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ABSTRACT: Membrane gas separations require materials
with high permeability and good selectivity. For glassy
polymers, the gas transport properties depend strongly on
the amount and distribution of free volume, which may be
enhanced either by engineering the macromolecular backbone
to frustrate packing in the solid state or by thermal conversion
of a soluble precursor to a more rigid structure of appropriate
topology. The first approach gives polymers of intrinsic
microporosity (PIMs), while the second approach is used in
thermally rearranged (TR) polymers. Recent research has
sought to combine these approaches, and here a new range of
thermally rearrangeable PIM-polyimides are reported, derived from dianhydrides incorporating a spiro center. Hydroxyl-
functionalized polyimides were prepared using two different diamines: 2,2-bis(3-amino-4-hydroxyphenyl)hexafluoropropane
(bisAPAF) and 4,6-diaminoresorcinol (DAR). Thermal treatment at 450 °C under N2 for 1 h yielded polybenzoxazole (PBO)
polymers, which showed increased permeability, compared to the precursor, in membrane gas permeation experiments. A
polymer based on DAR (PIM-PBO-3) exhibited a CO2/N2 selectivity of 30 as prepared, higher than the values of 21−23
obtained for polymers derived from bisAPAF with the same dianhydride (PIM-PBO-1).

■ INTRODUCTION

Gas separation membranes already represent an established
technology for some important industrial applications, such as
the recovery of hydrogen in the production of ammonia, the
separation of air to give a nitrogen-rich inert gas, and the
removal of carbon dioxide from natural gas.1,2 However, other
applications, such as alkene/alkane separation and carbon
dioxide capture from flue gases, require better membrane
performance, in terms of productivity and product purity, if the
potential of membrane processes for energy-efficient, cost-
effective separations is to be fully realized. For a membrane
material, productivity may be expressed in terms of a
permeability coefficient, P, which in the simplest case is the
product of a diffusion coefficient, D, and a solubility coefficient,
S, i.e., P = DS. Separation efficiency or selectivity for two gases
A and B may be expressed in the ideal case as a ratio of
permeabilities, αA/B = PA/PB. For glassy polymers, which have
been extensively investigated as membrane materials, the gas
transport behavior is strongly influenced by the amount and
distribution of free volume. In general, high free volume
enhances D, and hence P, but the size and connectivity of free
volume elements can strongly affect S and have a profound
influence on the selectivity. In recent years various approaches
have been employed in order to obtain polymers with high free
volumes and desirable free volume distributions and hence to
tailor the gas transport properties.3,4

One approach is to engineer the backbone of the polymer to
give a macromolecular structure that frustrates packing in the
solid state. This approach has given rise to a class of polymers
termed “polymers of intrinsic microporosity” (PIMs).5−8 These
polymers have sufficient interconnected free volume for them
to behave like microporous materials as defined by IUPAC9

(pore size <2 nm).10 Their backbone is composed of ladder
(fused ring) sequences interrupted by sites of contortion, such
as spiro centers, which force the backbone to twist and turn.
The lack of any single bonds in the backbone about which
rotation can occur means that large-scale conformational
change is prohibited, although short-range flexure is possible.
The archetypal PIM, referred to as PIM-1 (Figure 1a), is
prepared from a spiro-containing tetrahydroxy monomer
(5,5′,6,6′-tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisin-
dane) and a tetrafluoro monomer (tetrafluoroterephthaloni-
trile) by a double aromatic nucleophilic substitution reac-
tion.8,11 Its gas separation behavior,12,13 for important gas pairs
such as O2/N2 and CO2/CH4, was shown to surpass the upper
bounds of performance as given in 1991 by Robeson14 and
helped to define Robeson’s revised 2008 upper bounds.15

Aromatic polyimides, prepared from a variety of dianhydrides
and diamines, have been widely investigated as materials for gas
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separation membranes.16,17 A dianhydride which has attracted
particular attention is 4,4′-(hexafluoroisopropylidene)diphthalic
anhydride (6FDA, Figure 1b), which gives polyimides with
good CO2/CH4 selectivity when combined with diamines such
as 2,3,5,6-tetramethyl-1,4-phenylenediamine18 (TMDA, Figure
1c) and 3,3′-dimethylnaphthidine19 (DMN, Figure 1d).
The PIM concept has been applied in order to enhance the

permeability which can be achieved with polyimides. Zhang et
al.20 and Ghanem et al.21,22 independently established different
synthetic routes to a dianhydride incorporating a spiro center
(An-1, Figure 1e). The latter group investigated the gas
transport properties of PIM-polyimides (PIM-PIs) prepared
from An-1 with a range of diamines, showing that the
permeability could be tuned by varying the structure of the
diamine to give greater or less restriction to rotation about the

imide linkage. In particular, exceptional permeability, coupled
with selectivity at the upper bound of performance, was
obtained with TMDA (giving PIM-PI-1) and DMN (giving
PIM-PI-8), which have methyl groups adjacent to the amine.
More recently, Rogan et al.23 developed a spiro-containing
dianhydride (An-2, Figure 1f) which does not have the
relatively flexible dibenzodioxin units of An-1. PIM-polyimides
PIM-PI-9 and PIM-PI-10 were prepared from An-2 with
TMDA and DMN, respectively, and were shown also to exhibit
high permeability compared to conventional polyimides.
A challenge for researchers seeking to develop improved

polymer membranes, is that structural features desirable for
high selectivity (i.e., rigid units in arrangements that give a well-
defined free-volume topology) tend to give insoluble materials
that cannot easily be processed. One way round this problem is

