesis of the triptycene-containing poly(hydroxyamide) precursor.
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cast onto a clean, leveled glass plate aer being ltered with
a 0.45 mmTeon syringe lter. The glass plate with cast polymer
solution was placed under an infra-red lamp (Staco Energy
Products Co., 120 V) overnight to slowly evaporate the solvent at
around 60 �C, aer which it was further dried in a vacuum oven
at 180 �C overnight. The resulting lm was teared off from the
plate and soaked in fresh methanol for 24 h to extract the
remaining casting solvent. The nal drying of the polymer lms
was conducted at 180 �C overnight under vacuum to completely
remove the residual solvent. Thin lms of the TPDAn-6FAP-
TPHI precursor were prepared according to our previous
report.27 The lm thickness (30–70 mm) was measured using
a digital micrometer, and the effective area of the polymer lms
for the gas permeation test was determined using a digital
scanner (LiDE120, Canon) by analyzing the scanned images
with ImageJ soware.

Both TPHI and TPHA precursor lms were thermally con-
verted to corresponding TPHI-TR and TPHA-TC PBOs at pre-
determined temperatures for a controlled amount of time in
a furnace under nitrogen protection. Experimentally, the
precursor lms were cut into �5 � 5 cm pieces and sandwiched
between two porous ceramic plates before they were thermally
treated in a preheated Thermo-Scientic muffle furnace under
an ultrahigh-purity nitrogen atmosphere. Aer the lms were
heated at a desired temperature for a predetermined amount of
time, the furnace was cooled down to room temperature at
a cooling rate no greater than 10 �C min�1. In particular, TPHI
precursor lms were heated at 350 and 400 �C for 2 h, and 450
�C for 30 minutes, and the resulting lms were referred to as
TPHI-TR-350, TPHI-TR-400 and TPHI-TR-450, respectively.
Similarly, TPHA precursor lms were treated at 300 and 350 �C
for 2 h, and 400 �C for 1 h, affording TPHA-TC-300, TPHA-TC-
350 and TPHA-TC-400, respectively.
2.6. Characterization methods
1H NMR spectra were recorded on a Bruker AVANCE III HD 500
spectrometer using deuterated chloroform (CDCl3) or deuter-
ated dimethylsulfone (DMSO-d6) as the solvent. Fourier trans-
form infrared (ATR-FTIR) spectra of the polymers were recorded
on a JASCO FT-IR 6300 spectrometer in attenuated total reec-
tion (ATR) mode with a resolution of 4 cm�1 and 64 scans.
Molecular weight and molecular weight distribution of the
polyamide precursor were measured using a size exclusion
This journal is © The Royal Society of Chemistry 2016
chromatograph (SEC, Waters GPC System), which was equipped
with aWaters 515 HPLC pump, three Polymer Standards Service
(PSS) columns (GRAM, 104, 103, and 102 Å) with a DMF ow rate
of 1 mL min�1 at 55 �C, and a Waters 2414 refractive index
detector connected to PSS WinGPC 7.5 soware. Polystyrene
was used as an external standard and DMF as the eluent.

Thermo-gravimetric analysis (TGA) was performed on a TGA
Q500 (TA Instruments) at a heating rate of 10 �C min�1 with
a nitrogen purge of 50 mL min�1. Differential scanning calo-
rimetry (DSC) analyses were carried out under nitrogen purge
(50 mL min�1) on a DSC Q2000 (TA Instruments) at a heating
rate of 10 �C min�1 and cooling rate of 20 �C min�1. Two
heating cycles were applied with the highest temperature in the
rst heating cycle below the PBO conversion temperature and
the second heating cycle in the range of 100–400 �C. Glass
transition temperature (Tg) and thermal conversion tempera-
ture were determined based on the second heating prole using
the automatic mode of TA Universal Analysis soware.

Wide-angle X-ray diffraction (WAXD) patterns of the poly-
mers were recorded in the reection mode at room temperature
on a Bruker D8 Advance Davinci diffractometer with Cu Ka
radiation (wavelength l ¼ 1.54 Å) operating at 40 mA and 40 kV.
The scan speed and step size were 5 seconds per step and 0.02�

per step, respectively, and the average d-spacing values were
calculated using Bragg's law in the 2q range of 5–45�.

Mechanical properties of the polymer lms were tested in
uniaxial tension at room temperature following ASTM D882-
12.38 The as-prepared lms, 40–70 mm in thickness with less
than 10% variation along the gauge length, were cut into strips
5 mm in width. Specimens were clamped using at knurled
grips with a thin rubber facing (<75 mm thickness). The spec-
imen gauge length was 22 mm, instead of the 100 mm specied
in ASTM D882-12, due to size constraints of the as-prepared
membranes. All specimens were loaded to failure in uniaxial
tension at a displacement rate of 2.2 mm min�1 using a Bose
ElectroForce 3300 electromechanical test instrument. The
elastic modulus, tensile strength, and percent elongation at
break were calculated from force–displacement data and re-
ported as the mean � standard deviation for at least ve spec-
imens per group.

