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This study investigates the physical properties and gas separation performance of a series of PBO-based
membranes derived from thermal conversion of blends containing ortho-OH polyamide (PHA) and poly-
imide (API) precursors. Homogeneous films were obtained in varying PHA/API molar ratios before and
after thermal conversion, indicating good compatibility between the two precursors and resulting
PBOs. This study reveals that PBO conversion efficiency, fractional free volume and gas transport proper-
ties of the resulting PBO-based blend films show an unexpected non-linear dependence on the blend
composition (i.e., PHA/API ratio), due to an interplay between API thermal rearrangement (TR) process
and PHA cyclodehydration process. Particularly, the B11 blend membrane, containing API and PHA in
1:1 M ratio, showed an optimal combination of gas separation performance and mechanical robustness,
while the B31 blend (PHA:API = 3:1) showed little degradation of separation performance relative to both
constituent polymers. This is possibly because of the localization of the excess PHA fraction that discour-
ages the formation of inter-connected diffusive transport pathways. In summary, physical blending of API
and PHA precursors at an optimal composition is demonstrated to be a simple yet instrumental approach
to mitigate the mechanical deterioration issue of API-TR process while greatly improving the separation
performance of the PBOs derived from the PHA cyclodehydration process.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Polybenzoxazole (PBO)-based membranes obtained by a solid-
state, high-temperature thermal rearrangement (TR) reaction of
o-hydroxy aromatic polyimide (API) precursors are widely known
for their superior gas separation performance and exceptional
resistance to plasticization [1–9]. However, the TR process of API
to PBO conversion requires high temperature (typically > 400 �C),
which tends to cause collateral thermal degradation, leading to
mechanical weakening of the resultant TR membranes. Moreover,
the high treatment temperature limits the choice of membrane
support materials when incorporating TR polymers into gas sepa-
ration membrane modules such as hollow fibers. As such, a major
research interest of advancing the practical implementation of TR
membranes focuses on lowering the conversion temperature by
using different precursors or using copolymer/blend approaches
to improve the mechanical properties of the resulting TR
membranes. For example, Jo et al. studied a copolymer with both
TR-able and non-TRable units and reported improvements in the
mechanical strength of resulting copolymer films [10]. Scholes
et al. investigated the properties of blends of a TR polymer with
a non-TR polymer and found a significant improvement in
mechanical strength of the blends, with a slight drop in the perme-
ation performance [11]. In particular, preparing PBO membranes
via solid-state thermal cyclodehydration of poly(hydroxyamide)
(PHA) precursors seems to be potentially useful for lowering the
conversion temperature [8,9,12–14]. Multiple studies, including
ours, showed that the temperature required for full PBO conversion
from a PHA precursor is at least 100 �C lower than that of the TR
process of a API counterpart [9,13,15]. However, PHA-derived
PBOmembranes exibited inferior gas separation performance com-
pared to API-derived TR polymers, although they are more
mechanically robust due to their relatively lower conversion tem-
peratures [8,14–16]. These findings stimulated further research
into viable approaches that are able to combine the advantages
of API-TR process (i.e., superior gas separation performance) with
PHA cyclodehydration (i.e., low conversion temperature)
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[10,11,17]. Wang et al. reported a copolymer containing thermally
convertible API and PHA units which demonstrated the possibility
of selective conversion by varying the conversion temperature to
tailor the permeation properties [17]. However, there are no stud-
ies on how these two PBO-forming routes interplay when a phys-
ical blend of both thermally convertible precursors undergoes
thermal conversion reaction under different conditions, which is
the focus of the present study.

6F-based precursor systems, i.e., 6FAP-6FDA-API and 6FAP-6FC-
PHA precursors (shown in Fig. 1), are considered for this work,
since they are the most studied precursors for thermal conversion
to PBO-based membranes [10,12,14,16,18]. Additionally, these two
precursors have fairly similar structures. After thermal conversion
reactions, the final PBO polymers are very comparable in their
backbone structures. This structural similarity ensures homoge-
neous blends can be obtained before and after thermal conversion.