Figure 1. Chemical structures of (a) the polymer of intrinsic microporosity PIM-1, (b) 4,4′-(hexafluoroisopropylidene)diphthalic anhydride
(6FDA), (c) 2,3,5,6-tetramethyl-1,4-phenylenediamine (TMDA), (d) 3,3′-dimethylnaphthidine (DMN), (e) dianhydride An-1, (f) dianhydride An-
2, (g) 2,2-bis(3-amino-4-hydroxyphenyl)hexafluoropropane (bisAPAF), (h) 3,3,3′,3′-tetramethyl-1,1′-spirobisindane-5,5′-diamino-6,6′-diol
(TSDD), (i) 4,6-diaminoresorcinol (DAR), and (j−o) polymers prepared in this work.
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to prepare a membrane from a soluble precursor polymer and
then generate the desired final structure through an irreversible
molecular rearrangement. This approach was taken by Park et
al.,24 who utilized aromatic polyimides with ortho-positioned
functional groups (e.g., −OH, −SH) as precursors. High-
temperature treatments (350−450 °C) then gave thermally
rearranged (TR) polymers, benzoxazole structures arising from
hydroxyl-functionalized polyimides, and benzothiazole struc-
tures from thiol-functionalized polyimides. They showed, for
example, that TR polymers derived from PIOFG-1, a polyimide
prepared from 6FDA and 2,2-bis(3-amino-4-hydroxyphenyl)-
hexafluoropropane (bisAPAF, Figure 1g), possessed larger free
volume cavities with a narrower distribution than in the
precursor and exhibited combinations of permeability and
selectivity for the CO2/CH4 gas pair that surpassed the upper
bound of performance for polymeric membranes.
Since the first report, a variety of TR polymers have been

investigated,25−33 including copolymers with pyrrolone,34

imide,35,36 aromatic ether,37 and cardo38 units. While the
mechanism of thermal rearrangement has been ques-
tioned,39−41 there is reasonable evidence for the conversion
of hydroxyl-containing polyimides to benzoxazole structures.42

Computer simulation has been used to elucidate the changes
occurring on thermal rearrangement.43,44 Sorption45−47 and
dynamic mechanical48 studies have been undertaken. TR
polymers have successfully been prepared in hollow fiber
form49 and have been employed in microfabrication.50

A natural progression was to seek to combine the
characteristics of PIMs and TR polymers. Ma et al.51 and Li
et al.52 independently developed synthetic routes to a hydroxyl-
functionalized diamine incorporating a spiro center, 3,3,3′,3′-
tetramethyl-1,1′-spirobisindane-5,5′-diamino-6,6′-diol (TSDD,
Figure 1h), which was used together with 6FDA and other
dianhydrides to prepare thermally rearrangeable polyimides.
The latter group investigated the mechanical properties of
spiro-containing TR polymers, demonstrating that incorpo-
ration of a spiro center introduces some short-range torsional
freedom and gives membranes with much higher elongation at
break than conventional TR polymers. Meanwhile, the first
group pushed thermal treatment to the extreme, moving
beyond thermal rearrangement to carbonization53,54 and
demonstrating exceptional performance for CO2/CH4 separa-
tion.
The present contribution concerns thermally rearrangeable

PIM-polyimides derived from the spiro-containing dianhydrides
An-1 (Figure 1e) and An-2 (Figure 1f). With the diamine
bisAPAF (Figure 1g), An-1 and An-2 yielded the hydroxyl-
containing PIM-polyimides PIM-PI-OH-1 (Figure 1j) and
PIM-PI-OH-2 (Figure 1k), respectively. The synthesis of PIM-
PI-OH-1 by two routes was explored: a thermal imidization
method (T-PIM-PI-OH-1) and a one-pot polycondensation
method (O-PIM-PI-OH-1) (Scheme 1). PIM-PI-OH-2 did not
give mechanically robust membranes, so a copolymer was
prepared of bisAPAF with both An-1 and An-2. A further
hydroxyl-containing PIM-polyimide, PIM-PI-OH-3 (Figure 1l),
was prepared from An-1 with 4,6-diaminoresorcinol (DAR,
Figure 1i). Transport properties of the thermally rearranged
polymers PIM-PBO-1 (Figure 1m), Copol-PBO-(1−2), and
PIM−PBO-3 (Figure 1o) are discussed, and the latter in
particular is shown to possess promising selectivity for the gas
pair CO2/N2.

■ EXPERIMENTAL SECTION
Materials. Dianhydride An-1 was prepared by the method of

Ghanem et al.22 and dianhydride An-2 by the method of Rogan et al.23

Quinoline (98%, Aldrich) was distilled under vacuum onto a 4 Å
molecular sieve. Toluene (Fisher Scientific) was distilled under
nitrogen from sodium metal using benzophenone as an indicator. 2-
Bromopropene (Aldrich) was distilled freshly prior to use. m-Cresol
(Lancaster) and N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 97%)
were distilled prior to use. Anhydrous 1,2-dichlorobenzene (Sigma-
Aldrich, 99%) was stored over molecular sieve. 1,4,5,8-Naphthalene-
tetracarboxylic dianhydride (97%, Aldrich), 2,2-bis(3-amino-4-
hydroxyphenyl)hexafluoropropane (bisAPAF, 98%, TCI), 4,6-diami-
noresorcinol dihydrochloride (DAR·2HCl, Sigma-Aldrich, 97%),
tetrahydrofuran (THF, Aldrich), anhydrous o-xylene (Aldrich),
KMnO4 (Aldrich), and pyridine (Aldrich) were used as received.

Preparation of PIM-PI-OH-1 by Thermal Imidization
Method. An-1 (0.500 g, 0.796 mmol), bisAPAF (0.290 g, 0.796
mmol), and freshly distilled NMP (25 mL) were added to a 50 mL
two-neck round-bottom flask and heated to 80 °C to dissolve and then
left to stir overnight under N2. To obtain a membrane, the poly(amic
acid) (PAA) solution was cast into a Petri dish, solvent removed using
a vacuum oven at 80 °C for 1 h, and then heated in an oven for 1 h at
300 °C to achieve conversion to PIM-PI-OH-1. For batch HS77: IR
(ATR; cm−1): 3400 (OH stretching), 1780 (symmetric CO
stretching), 1710 (asymmetric CO stretching), 1360 (C−N
stretching). Anal. Calcd for C52O10N2F6H32: C, 65.14; H, 3.36; N,
2.92. Found: C, 63.60; H, 2.73; N, 3.37. MALDI-TOF MS: m/z 1941,
2899, 3857, 4815. BET surface area = 360 m2 g−1.