Densities of the polymers were measured in the thin lm
state by means of the buoyancy method using an analytical
balance (ML204, Mettler Toledo) equipped with a density kit in
J. Mater. Chem. A, 2016, 4, 17050–17062 | 17053
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Fig. 1 1H NMR spectra of the (a) triptycene-based diacid chloride
monomer (CDCl3, 500 MHz) and (b) triptycene-containing poly-
(hydroxylamide) TPHA precursor (DMSO-d6, 500 MHz).
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deionized (DI) water at room temperature. Correspondingly, the
fractional free volume (FFV) was calculated as follows:

FFV ¼ V0 � 1:3Vw

V0

(1)

where V0 is the molar volume of the polymer derived from the
density measurement, and Vw is the van der Waals volume ob-
tained from Bondi's group contribution method.39,40 The Vw
values of the partially converted polymers were estimated via Vw
¼ x1Vw1

+ x2Vw2
, where x1 and x2 are the molar fractions of the

precursor and PBO, respectively, which were determined by
comparing the weight loss during the thermal treatment to that
of the theoretical weight loss at full conversion; Vw1

and Vw2
are

the respective van der Waals volume for the two constituents.
Pure gas permeabilities (P) of four gases (i.e., H2, CH4, N2,

and CO2) were tested at 35 �C using the constant-volume/vari-
able-pressure method.41 Aer the lms were degassed on both
sides overnight, ultra-high purity grade gases were introduced
in the upstream and maintained at a certain pressure (i.e., 4.4,
7.8, 11.2 or 14.6 atm), while the steady state pressure increase as
a function of time in the downstream was recorded as the
permeation rate, which was used to calculate the permeability
coefficient as follows:

P ¼ 1010
Vdl

pupTRA

�
dp

dt

�
ss

�
�
dp

dt

�
leak

" #
(2)

where P (barrer, 1 barrer¼ 10�10 cm3 (STP) cm per cm2 s cmHg)
is the gas permeability coefficient, Vd is the downstream volume
(cm3), l is the membrane thickness (cm), pup is the upstream
pressure (cmHg), T is the temperature (K), R is the gas constant
(0.278 cm3 cmHg per cm3 (STP) K), A is the effective area (cm2),
dp/dt is the steady-state pressure increment in downstream
(cmHg per s) and (dp/dt)leak is the leak rate of the system (cmHg
per s). The ideal selectivity (aA/B) of one gas pair (A and B) was
dened as the ratio of pure gas permeability of the two gases:

aA=Bh
PA

PB

(3)

3. Results and discussion
3.1. Synthesis of triptycene-containing TPHI and TPHA
precursors

Two types of triptycene-containing PBO precursors with ortho-
positioned hydroxyl groups, i.e., poly(hydroxyimide) (TPHI) and
poly(hydroxyamide) (TPHA), were prepared in this study to
investigate how different PBO formation mechanisms, i.e.,
thermal rearrangement (TR) of TPHI and thermal cyclo-
dehydration (TC) of TPHA (Scheme 1), inuence the micro-
structure and consequent transport properties of the resulting
PBO-based polymers. In particular, the triptycene-containing
TPHI precursor was synthesized from a previously reported
triptycene-based dianhydride (TPDAn) and a hydroxyl-contain-
ing aromatic diamine (6FAP) via conventional solution thermal
imidization, and the fully imidized structure with ortho-
hydroxyl groups was conrmed by 1H NMR.27 To synthesize the
17054 | J. Mater. Chem. A, 2016, 4, 17050–17062
TPHA precursor, a new triptycene-based diacid chloride
monomer (TPDC) was rst synthesized via chloroformylation of
the intermediate dicarboxylic acid compound (Scheme 2). The
monomer was obtained with high yield (>83%) and high purity
was conrmed by 1H NMR (Fig. 1a). Condensation polymeri-
zation between TPDC and 6FAP using the silylation method
produced the triptycene-containing TPHA precursor (Scheme
3). The silylation method was adopted because it has been
shown to be able to produce linear, high molecular weight
polyamides by avoiding undesired side reactions involving
ortho-hydroxyl groups.16,36,37 The presence of the characteristic
bridgehead proton of triptycene (peak c), hydroxyl proton (–OH)
and amide bond proton (–NH) as well as the absence of the
trimethylsilane protons in the 1H NMR spectrum (Fig. 1b)
conrmed the anticipated structure of TPHA and complete
hydrolysis of trimethylsilane groups aer precipitation and
washing with methanol. The obtained TPHA showed a high
molecular weight (>2.4 � 104 g mol�1), indicating good reac-
tivity of TPDC and 6FAP towards the polycondensation reaction.
Transparent, exible thin lms were obtained through
a conventional solution casting method using NMP as the
casting solvent.
3.2. Thermal conversion of TPHI and TPHA precursor lms