For polymer blends, a linear relation between the logarithms of
gas permeabilities P has been empirically established [19,20].

ln Pblend ¼ /1 lnP1 þ /2 lnP2 ð1Þ

where /i and Pi are the volume fractions and permeabilities of each
component, respectively. However, the properties of a polymer
blend can deviate from Eq. (1) when strong interactions between
the constituents exist in the blend. In the specific case of API and
PHA precursor blends, there are polar hydroxyl, carbonyl and amide
groups included in the polymer backbone, all of which have a strong
tendency to form robust hydrogen bonds, introducing localized
interactions, especially between amide and carbonyl groups. These
interactions may cause deviations from Eq. (1) when the strong
localized interactions are present in the precursor blends [21]. Addi-
tionally, the solid-state thermal conversion efficiency of API and
PHA components to PBOs is expected to be affected by the interac-
tions mentioned above, since the local chain dynamics are com-
pletely different from that in their pure states. Moreover, these
inter-chain interactions are expected to be sensitive to the compo-
sition of the blends as these localized interactions are additive in
nature. As such, this study focuses on investigating the interplay
between the API-TR process and the PHA cyclodehydration process
in a series of physical mixtures of API and PHA precursors with sys-
tematically varied composition. Specifically, structural changes dur-
ing thermal conversion including chain packing, fractional free
volume, and density are comprehensively evaluated for both the
precursor blends and the films converted at different temperatures.
Fig. 1. Thermal conversion of (a) 6FAP-6FDA-API and (b
The gas transport properties of the precursor blends and resulting
converted films are correlated with these structural changes to pro-
vide insights into the effects of mixing.
2. Experimental

2.1. Chemical reagents and precursors synthesis

Monomer grade aromatic diamine 2,2-bis(3-amino-4-hydroxy
phenyl)hexafluoropropane (6FAP, �98.5%) and aromatic dianhy-
dride 2,20-bis(3,4-dicarboxy-phenyl)hexafluoropropane dianhy-
dride (6FDA, >99%) were purchased from Akron Polymer
Systems. Both monomers were dried at 65 �C and 170 �C respec-
tively under vacuum to remove any residual moisture before poly-
merization. Aromatic diacid 4,40-(hexafluoropropane-2,2-diyl)
dibenzoic acid (6FAC, �98%) was purchased from TCI Chemicals
and used as received. 4,40-(hexafluoropropane-2,2-diyl)dibenzoyl
chloride (6FC) monomer was prepared by the chlorination of
6FAC using thionyl chloride, as described in the Section S1 in
supporting information.

The solvent used for polymer synthesis was anhydrous
N-methylpyrrolidone (NMP, �99.5%), which was purchased
from Sigma-Aldrich and used as received. Anhydrous
o-dichlorobenzene (o-DCB), used as the azeotroping reagent, was
purchased from Sigma-Aldrich and used as received. Thionyl chlo-
ride was purchased from Sigma Aldrich. Anhydrous Pyridine
(�99.8%) and methanol were purchased from EMD Chemicals,
and were used as received. Dimethyl formamide (DMF) was pur-
chased from Alfa Aesar and used as received.

6FAP-6FDA-API polyimide precursor was synthesized by the
conventional two-step solution imidization method [15], as
described in the Section S2 in supporting information. 6FAP-6FC-
PHA polyamide precursor was synthesized via silylation-assisted
polycondensation reaction of 6FAP with 6FC prepared via chlorina-
tion of 6FAC, as described in our previous work [15] as well as in
Section S3 in the supporting information.

2.2. Membrane fabrication and controlled thermal conversion

Thin films of blends were prepared via solution casting with
varying composition. In a typical case, a mixture of API and PHA
precursors in predetermined amounts was dissolved in NMP,
making up 6–7% w/v solution. The solvent was slowly removed
) 6FAP-6FC-PHA precursors to corresponding PBOs.



386 A. Kushwaha et al. / Separation and Purification Technology 184 (2017) 384–393
by drying under an infrared lamp (at approximately 70 �C) over-
night, and subsequent drying under vacuum overnight at 190 �C
ensured complete solvent removal. The thickness of all the films
were between 50 and 70 mm. In this study, precursor blend films
with PHA:API molar ratios of 1:1 and 3:1 were produced, which
were named as B11 and B31, respectively.