Preparation of PIM-PI-OH-1 by One-Pot Polycondensation
Method. An-1 (0.500 g, 0.796 mmol), bisAPAF (0.290 g, 0.796
mmol), distilled and dried m-cresol (5 mL), quinolone (0.1 mL), and
toluene (2 mL) were added to a 50 mL two-neck round-bottom flask
equipped with a Dean−Stark trap and a condenser. The toluene helps

Scheme 1. Preparation of PIM-PI-OH by Thermal
Imidization (T) and One-Pot Polycondensation (O)
Methods and Thermal Rearrangement to PIM-PBOa

aReagents and conditions: for T-PIM-PI-OH-1 (i) NMP, N2 (ii) 300
°C, N2; for O-PIM-PI-OH-1 (iii) m-cresol, quinolone, toluene, 200 °C,
N2; for PIM-PI-OH-2 (iii) NMP, quinolone, toluene, 200 °C, N2; for
PIM-PI-OH-3 (iii) NMP, 1,2-dichlorobenzene, 180 °C, N2; for
thermal rearrangement to PIM-PBO in all cases (iv) 450 °C, N2, 1 h.
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to remove water azeotropically. The mixture was stirred under N2, and
the heater temperature gradually increased to 200 °C over 1 h, during
which time toluene evaporates with produced water and collects in the
Dean−Stark trap, and then kept at that temperature for 5 h. After
cooling, the mixture was diluted with THF (5 mL) and the product
recovered by precipitation in toluene. The precipitate was filtered off
and dried in a vacuum oven at 180 °C for at least 5 h. For batch
HS110: 1H NMR (pyridine-d5; 400 MHz) δ (ppm): 1.31 (6H, br s,
CH3), 1.38 (6H, br s, CH3), 2.19 (2H, d, J = 9.58 Hz, CH2), 2.31 (d,
2H, J = 11.10 Hz, CH2), 6.49 (2H, br s, Ar), 6.79 (2H, s, Ar), 7.22
(2H, br s, Ar), 7.24 (2H, br s, Ar), 7.52 (2H, s, Ar), 7.57 (2H, s, Ar),
8.01 (2H, br s, Ar), 13.26 (2H, br s, OH). IR (ATR; cm−1): 3400 (OH
stretching), 1780 (symmetric CO stretching), 1710 (asymmetric
CO stretching), 1360 (C−N stretching). Anal. Calcd for
C52O10N2F6H32: C, 65.14; H, 3.36; N, 2.92. Found: C, 63.24; H,
4.22; N, 3.36. MALDI-TOF MS: m/z 2897, 3855, 4813, 5771.
Preparation of PIM-PI-OH-2. Dianhydride An-2 (1.500 g, 3.604

mmol), bisAPAF (1.320 g, 3.604 mmol), distilled and dried NMP (15
mL), quinolone (0.1 mL), and toluene (2 mL) were added to a 50 mL
two-neck round-bottom flask equipped with a Dean−Stark trap,
nitrogen inlet, and condenser. The mixture was stirred under N2, and
the temperature gradually increased to 200 °C over 1 h and then kept
at that temperature for 5 h. The resulting orange-colored mixture was
allowed to cool and then added dropwise to vigorously stirred
methanol. The cream-colored precipitate was collected by filtration
and dried in a vacuum oven at 180 °C for 5 h (90% yield). 1H NMR
(pyridine-d5; 400 MHz) δ (ppm): 1.39 (6H, br s, CH3), 1.45 (6H, br
s, CH3), 2.31 (2H, br s, CH2), 2.48 (2H, d, J = 10.8 Hz, CH2), 7.27−
8.58 (10H, m, Ar), 13.24 (2H, br s, OH). IR (ATR; cm−1): 3300 (OH
stretching), 1776 (symmetric CO stretching), 1706 (asymmetric
CO stretching), 1371 (C−N stretching). Anal. Calcd for C40O6N2F6
H28: C, 64.35; H, 3.78; N, 3.75. Found: C, 61.48; H, 3.61; N, 3.48.
MALDI-TOF MS: m/z 2262, 3007, 3752, 4497, 5244. GPC (DMAc):
Mn = 14 000; Mw = 66 000 g mol−1; Mw/Mn = 4.7.
Preparation of Copol-OH-(1−2). An-1 (0.7547 g, 1.201 mmol),

An-2 (0.500 g, 1.201 mmol), bisAPAF (0.8797 g, 2.402 mmol), m-
cresol (10 mL), quinolone (0.1 mL), and toluene (2 mL) were added
to a 50 mL two-neck round-bottom flask equipped with a Dean−Stark
trap, nitrogen inlet, and condenser. The mixture was stirred under N2,
and the temperature gradually increased to 200 °C over 1 h and then
kept at that temperature for 5 h. The resulting mixture was allowed to
cool and then added dropwise to vigorously stirred water. The
precipitate was collected by filtration and dried in a vacuum oven at
180 °C for 24 h (82% yield). 1H NMR (DMSO-d6; 400 MHz) δ
(ppm): 1−2 (12H, br m, CH3), 2−3 (4H, br m, CH2), 6−8 (12H, br,
Ar), 10.4 (1H, s, OH), 10.5 (1H, s, OH). IR (ATR; cm−1): 3300 (OH
stretching), 1780 (symmetric CO stretching), 1706 (asymmetric
CO stretching), 1373 (C−N stretching). GPC (THF): Mn =
31 000; Mw = 138 000 g mol−1; Mw/Mn = 4.5.
Preparation of PIM-PI-OH-3. PIM-PI-OH-3 was prepared by a