Thermal rearrangement (TR) of an aromatic poly(hydroxyimide)
precursor, such as TPHI in this study, involves the reaction
between the ortho-hydroxyl groups and either of the adjacent
imide carbonyl groups under thermal treatment in an inert
atmosphere, producing a mixture of meta/para linked PBO
structures (Scheme 1a).11,13,14,42–46 The TR process of poly-
(hydroxyimide) precursors can be feasibly tracked by thermo-
gravimetric analyses, from which TGA proles featuring two-
stage weight losses are typically observed. In this study, a TGA
temperature ramp was conducted to evaluate the TR process of
the TPDAn-6FAP-TPHI precursor as well as to establish suitable
This journal is © The Royal Society of Chemistry 2016
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thermal treatment protocols. As shown in Fig. 2a, a clear two-
stage weight loss TGA prole was observed, suggesting that
thermal rearrangement occurred in the TPHI precursor. More-
over, weight loss of the rst stage matches well with the theo-
retical value (9.7%) of the TR decarboxylation process (i.e.,
release of two CO2 molecules per repeat unit),20,42,47–52 which
further conrms the conversion to PBO structures upon
thermal treatment. Similarly, the TPDC-6FAP-based TPHA
precursor also exhibits a two-stage weight loss TGA prole, and
the observed weight loss of the rst stage corresponds well with
the theoretical weight loss (4.2%) of cyclodehydration (i.e.,
release of two H2O molecules per repeat unit),22,24,53 suggesting
the occurrence of PHA-to-PBO conversion. In both cases, the
second weight loss is ascribed to the thermal degradation of
PBOs that were formed during the TR or TC process. Both the
starting degradation temperature (�500 �C) and the weight loss
(�30%) during the degradation of the PBOs are almost the same
for TR and TC processes, indicating that similar PBO structures
were formed during both solid-state reactions. It should be
mentioned that triptycene moieties are highly thermally stable
during thermal treatments as evidenced by the very high
thermal degradation temperature (Td,5% > 518 �C) demon-
strated in several of our previously reported triptycene-con-
taining polyimides,27,28 which have similar structures to TPHI
and TPHA precursors. As such, the rst-stage weight loss
observed in the TGA proles of TPHI and TPHA precursors is
exclusively ascribed to the conversion of precursors to PBOs and
triptycene moieties remained intact upon solid-state thermal
treatment.

Compared to the TR process of the TPHI precursor, the
starting temperature for the TC process of the TPHA precursor
is around 80 �C lower, and the cyclodehydration conversion
temperature range (270–360 �C) is much narrower than that of
the TR process (350–490 �C). This observation is consistent with
our previous report that thermal cyclodehydration of poly-
(hydroxyamide) precursors (e.g., TPHA) is a more feasible and
efficient approach to obtain PBO structures than the TR process
Fig. 2 TGA weight loss and weight loss derivative curves of the (a) TP
horizontal dashed lines denote the theoretically predicted weight loss
cyclodehydration reactions. Regions of thermal rearrangement (TR), ther
lines.

This journal is © The Royal Society of Chemistry 2016
of poly(hydroxyimide) precursors (e.g., TPHI).16 Previous
studies have also demonstrated that TR conversion temper-
ature is strongly dependent on the Tg of the poly-
(hydroxyimide) precursors, and the TR process usually has to
be conducted above the Tg of the precursors to affect
molecular rearrangement reactions.13,15,42 On the other hand,
the thermal cyclodehydration of poly(hydroxyamide) precur-
sors was found to be relatively independent of the glass
transition temperature of the precursors due to different
reaction mechanisms.16 DSC analyses of both TPHI and
TPHA precursors were conducted and the DSC thermograms
(i.e., the second heating curves) are shown in Fig. S1 in the
ESI.† As shown, the TPHI precursor exhibited a Tg of �305 �C
and no obvious endothermic event associated with the TR
process was observed up to nearly 400 �C. On the other hand,
TPHA precursor displayed a broad endothermic cyclo-
dehydration peak, which might overlap with the Tg of TPHA.
Moreover, the temperature range (�270–360 �C) of the
endothermic peak observed in DSC curves agrees with that
observed in the TGA weight loss derivative curves. The DSC
results further conrmed that cyclodehydration of poly-
(hydroxyamide) precursors can take place at or even slightly
below the Tg of the precursors, and the lower thermal
conversion temperature of TPHA can be ascribed to the lower
activation energy barrier for hydroxyamide-to-benzoxazole
conversion than that of hydroxyimide-to-benzoxazole
conversion.16,47

The evolutionary structural changes from imide or amide
structures to benzoxazole structures upon thermal treatments
were monitored by ATR-FTIR by tracking the disappearance of
characteristic bands of the precursors and the appearance of
benzoxazole characteristic bands of the resulting PBO-based
polymers. As shown in Fig. 3a, the characteristic imide bands
(1782 cm�1, C]O; 1105 cm�1, C–N–C) of the TPHI precursor are
still present even aer the lm was thermally treated at 450 �C,
suggesting incomplete TPHI-to-PBO conversion. Similar obser-
vations were reported for other poly(hydroxyimide) precursors,
DAn-6FAP-TPHI precursor and (b) TPDC-6FAP-TPHA precursor. The
upon full PBO conversion in the thermal rearrangement and thermal
mal cyclodehydration and degradation are separated by vertical dashed