The dry films were cut into small films of about
50 mm � 50 mm size, sandwiched between a pair of porous cera-
mic plates, and thermally treated in a Thermo Scientific

�
muffle

furnace at predetermined conversion temperatures under nitrogen
protection. For each cycle, the furnace was preheated and purged
with high flow N2 for at least 15 min before thermal treatment of
the films. Based on previous studies on thermal conversion of pure
API and PHA precursors [15], the conversion temperatures were
chosen to be 300 �C, 350 �C and 400 �C for the blend films, and a
duration of 2 h was applied at each treatment temperature. The
blend films obtained after the thermal treatment of the 1:1 PHA/
API blend samples at these temperatures were referred to as
B11-PBO-300, B11-PBO-350 and B11-PBO-400. Similarly, the films
obtained from 3:1 PHA/API blend film are labeled as B31-PBO-300,
B31-PBO-350, and B31-PBO-400.

2.3. Characterization

To validate the chemical structure of the precursor polymers,
proton nuclear magnetic resonance (1H NMR) spectroscopy was
performed with a 500 MHz Bruker NMR spectrometer using
deuterated dimethylsulfoxide (DMSO-d6) as solvent. Fourier Trans-
form Infrared Spectroscopy (FTIR) tests were performed on poly-
mer films with a JASCO FTIR-6300 ATR (attenuated total
reflection) spectrometer in the range of wavenumber 650–
4000 cm�1 with a resolution of 2 cm�1.

Differential scanning calorimetry (DSC) analysis was performed
on a DSC Q2000 (TA Instruments) instrument for 100–400 �C with
a heating rate of 10 �C/min and a N2 flow rate of 60 mL/min. To
eliminate the effect of film drying history, a preliminary heating
cycle (not reported) was run for all the samples between room
temperature and �200 �C. Samples were cooled to 100 �C at
10 �C/min before undergoing a complete heating cycle to 400 �C,
wherein thermal events were reported. For precursor blends, to
compare the results before and after the thermal treatment, two
complete cycles of heat treatment between 100 and 400 �C at the
heating rate of 10 �C/min were investigated and reported.

Thermal conversion and degradation analysis was performed by
Thermogravimetric Analysis (TGA) with a TA Q500 (TA instru-
ments) system. All TGA measurements were done on films of poly-
mer blends. The samples were analyzed for a temperature range of
100–750 �C at a heating rate of 10 �C/min with 40 mL/min nitrogen
purge.

At any given temperature, the conversions to PBO by API and
PHA are significantly different [15]. Hence, the overall PBO conver-
sion of the blends was estimated based on the individual conver-
sions of API and PHA component at the temperatures that we
reported earlier [15] and their molar ratio in the blends. As such,
the mole fractions of PBO (yPBO), API (yAPI) and PHA (yPHA) in each
thermally treated blend film were estimated as follows:

yPBO ¼ r
r þ 1

� �
xPHA þ 1

r þ 1

� �
xAPI ð2Þ

yAPI ¼
1

r þ 1

� �
ð1� xAPIÞ ð3Þ

yPHA ¼ r
r þ 1

� �
ð1� xPHAÞ ð4Þ
where xPHA and xAPI are the pure component conversions of PHA and
API, taken from literature at the relevant temperatures unless indi-
cated otherwise [15], and r is the molar ratio of PHA to API in the
blend, assuming no thermal degradation in the films.

Wide-angle X-ray diffractograms (WAXD) were recorded in
reflection mode using a Bruker D8 Advance Davinci diffractometer
to determine d-spacing values for all film samples. The WAXD
measurements were performed at room temperature for the range
2h = 5–45�. The average d-spacing (d) was calculated using Bragg’s
equation:

d ¼ k
2 sin h

ð5Þ

where k is the wavelength of the X-ray used (1.5418 Å, Cu Ka radi-
ation source).

Densities of all film samples were measured at room tempera-
ture using the buoyancy method with a Mettler Toledo analytical
balance (ML204) in combination with a density kit (ML-DNY-43).
The polymer films were weighed separately in hexanes, and the
apparent ‘‘weight loss” of the films in hexanes was used to deter-
mine the volume of the film under characterization, following
Archimedes’ principle. With the volume known, the film density
was calculated. The density for each film was reported based on
the average taken from at least four independent measurements.