modified procedure of Moy et al.55 Because of the extreme instability
of DAR, it was purchased as the dihydrochloride, and no hydrogen
acceptor was used in the polymerization. DAR·2HCl was not soluble
in organic solvents, but dissociated to HCl and the diamine on heating.
An-1 (0.500 g, 0.796 mmol), DAR·2HCl (0.169 g, 0.796 mmol),
distilled NMP (5 mL), and dried 1,2-dichlorobenzene (1 mL) were
added to a 50 mL two-neck round-bottom flask equipped with a
Dean−Stark trap, nitrogen inlet, and condenser. The mixture was
stirred under N2, and the temperature gradually increased to 180 °C
over 1 h and then kept at that temperature overnight. After cooling,
the mixture was diluted with NMP (2 mL), and the product was
recovered by precipitation in vigorously stirred methanol. The
brownish precipitate was collected by filtration and dried in a vacuum
oven at 150 °C for 5 h (95% yield). For batch HS130: 1H NMR
(pyridine-d5; 400 MHz) δ (ppm): 1.35 (6H, br s, CH3), 1.41 (6H, br
s, CH3), 2.21 (2H, m, CH2), 2.35 (2H,m,CH2), 6.55 (2H, s, Ar), 6.85
(2H, s, Ar), 6.89 (1H, s, Ar), 7.55 (2H, s, Ar), 7.6 (2H,s, Ar), 7.86
(1H, s, Ar), 12.6 (2H, br s, OH). IR (ATR; cm−1): 3200−3500 (OH
stretching), 1778 (symmetric CO stretching), 1720 (asymmetric
CO stretching), 1356 (C−N stretching). Anal. Calcd for

C43O10N2H28: C, 70.49; H, 3.85; N, 3.82. Found: C, 68.40; H, 3.73;
N, 4.02. MALDI-TOF MS: m/z 1488, 2221, 2953, 3685. GPC (DMA,
0.05% LiNO3): Mn = 4700; Mw = 13 500 g mol−1; Mw/Mn = 2.9. BET
surface area = 430 m2 g−1.

Membrane Formation. Dense films were cast by solvent
evaporation. T-PIM-PI-OH-1, prepared by the thermal imidization
method, was cast to form a membrane at the poly(amic acid) stage, as
described above. O-PIM-PI-OH-1 (0.0910 g), prepared by the one-pot
polycondensation method, was dissolved in THF (5 mL), filtered, and
cast into a leveled, flat-bottomed, 4.8 cm Petri dish, with a lid to
control solvent evaporation. PIM-PI-OH-2 was not soluble in low
boiling solvents such as THF and CHCl3; attempts were made to cast
membranes from NMP and DMA at 50 °C, but the resulting films
were highly brittle and could not be used for permeation studies.
Copol-OH-(1−2) and PIM-PI-OH-3 were cast from THF, as for PIM-
PI-OH-1. PIM-PI-OH-3 was only partially soluble in THF, so
insoluble material was filtered out prior to casting. Membranes of
PIM-PI-OH-3 were also cast from DMA on a hot plate at 50 °C.

Thermal Rearrangement. Heat treatment of both powder and
membrane samples was carried out in a Carbolite (Hope, UK) three
zone tube furnace (11 cm i.d.) under a steady flow of N2. Samples
were treated at 450 °C for 1 h.

Characterization Methods. Elemental analyses were carried out
using a Thermo Scientific Flash 2000 organic elemental analyzer
(CHNS analyzer).

Attenuated total reflectance (ATR) infrared (IR) spectroscopy was
undertaken on membrane samples using an ATI Mattson Genesis
FTIR spectrometer.

Matrix-assisted laser desorption/ionization (MALDI) mass spec-
trometry was carried out using a Shimadzu Axima Confidence
instrument, with dithranol as the matrix. Samples were prepared as
follows. An aqueous solution of NaI (10 mg mL−1) was prepared and
added to the plate. A solution of the polymer in THF (10 mg mL−1)
was prepared and mixed (ratio 1:10) with a solution of the matrix (10
mg mL−1), and the mixture was added to the NaI on the plate.

1H NMR spectra were recorded on a Bruker 400 MHz
spectrometer. Samples were prepared by dissolving about 5 mg of
polymer in the solvent and filtering through glass wool.

High-powered decoupling (Hpdec) magic-angle spinning (MAS)
solid-state 13C NMR spectra were collected using a Bruker Avance III
400 MHz instrument, using adamantane as reference. Powder samples
were packed into a 4 mm zirconia rotor, and a spinning rate of ca.
10 000 Hz was used. Spectra were compiled from 6000 scans using a
repetition time of 10 s and a spectral width of 600 ppm.

Gel permeation chromatography (GPC) was carried out using
either tetrahydrofuran (THF) or dimethylacetamide (DMAc) as
mobile phase at a flow rate of 1 cm3 min−1, a sample concentration of
1 mg mL−1, and an injection volume of 0.1 mL, using a Viscotek GPC
max VE2001 solvent/sample module with two mixed-B and a 500 Å
Polymer Laboratories PLgel columns, calibrated with polystyrene
standards.

N2 adsorption/desorption measurements of powder samples were
performed on a Micromeritics ASAP 2010 instrument. A small amount
of powdered sample (ca. 0.1 g) was weighed into an analysis tube
which was subjected to an automatic overnight degas at a pressure of
ca. 50 μmHg at a temperature of 120 °C. After reweighing the
degassed sample, the N2 adsorption/desorption analysis was under-
taken at a temperature of 77 K. The apparent surface area was
calculated from the adsorption data by the multipoint Brunauer−
Emmet−Teller (BET) analysis.