J. Mater. Chem. A, 2016, 4, 17050–17062 | 17055
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Fig. 3 ATR-FTIR spectra of (a) thermal rearrangement of TPHI and (b) thermal cyclodehydration of TPHA at different temperatures. The arrows in
the spectra indicate the decrease or increase in the intensity of specific characteristic bands.
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where incomplete conversion and weak PBO absorbance bands
were observed.13,16,21,47,48,51 On the other hand, the characteristic
hydroxyl group (�3300 cm�1) and the amide bond (1650 cm�1,
C]O) of the TPHA precursor disappeared, and distinct PBO
characteristic bands (1562 cm�1, C]N; 1048 cm�1, C–O)
appeared aer the TPHA precursor was thermally treated at
300 �C. Additionally, TPHA lms treated at higher temperatures
(i.e., 350 and 400 �C) exhibit almost identical FTIR spectra, con-
rming that complete TPHA-to-PBO conversion was achieved
under thermal treatment at 300 �C for 2 h. FTIR results are
consistent with the TGA andDSC results, which indicates that the
TPHA-to-PBO cyclodehydration conversion is more favorable and
efficient than the TR process of TPHI-to-PBO conversion.

The degree of PBO conversion as a function of treatment
temperature was quantitatively estimated using a gravimetric
method by taking the ratio of experimentally observed weight
loss to the theoretically predicted weight loss, and the results
are listed in Table 1. As expected, the degree of PBO conversion
generally increases with increasing treatment temperature for
the TPHI-TR series, and the experimental weight loss of TPHI-
Table 1 Degree of PBO conversion of the thermally treated polymer th

Thermal treatment
temperature (�C)

TPDAn-6FAP-TPHI

Weight loss
observed (%)

PBO conversiona

(%)
Fraction
degradat

Precursor — — —
300 — — —
350 2.7 28 —
400 8.4 87 —
450 14.2 100c 4.5

a Theoretical weight losses for TPHI and TPHA precursors are 9.7% and
weight loss compared to theoretical values. c Full conversion to PBO w
weight loss.

17056 | J. Mater. Chem. A, 2016, 4, 17050–17062
TR-450 is higher than the theoretical value possibly due to
thermal degradation. For simplicity, full conversion is assumed
when the measured weight loss of a sample is greater than the
predicted value and the excess weight loss is treated as the
fraction of degradation. For the TPHA-series, complete conver-
sion to PBO structures was readily reached at all three treatment
temperatures (i.e., 300, 350 and 400 �C). The completion of
TPHA-to-PBO conversion was also conrmed with DSC ther-
mograms (Fig. S1b†), in which the cyclodehydration peak of the
TPHA precursor diminished in all treated lms and high glass
transition temperatures (>300 �C) were observed for the con-
verted lms, suggesting the formation of highly rigid PBO
structures. Among the converted TPHA-TC lms, the Tg of the
converted lms increased with the increment of thermal
cyclodehydration temperature, which is probably due to the
increased tendency towards thermal inter-chain cross-linking at
high temperatures.13,21,22 Although thermal degradation was
observed for all converted TPHA-TC lms, it should be noted
that the degradation is much less signicant than in the case of
TPHI-TR lms.
in films obtained at different temperatures

TPDC-6FAP-TPHA

of
ionb (%)

Weight loss
observed (%)

PBO conversiona

(%)
Fraction of
degradationb (%)

— — —
5.7 100c 1.5
6.3 100c 2.1
7.0 100c 2.8
— — —

4.2%, respectively. b Degree of degradation was estimated as the excess
as assumed when measured weight loss was greater than theoretical

This journal is © The Royal Society of Chemistry 2016
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3.3. Membrane properties of the precursor lms and
converted lms

The formation of PBO structures via both TR and TC processes
is accompanied by signicant changes of chain conformation
and chain packing, which certainly induce dramatic changes in
the fractional free volume (FFV) and consequent gas transport
properties. FFV values of both the precursors and thermally
treated lms were estimated from the measured density data
using eqn (1), and the results are tabulated in Table 2. For
simplicity, since the thermal degradation during the thermal
treatment is not signicant (<4.5%), the FFV values of the
polymers converted at high temperatures with higher than
theoretical weight loss were calculated by assuming complete
PBO conversion and neglecting thermal degradation. Generally,
the FFV increased with increasing the treatment temperature,
and all converted lms showed higher FFV values than their
precursors. For instance, the FFV of TPHI-TR-450 is about 20%
higher than that of the TPHI precursor, and an 11.7% increase
in FFV was observed for TPHA-TC-400 when compared with the
TPHA precursor. The increased FFV in the converted lms is
mainly because that the conversion to PBO structures greatly
disrupted the strong inter-chain interactions (hydrogen-
bonding in TPHA and charge-transfer-complex in TPHI) origi-
nally present in the precursors leading to an increased inter-
chain distance. Comparisons between the TPHI-TR and TPHA-
TC series suggested that TR process is likely more efficient in
disrupting chain packing and generating free volume than the
TC process. In particular, starting from almost the same FFV of
�17% in the precursors, the FFV values of treated TPHI-TR
lms are generally higher than those of TPHA-TC counterparts,
even though the TPHI-TR lms have generally low PBO
conversions for given temperature treatment. The difference
can be ascribed to the different PBO formation mechanisms
associated with these two routes.16,21 In the TR process, the
Table 2 Density, fractional free volume (FFV), WAXD peak positions (2q),
TPHA-TC films treated at different temperatures compared with relevan