Fractional free volume (FFV) for all polymer films was deter-
mined by group contribution method [22] along with the density
measurements. The specific occupied volume of a polymer, Vo

was estimated from the following formula using Bondi’s group
contribution method:

V0 ¼ 1:3
X

Vvw ð6Þ
where Vvw is the van der Waals volume of the individual groups in
polymer backbone structure taken from Park and Paul’s work [23].
The final FFV was estimated by:

FFV ¼ V � V0

V
ð7Þ

where is the specific volume of the polymer film determined from
density measurements.

For the partially converted polymer blend films containing API,
PHA and PBO species, the effective occupied volume V0 was calcu-
lated by taking the partial sum of the occupied volumes of each
species. Thus, the effective occupied molar volume for each blend
sample was estimated by:

V0 ¼
X

yiV0;i ð8Þ
where yi is the mole fraction of the relevant species calculated by
equations (2)–(4), and V0;i is the occupied volume of corresponding
species determined from the group contribution method.

2.4. Pure gas permeation measurement

The pure gas permeabilities ðPÞ of five gases (H2, CH4, N2, O2 and
CO2) were measured using constant volume–variable pressure
method [24–26] at 35 �C with upstream pressure ranging from 3
to 17 atm. Samples were evacuated for about 18 h to ensure com-
plete removal of any atmospheric or previously dissolved gases in
the films before the permeation measurements. Due to the high
condensability of CO2, CO2 was tested last to avoid any potential
conditioning effects. After sufficient evacuation, a test gas was
introduced to the upstream side to permeate through the mem-
brane into a known volume. All gases were allowed to permeate
for at least 6 times the time lag before recording the permeation
data. The slow pressure rise on the downstream side was recorded
as a function of time. The linear rate of the pressure rise with time,
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after pseudo-steady-state was established, was used to calculate
the gas permeability [26] by the following formula:

P ¼ Vdl
p2ART

dp1

dt

� �
SS

� dp1

dt

� �
leak

� �
ð9Þ

where Vd is the volume of downstream cylinder in the permeation
system, l is the film thickness, p2 is the upstream system pressure,
ðdp1=dtÞSS is the steady state rate of pressure rise in the downstream
volume, and ðdp1=dtÞleak is the leak rate in the downstream volume.
To investigate the effect of polymer blending on gas transport in the
polymer films, gas permeabilities for all gases were predicted based
on the ideal blend model using equation (1) to compare with exper-
imental permeabilities. Gas permeabilities reported previously [15]
were used for the homopolymer precursors and thermally treated
polymers. The ideal selectivity ðaÞ for a certain gas pair was deter-
mined by taking the ratio of the two permeabilities. For example,
the ideal selectivity of CO2 over CH4 is taken as: a(CO2/CH4) =
(CO2)/(CH4).
3. Results and discussions

3.1. Preparation and characterizations of polymer blend films

Physical blends of 6FAP-6FDA-API and 6FAP-6FC-PHA precur-
sors with varied compositions are considered in this study. The
API and PHA components considered in this work form similar
PBO structures as a result of solid-state thermal rearrangement
(TR) and cyclodehydration. For practical applications of TR mem-
branes, it is important to lower the thermal conversion tempera-
ture. Hence, the blend compositions with PHA (which converts to
PBO at a lower temperature than API) content equal to or higher
than API content are of special interest. In this study, blends con-
taining PHA and API in molar ratios of 1:1 (B11) and 3:1 (B31)
are investigated. The B11 and B31 precursor blend films obtained
from solution casting and high temperature drying were transpar-
ent and flexible, indicating the compatible nature of PHA and API
components. 1H NMR spectra for the precursor blends are shown
and compared with those of pure PHA and API in Fig. 2(a). The
comparison of the four spectra qualitatively provides evidence
for blends being a combination of the two pure precursor poly-
mers, as the spectra obtained from B11 and B31 show all peaks cor-
responding to both amide and imide groups. The comparison of
Fig. 2. (a) 1H NMR spectra (DMSO-d6, 1 = AOH in API, 2 = AOH in PHA, 3 = amide ANH i
precursor.
peaks corresponding to characteristic functional group protons
(i.e., hydroxyl and amide groups) shows a relative increase in the
amide group peak intensity compared to the hydroxyl group inten-
sity in API, as PHA content increases in the blends. A similar anal-
ysis was done via FTIR characterization, and the spectra are shown
in Fig. 2(b), where the intensities of the amide bands increase as
the PHA content in the film increases.