Thermogravimetric analysis (TGA) was carried out on the PIM-PI-
OH polymers using a Seiko Instruments SSC/5200 instrument with a
heating rate of 5 °C min−1. The purge gas was N2 with a flow rate of
10 cm3 min−1.

Tensile tests on the membranes were carried out at room
temperature on a Zwick/Roell single column Universal Testing
Machine, model Z2.5, equipped with a 50 N load cell and flat ground
steel pneumatic clamps. Specimens with an effective length of 20 or 30
mm (distance between the clamps) and a width of 5 mm were tested
at a deformation rate of 2 or 3 mm min−1 (= 10% min−1).
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Membrane Permeation Measurements. Single gas permeation
measurements were carried out in a fixed volume/pressure increase
apparatus (GKSS, Germany) at 25 °C at a feed pressure of 1 bar. The
instrument is equipped with PC controlled pneumatic valves to allow
response times of less than 0.5 s.56 An alumina trap on the rotary
vacuum pump avoids oil contamination of the membrane. Circular
samples with an effective membrane area of 2.14 cm2 inside the
footprint of the sealing ring were used. The thickness of the films was
measured with a digital micrometer (Mitutoyo, model IP65). The
gases were tested in the following order: He, H2, N2, O2, CH4, and
CO2. Before each experiment, the membrane sample was carefully
evacuated (10−2 mbar) to remove previously dissolved gas species.
The films were first tested “as prepared” and then after soaking
overnight in ethanol and subsequent drying in air at room
temperature. The data were elaborated by applying the time lag
method,57 obtaining the permeability coefficient, P, and diffusion
coefficient, D, as described previously,56 from the pressure increase
curve:

∑
π

π

= + +

− − − −
∞⎛

⎝
⎜⎜

⎛
⎝⎜

⎞
⎠⎟
⎞
⎠
⎟⎟

p p p t t

RTAl
V V

p S
Dt
l n

Dn t
l

(d /d )

1
6

2 ( 1)
exp

t

n

0 0

P m
f 2 2

1
2

2 2

2
(1)

reducing in the steady state to

= + + −
⎛
⎝⎜

⎞
⎠⎟p p p t t

RTA
V V

p P

l
t

l
D

(d /d )
6t 0 0

P m

f
2

(2)

in which pt is the permeate pressure at time t. p0 and (dp/dt)0 are the
starting pressure and the baseline slope, respectively, which are
normally negligible if the membrane is defect-free and sufficiently
degassed. R is the universal gas constant, T the absolute temperature,
A the exposed membrane area, VP the permeate volume, Vm the molar
volume of a gas at standard temperature and pressure (0 °C and 1
atm), pf the feed pressure, S the solubility, D the diffusion coefficient,
and l the membrane thickness. D is obtained from the so-called time
lag, Θ, in the last term of eq 2:

Θ = l
D6

2

(3)

The solubility coefficient for the gas in the polymer matrix was
evaluated indirectly from S = P/D, assuming the validity of the
solution-diffusion permeation model.58 The ideal selectivity for a pair
of gases, A and B, was calculated as the ratio of the individual single gas
permeabilities and can be decoupled into solubility−selectivity and
diffusivity−selectivity:
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■ RESULTS AND DISCUSSION
PIM-PI-OH-1. Two methods were explored for preparing

the hydroxyl-containing polyimide PIM-PI-OH-1 from An-1
and bisAPAF (Scheme 1). The thermal imidization (T)
method involves the production of a poly(amic acid)
intermediate, from which the polyimide is subsequently formed
by cyclodehydration at 300 °C. In the one-step polycondensa-
tion (O) method, polymerization and imidization take place in
homogeneous solution with an azeotroping agent. Both routes
yielded the expected product, as demonstrated by 1H NMR and
IR spectroscopy and MALDI mass spectrometry (see
Experimental Section). The peaks observed by MALDI,
which is only able to resolve low molar mass oligomers, up
to a molar mass of 5771 g mol−1, correspond to cyclic
structures of 3−6 repeat units with associated Na+. The linear

polymers with much higher molar mass were not detected by
MALDI.
Average molar masses from GPC are given in Table 1 for

various batches of poly(amic acid) from the T method (the
thermally generated polyimide was only partially soluble in
common organic solvents, presumably because some thermal
cross-linking occurred) and polyimide from the O method. The
O method gave significantly higher molar masses than the T
method, but both methods gave polymers capable of forming
self-supported membranes. Polyimides produced by both
routes had significant internal surface area, as demonstrated
by nitrogen adsorption on powder samples at 77 K, although
the kinetics of adsorption was slow, leading to distorted
isotherms at low pressure. While the values should be treated
with caution, BET surface areas were obtained of 360 m2 g−1

for T-PIM-PI−OH-1 batch HS82 and 230 m2 g−1 for O-PIM-
PI-OH-1 batch HS61. These values are lower than those
commonly reported in the literature for PIM-1 (720−820 m2

g−1) and for PIM-PIs based on the dianhydride An-2.23 A
substantially lower value (200 m2 g−1) was, however,
determined for a PIM-PI containing a spiro center both in
the dianhydride An-2 and in the diamine (PIM-PI-11).23 The
reduced apparent surface area for O-PIM-PI-OH-1, compared
to the T polymer which had been imidized at 300 °C, may be
attributed to the presence of residual high boiling solvents that
are not easily removed by the outgas conditions. For example,
the IR spectrum of O-PIM-PI-OH-1 batch HS84 showed a
peak at 1664 cm−1, which can be assigned to the CN of
quinoline, which disappeared only after heating to 300 °C.