Density
(g cm�1) FFV (%) 2q (�)

d-Sp
(Å)

TPHI precursor 1.339 17.0 13.7 6.5
TPHI-TR-350 1.318 18.1 13.3 6.7
TPHI-TR-400 1.287 19.6 12.5 7.1
TPHI-TR-450 1.273 20.4 11.8 7.5
TPHA precursor 1.340 17.1 14.7 6.0
TPHA-TC-300 1.307 18.3 13.6 6.5
TPHA-TC-350 1.298 18.8 13.5 6.6
TPHA-TC-400 1.295 19.1 13.0 6.8
API-TR-45016 1.434 20.6 14.5 6.1
PHA-PBO-35016 1.402 22.3 15.0 5.9
HAB-6FDA-TR45055 1.343 19.5 — —
SpiroTR-PBO-6F51 1.12 27 13.8 6.4
B-TR-PBOIb-1h15 1.437 17.7 — 5.98
TR-PBO-co-I-3-BAPP56 1.360 17.0 — —
Polysulfone57 — 14.4 — —
Matrimid® 521858 — 17.0 — —

a Samples were too brittle for measuring tensile properties.

This journal is © The Royal Society of Chemistry 2016
hydroxyl groups can react with either of the adjacent carbonyl
groups on the imide ring, resulting in a mixture of para- and
meta-linked PBOs; however, only para-linked PBOs can be ob-
tained from the cyclodehydration process as there is only one
adjacent carbonyl group available to react with the hydroxyl
groups in the amide precursor structure. In this regard, a more
disrupted chain packing and higher FFV are reasonably ex-
pected for TPHI-TR lms since the TR process involves more
signicant changes in chain conformation by transforming
heterocyclic imide ring structures to benzoxazole rings. It is also
observed that the FFV of TPHA-TC lms continued to increase
with the cyclodehydration temperature even when full PBO
conversion was achieved at 300 �C. This phenomenon is
possibly due to the increased tendency of thermal inter-chain
cross-linking in the lms when treated at a higher temperature,
which constrained the chain relaxation preventing collapse of
microcavities and more efficiently disrupted chain packing of
PBOs resulting in a higher FFV.54

Wide angle X-ray diffraction (WAXD) measurements were
conducted to examine polymer chain packing for both the
precursors and the thermally treated lms in the form of inter-
chain d-spacing data, which are closely related to FFV and gas
transport properties. The WAXD patterns are shown in Fig. 4
and the calculated d-spacing values are listed in Table 2. In
general, broad peaks were observed in all WAXD patterns,
suggesting amorphous structures of these PBO-based polymers.
As expected, the d-spacing value increases with increasing
conversion temperature for both series, conrming that a more
rigid PBO backbone inhibited tight chain packing resulting in
a larger average inter-chain distance. The results are consistent
with the trend of FFV as a function of conversion temperature.
Comparisons between the samples across the two thermal
processes showed that both the absolute d-spacing values as
well as the relative increase in d-spacing upon full conversion
are higher in the TPHI-TR series than those of the TPHA-TC
calculated d-spacing values and mechanical properties of TPHI-TR and
t polymers reported previously

acing Elastic modulus
(GPa)

Tensile strength
(MPa)

Elongation at
break (%)

3.41 � 0.07 87 � 12 2.9 � 0.5
3.08 � 0.26 37 � 3 1.1 � 0.1
a a a

a a a

3.16 � 0.09 91 � 3 3.3 � 0.2
2.60 � 0.19 96 � 7 4.9 � 0.6
2.71 � 0.23 88 � 16 4.4 � 0.9
2.43 � 0.30 80 � 11 4.3 � 0.8
— — —
— — —
2.52 62 2.9
— 82.3 20
1.59 � 0.19 114 � 12 13.4 � 3.0
— 111 21.6
2.00 54.2 48
2.41 87.1 21.1
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Fig. 4 WAXD patterns of the (a) TPHI precursor and TPHI-TR films converted at different temperatures, and (b) TPHA precursor and converted
TPHA-TC films.
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series obtained from the cyclodehydration process, indicating
that more signicant changes in chain packing occurred in the
TR process. Compared with previously reported non-triptycene-
containing 6FDA-6FAP-based API-TR-450 and 6FC-6FAP-based
PHA-PBO-350 lms,16 the d-spacing values of the fully converted
TPHI-TR-450 and TPHA-TC-400 lms are much higher, indi-
cating that bulky triptycene units synergistically contributed to
the effective disruption of tight chain packing in these ther-
mally converted lms.