Upon thermal treatment in the solid state, the o-hydroxy API
precursor goes through a TR reaction with the release of two CO2

molecules per repeat unit, forming complex and possibly cross-
linked PBO-based structures. The o-hydroxy PHA precursor under-
goes a cyclodehydration reaction to produce a linear PBO structure,
accompanied with the release of two H2O molecules for each
repeat unit of the polymer. The necessary conversion temperature
ranges for the two routes are very different [5,7,9,14,15,24]. The
starting conversion temperature for the PHA (�250 �C) is about
100 �C lower than that of the API (�350 �C) [15]. TGA thermograms
were recorded for the B11 and B31 precursor blends and are pre-
sented in Fig. 3 to investigate the effect of mixing on thermal con-
version to PBOs. The derivative plot in the TGA thermogram reveals
that during the thermal treatment of the blend-precursor, the PHA
and API fractions undergo cyclodehydration and TR reactions
rather independently, as two distinct derivative peaks can be iden-
tified in Fig. 3. The mass-loss derivatives of the TGA thermograms
for the blends are compared to those for the pure precursors in
Fig. S1 of the supporting information. While the conversion tem-
perature of the PHA fractions remains the same as that of the pre-
cursor for the 1:1 PHA:API blend (B11), an increase in the API-TR
temperature was observed. This can be attributed to the increased
rigidity (and glass transition temperature) of the polymer blend as
the result of PBO formation from the PHA polymer fraction.

The glass transition temperatures and endothermal conversion
of the blends were investigated by DSC, and representative thermo-
grams are shown in Fig. 4. Two heating cycles were applied to the
B11 blend precursor to fully investigate the thermal events of B11
as shown in Fig. 4(a). The first cycle shows a broad endothermic
peak between about 270 �C and 340 �C pertaining to the endother-
mic thermal conversion of both PHA and API precursor constituents
in the B11. Upon heat treating to 400 �C till the end of this cycle,
both PHA and API components convert to B11-PBO, and the second
cycle exhibits a single glass transition at about 322 �C with no
endothermic peaks, indicating complete conversion in the first
cycle. The glass transition temperature of 6FAP-6FDA-API and
n PHA) and (b) FTIR spectra for precursor blends comparing with pure PHA and API



Fig. 5. WAXD spectra for the blend precursors, comparing with the pure polymer
components.

Fig. 3. TGA thermograms for B11 (dashed line) and B31 (solid line) PHA/API blends
(CD – cyclodehydration of PHA; TR – thermal rearrangement of API).
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6FAP-6FC-PHA have been reported to be above 250 �C [6,15,24].
However, the Tg of the blend is not distinguishable in any of the
DSC thermograms, as it might overlap with the broad peak ascribed
to cyclodehydration of the PHA component.

The polymer chain packing in the blend films was investigated
with wide angle X-ray diffraction (WAXD) measurements and
compared with the diffraction patterns for pure API and PHA in
Fig. 5. The broad peaks present in all X-ray diffraction patterns sig-
nify the completely amorphous nature of the blend films. The
diffraction peak maxima were analyzed using Bragg’s law to esti-
mate the average interchain d-spacing in the polymer blend films,
which, in some cases, provides quantitative information regarding
chain packing and interactions between the two components. From
the comparison, the d-spacing shows a nonlinear trend with
respect to the constituent composition, i.e., dB31 (5.77 Å) > dPHA

(5.64 Å) > dAPI (5.47 Å) > dB11 (5.34 Å). The smaller d-spacing in
blend B11 than in either of the constituent polymers is likely due
to the mutual compatibility of PHA and API. Mixing of the two con-
stituent polymers with comparable content not only disrupts the
interchain hydrogen bonding originally prevalent in pure PHA,
but it also encourages the formation of hydrogen bonding between
API and PHA chains in the B11 blend, leading to a more compact
chain packing with reduced d-spacing. As the difference between
the fractions of the two polymer components increases (i.e., PHA
content is dominant in B31), the localization of the similar poly-
mers occurs, which potentially disrupts tight chain packing in
the blend.
Fig. 4. (a) DSC thermograms of the first and second heating cycles for B11 b
3.2. Thermal treatment of API/PHA blend films

Based on the respective conversion temperature for pure API
and PHA reported earlier [15], the temperature for the thermal
treatment of API/PHA blends was chosen to be 300 �C, 350 �C and
400 �C with a duration of 2 h at each temperature to attain various
combinations of API, API-TR and PHA-PBO in the treated blend
films. The weight losses observed after the thermal treatment are
reported in Table 1. The increase in the weight loss as the thermal
treatment temperature increases points to a higher PBO conver-
sion. The observed weight losses are higher than the predicted val-
ues, which seems to suggest that interactions between API and
PHA components promote thermal conversion to PBO structures.