PIM-PI-OH-2. PIM-PI-OH-2 was prepared from the smaller
dianhydride An-2 and bis-APAF using the O method, which
was found to yield higher molar masses than the T method.
The structure was confirmed by 1H NMR, IR, and MALDI (see
Experimental Section). The product proved insoluble in low
boiling point solvents such as THF and CHCl3, so GPC was
performed in dimethylacetamide (DMAc). Although the molar
mass (Table 1) was reasonably high, attempts to cast
membranes from solvents such as DMAc and N-methyl-2-
pyrrolidone (NMP) at 50 °C led to brittle, cracked films. This
could be ascribed to the more rigid structure of An-2 with
respect to the An-1 containing the relatively flexible
dibenzodioxin units.23 High backbone stiffness alone does
not, in principle, preclude the formation of mechanically
resistant films,59 so an additional factor may be the relatively
poor solubility of the polymer, unable to give a nicely entangled

Table 1. Polystyrene-Equivalent Weight-Average Molar Mass
(Mw, g mol−1), Number-Average Molar Mass (Mn, g mol−1),
and Polydispersity (Mw/Mn) from GPC for Representative
Batches of Polymers

polymer batch Mw Mn Mw/Mn

T-PIM-PAA-1a HS72 64 000 31 000 2.1
HS82 43 000 16 000 2.7
HS148 25 000 13 000 1.9

O-PIM−PI-OH-1a HS61 110 000 45 000 2.4
HS84 1 145 000 450 000 2.5
HS110 123 000 40 000 3.1

PIM-PI-OH-2b HS98 66 000 14 000 4.7
Copol-OH-(1−2)a HS161 138 000 31 000 4.5
PIM-PI-OH-3b HS130 13 500 4 730 2.9

HS133 7 320 3 170 2.3
aAnalyzed in THF. bAnalyzed in DMAc.

Macromolecules Article

dx.doi.org/10.1021/ma5011183 | Macromolecules 2014, 47, 5595−56065599



polymer film upon drying of the solution. The polydispersity as
expressed by the ratio Mw/Mn in Table 1 was significantly
higher than the value of 2.0 expected for an ideal linear step-
growth polymerization; this may be attributed to branching
and/or cyclic formation.
Copol-OH-(1−2). To obtain a polymer with better

solubility for membrane casting, a copolymer was prepared of
bisAPAF with a mixture of An-1 and An-2 (mole ratio of
reactants bisAPAF:An-1:An-2 = 2:1:1). The structure was
confirmed by 1H NMR and IR (see Experimental Section). 1H
NMR showed two peaks, at 10.4 and 10.5 ppm in DMSO-d6,
for phenolic protons, indicating slightly different environments

attributable to An-1 and An-2. GPC (Table 1) indicated that a
high molar mass polymer was achieved. Dense and self-standing
membranes of the copolymer were cast from THF.

PIM-PI-OH-3. To obtain a polymer with a higher
concentration of thermally rearrangeable groups, PIM-PI-OH-
3 was prepared from An-1 with the compact diamine DAR. The
structure was confirmed by 1H NMR, IR, and MALDI (see
Experimental Section). Nitrogen adsorption of a powder
sample at 77 K gave a BET surface area of 430 m2 g−1, higher
than for PIM-PI-OH-1. Only modest molar masses were
achieved (Table 1), but the products were nevertheless film-
forming. PIM-PI-OH-3 was soluble in DMAc, NMP, and

Figure 2. Thermogravimetric analysis of powder samples of (a) T-PIM-PI-OH-1 (- - -) and O-PIM-PI-OH-1 (), (b) PIM-PI-OH-2 (- - -) and
Copol-OH-(1−2) (), and (c) PIM-PI-OH-3. The rectangular boxes indicate the theoretical weight changes upon loss of CO2 during the TR
reaction.

Figure 3. ATR-IR spectra of hydroxyl-containing polyimides () and thermally rearranged polymers (- - -). The dashed gray box indicates the
position of imide carbonyl peaks, and the thick gray lines indicate approximate positions of peaks which can be attributed to benzoxazole CN.
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pyridine and partially soluble in THF. Membranes for
permeation studies were cast from THF, after filtering out
insoluble material.
Thermal Rearrangement. While a rearrangement reaction

is strictly a transformation between structural isomers, the term
“thermal rearrangement” has previously been used in the
membrane literature for the conversion of a hydroxyl-
containing polyimide to a polybenzoxazole with loss of CO2,
and that terminology is retained here. TGA curves of
representative powder samples of the polymers are shown in
Figure 2. Marked on the plots are the weight changes expected
from loss of CO2 on thermal conversion to the ideal
polybenzoxazole (PBO) structure. The small weight loss
below 100 °C is probably related to the release of light gases
and water vapor absorbed upon contact with the air. Weight
losses in the temperature range 100−400 °C can be attributed

to residual solvent. Quinoline and m-cresol, used in polymer-
ization by the O method, are trapped by the polymer and are
only eliminated above 200 °C. Thermal rearrangement is
expected to occur at temperatures in the range 400−500 °C,
with higher temperatures leading to polymer degradation and,
eventually, carbonization. Other reactions may also occur at
lower temperatures over longer time scales than in a TGA
experiment. In the present work, polymers were thermally
treated at 450 °C for 1 h under N2. Membrane samples of T-
PIM-PI-OH-1 batch HS77 and O-PIM-PI-OH-1 batch HS84,
when subjected to these conditions, gave weight losses of 21%
and 22%, respectively, greater than expected for thermal
rearrangement alone, indicating that some additional degrada-
tion reactions also occurred.
Chemical changes on thermal treatment were monitored by

IR (Figure 3). Carbonyl peaks at ca. 1710 and 1780 cm−1

Figure 4. Solid state 13C NMR spectra of T-PIM-PI-OH-1 (bottom) and T-PIM-PBO-1 (top), showing peak assignments.