TR polymers prepared at high conversion temperatures are
oen brittle and fragile most likely due to thermal degrada-
tion,20,55 which represents a technical challenge in the commer-
cialization of TR polymers for gas separations despite their
superior gas separation performance. On the other hand,
thermal cyclodehydration of poly(hydroxyamide) precursors
takes place at a relatively lower temperature, which may produce
tougher and more robust polymers with comparable gas trans-
port properties.16 Mechanical properties of both TPHI and TPHA
precursors and converted polymer thin lms (Fig. S2†) were
evaluated in uniaxial tension and reported as the elastic
modulus, tensile strength and elongation at break (Table 2). The
mechanical properties of TPHI-TR lms are clearly deteriorated
from the TPHI precursor. For example, both the tensile strength
and the elongation at break of the TPHI-TR-350 lm are around
60% lower than those of the TPHI precursor, along with �10%
decrease in the elastic modulus. Mechanical properties of TPHI-
TR polymers prepared at high temperatures (i.e., 400 and 450 �C)
were not able to be measured in uniaxial tension due to the
brittleness of these samples. The deterioration of mechanical
properties during the TR process is likely due to the high rigidity
of PBO structures relative to the polyimide precursor, which
increases the brittleness of the polymers. Additionally, TR reac-
tions at high temperatures (400–450 �C) are likely accompanied
by undesired thermal degradation due to approaching
the thermal degradation temperature of the TPHI precursor,
leading to dramatically deteriorated mechanical properties in
TPHI-TR polymers. In contrast, the TPHA-TC polymers exhibited
17058 | J. Mater. Chem. A, 2016, 4, 17050–17062
mechanical properties comparable to those of the TPHA
precursor, from which they were prepared via thermal cyclo-
dehydration. All TPHA-TC lms are stronger and more ductile
than the corresponding TPHI-TR samples despite sharing similar
PBO-based structures. In particular, the tensile strength and the
elongation at break of TPHA-TC-300 are slightly higher than
those of the TPHA precursor, possibly due to the amide-to-ben-
zoxazole structural transformation upon thermal cyclo-
dehydration. The small decrease in tensile strength and
elongation at break with increasing cyclodehydration tempera-
ture is likely due to thermal degradation, but is much less
signicant compared with that in the TR process.

The elastic modulus and tensile strength of both TPHI and
TPHA precursors are comparable to or greater than those re-
ported for some commercial gas separation polymers, such as
Matrimid® polyimide and polysulfone (Table 2).57,58 However,
TPHI and TPHA precursors are less ductile, possibly due to
more rigid backbone structures and lower molecular weight.
Compared to other reported PBOs with comparable struc-
tures,20,55 the triptycene-containing TPHA-TC series exhibited
improved mechanical properties, suggesting that triptycene
units are instrumental in strengthening and toughening the
PBO polymers and cyclodehydration is a more viable approach
to produce robust PBO-based polymers than TR process. Some
recent studies showed that the ductility and/or tensile strength
of PBO-based polymers derived from the TR process could be
improved via either copolymerization with non-rearrangable
polyimides15,56 (e.g., PBO-PI copolymers), or introduction of
spiro-centers to induce polymer chain entanglement.51

However, several factors other than the polymer backbone
chemical structure, such as the molecular weight of the
precursor and thermal treatment protocol (i.e., heating and
cooling rate, duration, etc.), also play important roles in deter-
mining the mechanical properties of the resulting PBO-based
polymers. Therefore, the respective contributions of these
factors on the overall mechanical properties are difficult to
isolate.
This journal is © The Royal Society of Chemistry 2016
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3.4. Gas transport properties of precursor lms and TPHI-TR
and TPHA-TC lms

Pure gas transport properties of both precursors and converted
PBO-based polymers were tested with four gases (i.e., H2, CO2,
CH4 and N2) using the constant-volume/variable-pressure
method.41 The upstream pressure was varied in a wide range
from �4 to 15 atm to study the feed pressure dependence of gas
permeability and possible plasticization behavior. Previous
studies have demonstrated that fully converted TR membranes
exhibited excellent resistance to CO2-induced plasticization in
mixed-gas permeation experiments for CO2 partial pressure as
high as 25 atm.11,59,60 As shown in Fig. S3,† no signicant plas-
ticization behavior was observed for both TR and TC lms in
these pure gas permeation studies; a very weak dependence of
permeability on the feed pressure was observed, and CO2

permeabilities exhibited no signicant variation with upstream
pressure up to 15 atm. Gas transport properties at 11 atm and
35 �C are summarized in Table 3 in terms of permeability and
ideal selectivity.

Generally, gas permeabilities for all of the polymers follow
the reverse order of kinetic diameter of penetrant molecules,
i.e., H2 > CO2 > N2 > CH4, suggesting that diffusivity plays
a dominant role in the gas permeation in these polymers. Gas
permeabilities of the TPHI precursor are very close to those of
the TPHA precursor for all the test gases, which is consistent
with the observation that they have almost the same fractional
free volume (�17%). Upon thermal conversion to PBO-based
structures, the permeabilities of both TPHI-TR and TPHA-TC
polymers increase signicantly with increasing degree of PBO
conversion (or thermal treatment temperature). The trends
correspond well with FFV and WAXD results, indicating the
formation of a microporous structure during the thermally
induced structural transformations to benzoxazoles. Compared
with the thermal cyclodehydration process of the TPHA
precursor, the increase in gas permeabilities is much more
Table 3 Pure gas permeabilities (P) and ideal selectivities (a) of TPHI-TR

Polymer

Permeability (barrer)