The conversion of the API-PHA blend films to PBOs was also
monitored with ATR-FTIR, and the results are shown in Fig. 6. For
both B11 and B31 blends, the conversion to PBO is confirmed by
the appearance of the PBO characteristic bands [1557 cm�1

(C@N), 1477 cm�1 (C@N), and 1061 cm�1 (CAN)] and the disap-
pearance of the characteristic imide [1788 cm�1 (C@O),
1098 cm�1 (C@O)] and amide [1661 cm�1 (C@O)] bands in the pre-
cursors. As observed in the case of pure PHA and API conversion
[15], the bands corresponding to PHA amide more unambiguously
disappear as compared to those for API imide. The groups corre-
sponding to PHA-converted PBO start appearing at the lowest
tested conversion temperature, 300 �C, and the corresponding
lend (b) Comparison of DSC curves for B11, B31 and PHA (first heating).



Table 1
Weight loss observed after thermal treatment of precursor blend films.

Blend Weight loss (%)

B11 B31

Observed Predicted* Observed Predicted*

Precursor – – – –
PBO-300 8.3 5.3 6.0 6.4
PBO-350 10.6 8.7 10.8 8.9
PBO-400 11.7 10.5 11.1 11.3

* Predicted weight losses were obtained by taking weighted average of independent conversions of the API and PHA constituents based on Eqs. (2)–(4).

Fig. 6. ATR-FTIR spectra for (a) B11 series and (b) B31 series thermally converted at different temperatures.
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amide precursor bands vanish. This relative behavior of the
cyclodehydration and TR reactions is consistent with that observed
in pure PHA and API polymers.

The changes in the blend compositions were investigated qual-
itatively with TGA thermograms as shown in Fig. 7. After thermal
treatment at 350 �C and above, all samples show only one weight
loss peak (�350–450 �C) on the derivative curve, most likely corre-
sponding to TR conversion of API. This also suggests complete con-
version of PHA to PBO in the blends at 300 �C for 2 h, which is
consistent with our previously reported results [15]. Additionally,
the blends treated at 400 �C also show almost complete conver-
sion, as only a degradation peak is observed for those samples,
reducing the treatment temperature necessary for full conversion
by >50 �C as compared to the 450 �C treatment needed to fully con-
vert pure API to the identical PBO structure. The remaining weight
loss peak due to API-TR conversion shifted to a high temperature
Fig. 7. TGA for the blend films obtained from the thermal conve
for the blend samples treated at 350 and 400 �C. This is due to
the PHA component being fully converted to rigid PBO during the
heat treatment, leading to significantly increased overall rigidity
of the polymer blend system. The increased rigidity of the system
causes the solid-state API conversion to become more difficult and
results in higher thermal rearrangement temperature.

Upon thermal conversion, both configurational changes (from
imide and amide precursor structures to PBO-based structures)
and conformational changes (e.g., co-planar vs. non-planar) in
the blends are expected to induce significant alterations in overall
chain packing and thus free volume architecture. The changes in
interchain spacing as a result of thermal treatment were
investigated by WAXD. Representative WAXD spectra of 400 �C
treated blend films are presented in Fig. 8. Both the B11 and B31
blends treated at 400 �C show an increase in d-spacing due to the
conversion to PBO structures. As we reported earlier, thermal
rsion of (a) B11 and (b) B31 blends at 300, 350 and 400 �C.