Table 2. Mechanical Properties Determined by Tensile Tests for Representative Membranes

polymer batch no. tests Young’s modulus (MPa) tensile strength (MPa) elongation (%)

T-PIM-PI-OH-1 HS148 1 1080 12 1.2
T-PIM-PBO-1 4 1230 ± 120 51 ± 11 6.6 ± 3.2
Copol-PBO-(1−2) HS161 2 680 ± 68 7.37 ± 0.34 1.29 ± 0.38
PIM−PBO-3 HS130 1 1360 12.9 1.1
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diminished, while peaks developed at ca. 1050 and 1560 cm−1

that can be attributed to benzoxazole CN.34 In most cases,
traces of imide peaks remained after thermal treatment,
indicating that the extent of thermal rearrangement did not
in practice reach 100%. The conversion of T-PIM-PI-OH-1 to
T-PIM-PBO-1 was also investigated by solid-state 13C NMR
(Figure 4), which showed changes consistent with benzoxazole
formation.
Thermal treatment of PIM-PI-OH-1 powder increased the

BET surface area, from 360 to 440 m2 g−1 for T-PIM-PBO-1
and from 230 to 405 m2 g−1 for O-PIM-PBO-1, indicating an
increase in microporosity. In contrast, thermal treatment of
PIM-PI-OH-3 led to a slight reduction in BET surface area,
from 430 m2 g−1 for PIM-PI-OH-3 to 360 m2 g−1 for PIM-
PBO-3, suggesting some collapse of the pre-existing structure.
In general, solubility in common organic solvents was lost on
thermal treatment, although T- and O-PIM-PBO-1 were
partially soluble in NMP on heating.
Mechanical Properties. Both the original and the

thermally rearranged samples proved stiff and very brittle,
making it difficult to cut enough sample specimens for tensile
tests reliably. Typical results (Table 2) show that the Young’s
modulus often exceeds 1 GPa and that the samples break just
above 1% deformation, except for sample T-PIM-PBO-1 (batch
HS 148), which was relatively tough (ε = 6.6 ± 3.2%). Further

optimization of these materials is necessary to enhance their
mechanical properties.

Gas Permeation. Gas permeability coefficients of repre-
sentative membranes with different histories, and ideal
selectivities for various gas pairs, are given in Table 3. The
membranes were tested “as prepared” and also after a soaking
in ethanol. An alcohol treatment (soaking in methanol or
ethanol overnight and then allowing to dry) is often used to
eliminate effects of membrane aging as well as to remove
residual solvents arising from membrane preparation.
For “as prepared” membranes, the hydroxyl-containing

polyimide PIM-PI-OH-1 prepared by the thermal imidization
(T) method gave similar selectivities, but higher permeabilities,
than the polymer prepared by the one-pot polycondensation
(O) method. The lower permeability of O-PIM-PI-OH-1 is
consistent with the lower BET surface area determined by N2

adsorption on powder samples.
For both T-PIM-PI-OH-1 and O-PIM-PI-OH-1, thermal

conversion to the corresponding PBOs led to increases in
permeability, with corresponding reductions in selectivity. The
thermally treated copolymer, Copol-PBO-(1−2), showed
similar permeabilities, with similar or higher selectivities,
compared to T- and O-PIM-PBO-1. For PIM-PBO-3,
permeabilities were in the same range as the PIM-PBO-1
samples, but He/N2 and CO2/N2 selectivities were enhanced.

Table 3. Gas Permeability Coefficients (P) and Ideal Selectivity (αij = Pi/Pj) for Various Gas Pairs in Representative Hydroxyl-
Containing Polyimide and Thermally Rearranged Polymer Membranes at 25 °C

P (barrer) Pi/Pj

polymer batch history He H2 O2 N2 CO2 CH4 He/N2 H2/CH4 O2/N2 CO2/N2 CO2/CH4

T-PIM-PI-OH-1 HS148 as cast 99 114 17 3.1 81 2.3 32 50 5.4 26 35
T-PIM-PBO-1 HS148 as prepared 244 360 70 16 348 16 15 23 4.3 21 22

ethanol-treated 434 755 187 52 948 56 7.5 13 3.6 18 17
O-PIM-PI-OH-1 HS84 as cast 33 35 4.3 0.84 24 0.69 40 51 5.1 28 35
O-PIM-PBO-1 HS84 as prepared 160 245 47 11 257 10 15 25 4.3 23 26

ethanol-treated 479 881 226 64 1176 69 7.5 13 3.5 18 17
aged 270 days 347 555 111 26 564 26 13 21 4.3 22 22

Copol-PBO-(1−2) HS161 as prepared 236 332 59 13 300 10 18 32 4.4 22 29
ethanol-treated 516 895 218 58 1140 62 9.0 15 3.8 20 19

PIM-PBO-3 HS130 as prepared 184 290 42 8.3 248 9.4 22 31 5.1 30 26
ethanol-treated 400 768 134 35 870 40 11 19 3.8 25 22
aged 197 days 177 277 39 7.2 235 7.4 25 38 5.5 33 32

Figure 5. Double-logarithmic “Robeson” plots of (a) CO2/N2, (b) CO2/CH4, and (c) O2/N2 selectivity versus the permeability of the fastest gas,
showing Robeson’s 2008 upper bound (−),15 with data for as prepared (solid symbols) and ethanol-treated (open symbols) PIM-PBO membranes.
Data of T-PIM-PBO-1 batch HS148 (▲, △), O-PIM-PBO-1 batch HS84 (■, □), Copol-PBO-(1−2) (◆, ◇), and PIM-PBO-3 (●, ○), compared
with literature data for thermally treated, spiro-containing polymers from Li et al. (+).52
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In general, the thermal treatment enhances the gas
permeability in the order He < H2 < O2 ≤ CO2 < N2 <
CH4, thus affecting more the transport of the less permeable
species, in line with the typical trade-off behavior for
permeability and selectivity.
The PBO membranes were treated with ethanol, which

swells the membranes significantly. For instance, samples of O-
PIM-PBO-1 batch HS84 and T-PIM-PBO-1 batch HS77
membranes showed increases of more than 10%, in both
length and width. On drying, the original dimensions were
almost entirely recovered. The lengths of samples were slightly
(less than 2%) higher than the “as cast” state, indicating the
formation of some excess free volume after ethanol treatment.
For all the PBO membranes studied here, ethanol treatment led
to significant increases in gas permeabilities, particularly for O-
PIM-PBO-1 and Copol-PBO-(1−2) (Table 3). The perme-
ability enhancement is coupled with corresponding decreases in
selectivity. This is the typical behavior observed for PIMs and
PIM-PIs.13,23