H2 CO2 N2 CH

TPHI precursor27 27 4.7 0.19 0.
TPHI-TR-350 61 16 0.46 0.
TPHI-TR-400 520 320 16 8.
TPHI-TR-450 810 270 8.4 4.
TPHA precursor 27 5.7 0.21 0.
TPHA-TC-300 74 23 1.1 0.
TPHA-TC-350 82 31 1.4 1.
TPHA-TC-400 92 39 2.2 1.
6FAP-6FDA-45016 880 780 59 37
6FAP-6FC-35016 233 140 9.0 5.
PEBO-450-320 439 486 20 17
R-TR-PBOIb-2h15 135 66 2.6 1.
TR-PBO-co-I-DAM56 53 24 0.79 0.
XTR-PBOI-1561 553 655 29.2 19
XTR-PBOI-562 603 746 29.6 19
Matrimid®58 17.5 7.29 0.22 0.
Polysulfone63 14 5.6 0.25 0.

This journal is © The Royal Society of Chemistry 2016
signicant for the TPHI thermal rearrangement route (Fig. 5).
For example, the TPHI-TR-450 lm exhibits an around 30 times
increase in H2 permeability from the TPHI precursor, while the
TPHA-TC-400 lm shows a more than two times increase in H2

permeability, although both lms are considered to have fully
converted benzoxazole structures. The difference in gas
permeabilities of the resulting PBO-based polymers can be
ascribed to the different structural transformation mecha-
nisms: the TR process of the TPHI precursor involves compli-
cated rearrangements of heterocyclic ring structures and forms
mixed PBO structures of both meta- and para-linkages with
markedly increased chain tortuosity; while the conformational
change during the cyclodehydration of the TPHA precursor
propagates relatively linearly along the backbone structure
leading to less signicant chain contortions. Although the
TPHA precursor was fully converted to PBO at 300 �C, the slight
increase of gas permeabilities in TPHA-350 and TPHA-400
compared to TPHA-300 can be ascribed to the marginal thermal
degradation of PBOs at higher thermal treatment temperatures
(Table 1).

Surprisingly, the TPHI-TR-450 lm showed lower perme-
abilities than the TPHI-TR-400 lm for large gases like CO2, N2

and CH4 (Fig. 5a). Based on the observation that H2 perme-
ability of the TPHI-TR-450 lm is still signicantly higher (55%
higher) than that of the TPHI-TR-400 lm, it seems to suggest
that thermal rearrangement of TPHI at high temperatures
(>400 �C) generates a large amount of ultra-ne microcavities,
which was demonstrated by PALS (positron annihilation life-
time spectroscopy) results in our previous studies.27,32 This
ultrane microporosity allows fast permeation of H2 while
hindering the permeation of larger gases (CO2, N2 and CH4). As
a result, high selectivities of hydrogen-related gas pairs were
largely recovered in the TPHI-TR-450 lm along with a huge
increase in H2 permeability. These ultranemicrocavities might
include both the (partially occupied) internal free volume of
and TPHA-TC polymers at 11 atm and 35 �C

Ideal selectivity (a)

4 H2/N2 H2/CH4 CO2/N2 CO2/CH4

09 140 300 25 52
41 130 150 35 39
3 32 62 20 39
0 96 200 32 67
12 130 220 27 48
82 67 90 21 28
3 59 66 22 24
7 42 54 18 23

15 24 13 21
2 26 45 16 27

22 26 24 29
2 52 113 25 55
43 67 123 30 56
.8 19 28 22 33
.9
21 80 83 33 35
25 56 56 22 22

J. Mater. Chem. A, 2016, 4, 17050–17062 | 17059
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Fig. 5 Gas permeabilities as a function of thermal treatment temperature for the (a) TPHI-TR series and (b) TPHA-TC series of polymers.
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triptycene units and those possibly collapsed from large
microcavities at high temperatures, which act as interconnec-
tions between larger microcavities and afford high permeability
for small gas molecules such as H2, but not for larger molecules
such as N2 and CH4, leading to high H2/N2 and H2/CH4 selec-
tivities. Similar enhancement of gas selectivities by triptycene
units was also observed in other reported triptycene-containing
PIMs (e.g., TPIM-1, KAUST-PI-1 and PIM-Trip-TB), in which the
ultra-microporosity ne-tuned by introducing triptycene
building blocks overcame the low selectivities of standard PIMs
leading to superior performance for hydrogen purication and
air separation membranes.9,10,31,64

The overall gas transport properties of both the TPHI-TR and
TPHA-TC series of polymers were further summarized in the
Robeson's permeability–selectivity tradeoff plots for CO2/CH4,
H2/N2 and H2/CH4 gas pairs, shown in Fig. 6. Relevant
commercial membrane polymers, i.e., Matrimid® polyimide
and polysulfone, and previously reported non-triptycene-con-
taining PBO-based polymers, e.g., TR-PBOs with ether linages,
PBO-polyimide copolymers and cross-linked TR membranes,
Fig. 6 Permeability–selectivity upper bound plots of TPHI-TR (C) and T
pairs. Other comparative data points are included: 6FAP-6FDA-450 (1),16