The two PIM-PI-OH-1 polyimides present the typical “size-
selective” behavior of glassy polymers, with the smaller
molecules (e.g., H2 and He) being more permeable than the
other species. O-PIM-PBO-1 shows a “reverse selectivity” after
thermal rearrangement and thus allows a faster transport of
CO2 with respect to H2 and He. It maintains this feature also
upon ethanol soaking. The other PIM-PBO membranes present
an intermediate behavior with the following permeation order
in the “as prepared” samples: H2 > CO2 > He. The ethanol
treatment of these PBO membranes results again in a higher
permeability for CO2 with respect to the other gases and thus
in a partial loss of the molecular sieving character and increased
solubility−selectivity. In any case, the ethanol treatment
produces also an inversion of the permeability for CH4 and
N2, with a slightly higher permeability for the hydrocarbon
molecule.
Over time, permeabilities then reduce and selectivities

increase, as can be seen in Table 3 for O-PIM-PBO-1 and
PIM-PBO-3. In particular, the aged PIM-PBO-3 becomes even
more size selective than the “as prepared” state. For O-PIM-
PBO-1, nine months after ethanol treatment, permeabilities are
still higher than for the “as cast” membrane, suggesting that
removal of residual solvent is a significant factor. In contrast, in
the case of PIM-BO-3, six and a half months after ethanol
treatment, permeabilities have returned to values similar to the
“as prepared” membrane, suggesting that the primary effect of
ethanol treatment is the introduction of excess free volume that
is readily lost by physical aging.
The trade-off between selectivity and permeability for

polymeric membranes is frequently represented on double-
logarithmic “Robeson” plots.14,15 In Figure 5, data for “as
prepared” and “ethanol-treated” PBO membranes from this
work are reported for three technologically relevant separa-
tions: CO2/N2, CO2/CH4, and O2/N2. These data are also
compared with those reported by Li et al.52 for membranes
obtained by thermal treatment of other spiro-containing
hydroxyl-functionalized polyimides. It is noteworthy that for
the CO2/N2 pair PIM-PBO-3 shows improved selectivity
compared to other spiro-containing TR polymers subjected to
similar thermal treatments. It has been shown by Ma et al.53

that even higher selectivities can be achieved by treatments at
higher temperature (from 530 to 800 °C), effectively leading to
an amorphous carbon and then to its graphitic molecular sieve
membrane by carbonization.T
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Diffusion coefficients D, determined from the time lag, and
apparent solubility coefficients S, calculated from the relation-
ship P = D × S, are listed in Table 4 for four gases with a
sufficiently long time lag for D to be determined with >90%
accuracy. Ideal diffusion and solubility selectivities for the gas
pairs O2/N2, CO2/N2, and CO2/CH4 are also included in
Table 4. Diffusion selectivity dominates for O2/N2, and
solubility selectivity for CO2/N2, whereas both diffusion and
solubility contribute significantly to the overall selectivity for
CO2/CH4. The data in Table 4 show that the enhanced
permeability after thermal rearrangement and after ethanol
treatment is almost entirely due to faster diffusion, increasing
by an order of magnitude or more for all gas species. The
solubility, on the other hand, changes much less, generally not
more than a factor of 1.5−2. This demonstrates the strong
correlation between the diffusion coefficient and the free
volume or microporosity of the polymers. Various correlations
between the transport parameters of gases in the polymer
matrix and the molecular properties of the gas have been
proposed.60 The diffusion coefficient typically scales with the
square of the molecular diameter. For “as prepared” and
“ethanol-treated” PBO membranes, values of D are plotted in
Figure 6a against the squared effective diameter of the gas,61

and values of S are plotted in Figure 6b against the critical
temperature of the gas. The plots confirm that D decreases with
increasing gas diameter and S increases with increasing critical
temperature of the penetrant, as was also reported for other
PIM-PIs and for PIM-1.23 Strong interactions with the polymer,
whether through enhanced adsorption in narrow micropores, or
through specific interactions with functional groups, may have
the effect of depressing CO2 diffusion,

62 as has recently been
demonstrated for amine-modified PIM-1,63 but that effect is not
observed here.

■ CONCLUSIONS
Two spiro-center-containing dianhydrides were successfully
utilized in the preparation of hydroxyl-functionalized poly-
imides with significant internal surface area and with
interconnected free volume. Dianhydride An-1 gave more
robust membranes than An-2, which lacks the relatively flexible
dibenzodioxin linkage. The PIM-PI-OH materials were
thermally treated at 450 °C, yielding thermally rearranged
polymers with enhanced performance for gas separation
membranes and increased solvent resistance. The transport

properties of the thermally rearranged polymers can be tailored
through the choice of the diamine used to prepare the
precursor. The highly compact diamine 4,6-diaminoresorcinol
(DAR) gives PIM-PBO-3 membranes which are equally
permeable but more selective for CO2/N2 than the PIM-
PBO-1 samples based on the (2,2-bis(3-amino-4-
hydroxyphenyl)hexafluoropropane (bisAPAF) diamine. For all
polymers the TR reaction and the ethanol treatment of the
membranes enhance drastically the diffusion coefficient, while
the solubility increases only modestly, confirming the important
role of the free volume and microporosity on the gas diffusion.
Together with parallel work demonstrating that more intense
thermal treatments may enhance molecular sieve behavior,53

this research opens up further opportunities for membrane
development.
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