TR-PBO-co-I-DAM (5),56 XTR-PBOI-15 (6),61 XTR-PBOI-5 (7),62 Matrimid

17060 | J. Mater. Chem. A, 2016, 4, 17050–17062
are also included in these plots for comparisons. As a general
trend, TR conversion of the TPHI precursor to PBOs signi-
cantly improved gas separation performance by progressively
moving both permeability and selectivity towards and eventu-
ally beyond the upper bounds. In particular, the TPHI-TR-450
lm showed ultrafast and selective CO2 and H2 permeation,
which placed its separation performance far beyond the 2008
upper bounds for CO2/CH4, H2/N2 and H2/CH4 gas pairs due to
the formation of ultrane microcavities during the TR process
discussed before. This synergetic improvement in both perme-
ability and selectivity has been rarely observed for other non-
triptycene-containing TR polymers, which typically suffered
signicant losses in selectivities despite signicant gains in
permeabilities.13,16,21 Compared with the most studied TR-450
polymer fabricated from the 6FDA-6FAP poly(hydroxyimide)
precursor16,21 and recently studied PBOs bearing ether linages20

or PBO-polyimide copolymers,15,18,56 the triptycene-containing
TPHI-TR-450 lm has signicantly higher selectivities and very
comparable permeabilities. Additionally, Lee et al. recently
constituted a novel methodology to fabricate cross-linked
PHA-TC (B) polymers for (a) CO2/CH4, (b) H2/N2 and (c) H2/CH4 gas
6F-based PHA-PBO-350 (2),16 PEBO-450-3 (3),20 R-TR-PBOIb-2h (4),15

® (8),58 and polysulfone (9).63

This journal is © The Royal Society of Chemistry 2016
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TR-PBOmembranes, which not only enhanced gas permeability
and selectivity, but also provided excellent resistance to plasti-
cization up to 40 bar for CO2/CH4 separation.61,62 TPHI-TR-400
and TPHI-TR-450 lms exhibit very comparable gas perme-
abilities and higher gas selectivities compared with these cross-
linked TR-PBOs, as shown in Fig. 6. The comparison results
seem to indicate that the incorporation of triptycene units into
TR polymers helps to optimize the microcavity architecture that
greatly promotes molecular sieving properties of TR polymers.

For the TPHA-TC series, the marked increase in gas perme-
abilities with increasing cyclodehydration temperature or PBO
conversion, was, however, accompanied by obvious loss in gas
selectivities, which failed to advance the overall gas separation
performance of TPHA-TC polymers beyond the upper bounds.
However, TPHA-TC polymers still signicantly outperformed
commercial gas separation polymers (e.g., Matrimid® and pol-
ysulfone). Comparisons between TPHA-TC polymers with
previously reported PHA-PBO polymers prepared from non-
iptycene-containing 6FAP-6FC poly(hydroxyamide) precursor16

lead to the same conclusion that triptycene structure is instru-
mental in constructing well-dened microporous architecture
facilitating highly selective H2 transport via size sieving. As
shown in Fig. 6, given the same thermal cyclodehydration
temperature, the TPHA-TC-350 lm in this study shows much
higher H2 selectivities than the corresponding 6F-based PHA-
PBO-350 lm. Although the separation performance of TPHA-
TC polymers is not as superb as that of corresponding TPHI-TR
polymers, it should be mentioned that mechanical properties
are much better for TPHA-TC polymers, which is critical for
practical implementation of these new PBO-based polymers for
gas separation applications.

4. Conclusions

Novel triptycene-containing PBO-based lms demonstrating
excellent gas separation performance were prepared from trip-
tycene-containing polyimide and polyamide precursors with an
ortho-hydroxy functionality. Gravimetric and structural analyses
indicated that conversion of the TPHA precursor to the PBO
structure via the thermal cyclodehydration (TC) process
proceeds more readily than the TR process of the TPHI
precursor. In particular, full PBO conversion was achieved at
300 �C in the TC process, which is at least 100 �C lower than that
in the TR process. The higher TR conversion temperature of
TPHI is possibly due to the higher activation energy of the
imide-to-benzoxazole conversion. Relatively lower conversion
temperature for the TC process also led to signicantly better
mechanical properties of fully converted TPHA-TC lms than
those of TPHI-TR lms and other reported non-triptycene-con-
taining PBO-based polymers due to a much lower level of
thermal degradation. The d-spacing and fractional free volume
values of the thermally converted lms via both routes
increased with increasing thermal treatment temperature.
High temperature conversion led to deteriorated mechanical
properties for the TPHI-TR lms; however, the TPHA-TC
lms exhibited mechanical properties superior to many
other reported TR polymers. Dramatic improvements in gas
This journal is © The Royal Society of Chemistry 2016
permeabilities were achieved upon thermal conversion of the
TPHI precursor to PBOs, and the high selectivities were not
affected. In particular, TPHI-TR-400 and TPHI-TR-450 polymers
showed superb separation performance for CO2/CH4, H2/N2 and
H2/CH4 gas pairs that exceeded the 2008 upper bounds. TPHA-
TC lms exhibited less signicant improvement of gas separa-
tion performance, probably due to less signicant changes in
chain conformation during thermal conversion.
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