Fig. 8. WAXD for the (a) B11 and (b) B31 polymer blends, comparing the d-spacing difference between the blend precursors and the corresponding PBOs obtained after the
treatment at 400 �C.
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cyclodehydration of PHA resulted in a smaller increase in the
interchain distances as compared to the API-TR process due to less
significant configuration/conformation changes [15]. The pattern
in the d-spacing increments in the two blends shown in Fig. 8 is
consistent with this trend, i.e., the d-spacing increase in the blend
B11 series (containing 50 mol% PHA) from 5.34 to 5.95 Å, an 11%
increase, is notably higher than that in the blend B31 series
(containing 75 mol% PHA) from 5.77 to 6.08 Å, a 5.4% increase.
The d-spacing in the PBOs converted fully from B11, B31 and pure
API and PHA are compared in Fig. S2 in the supporting information.
For all the fully converted films, the observed d-spacing values are
fairly close, indicating a very similar PBO structure and chain
packing in all the polymers.

Free volume size and size distribution in glassy polymers gov-
erns the efficiency of membrane gas separation processes [27,28].
The PBOs formed as the result of thermal treatment of the precur-
sors has the unique planar structure with high-torsional energy [1],
which causes an increase in the interchain gap and in turn, free
volume in the resulting PBOs. Densities and fractional free volume
(FFV) for the two blends and corresponding treated films are
reported and compared with pure polymers in Table 2. In general,
the densities and FFV in the blends and pure polymers showmutu-
ally consistent trends, where the density decreases with thermal
treatment temperature, and FFV increases resulting from the
formation of new microcavities upon conversion to PBOs. Since
API and PHA form homogeneous mixtures, the blends also show
the expected trend where densities and fractional free volume
properties are close to the ensemble average of its constituent
Table 2
(a) Density and (b) FFV comparison of API-PHA blends and pure polymer precursors.

PHA (mol%) Density (gm/cm3)

Precursor

APIa 0 1.543 ± 0.003
B11 50 1.450 ± 0.004
B31 75 1.453 ± 0.003
PHAa 100 1.469 ± 0.002

PHA (mol%) FFV (%)c

Precursor

APIa 0 14.5
B11 50 20.2
B31 75 20.3
PHAa 100 19.7

a Data taken from reference [15].
b Measured/calculated in this study.
c Calculated from equations (6)–(8).
polymers. Hence, when the fraction of PHA in the blends increases,
a higher FFV in the blends is observed. This trend of FFVs and den-
sities is consistent among both the precursors and most highly
thermally treated samples.

3.3. Pure gas transport properties

Thermal conversion of API and PHA precursors results in back-
bone structures containing rigid and planar benzoxazole rings,
which generate more free volume in the resulting PBO films. The
increased fractional free volume can greatly improve the gas per-
meation. The pure gas permeation tests of the blend films and their
converted PBO counterparts were performed at 35 �C at pressures
ranging from 3 to 16 atm. A relative comparison of the permeabil-
ities (35 �C, 10 atm) of all gases in the precursor blends, thermally
treated blends, and their pure TR/cyclodehydration counterparts is
shown in Table 3. Pressure dependence of permeabilities of B11
and B31 precursors and B11-PBO-400 and B31-PBO-400 is illus-
trated in Fig. S3 of the supplementary information. No plasticiza-
tion behavior was observed for CO2 up to 16 atm for all films
tested, and constant permeability with increasing pressure sug-
gests that no defects were introduced in the films during the ther-
mal treatment. For both of the blend samples, conversion at 400 �C
leads to an increase in the permeabilities by at least an order of
magnitude relative to the respective precursors. In the case of
converting B11, the gas permeabilities increase by about 50–150
times in the PBO across the five gases considered, whereas in
B31, the gas permeabilities increased by about 15–60 times. This
300 �C 350 �C 400 �C

1.531 ± 0.002 1.524 ± 0.002 1.514 ± 0.002
1.443 ± 0.002 1.434 ± 0.002 1.401 ± 0.002
1.433 ± 0.002 1.416 ± 0.001 1.365 ± 0.001
1.428 ± 0.004 1.402 ± 0.003 1.386 ± 0.009b

300 �C 350 �C 400 �C

15.1 15.6 16.1
20.0 20.6 22.4
20.6 21.5 24.3
20.9 22.3 23.2b



Table 3
Pure gas permeabilities at 10 atm and 35 �C. The predicted permeability for thermally treated blends and precursors are included in parentheses.

Sample Gas permeabilitiesb (Barrer)

H2 CH4 N2 O2 CO2

API-preca 24 ± 2 0.08 ± 0.01 0.26 ± 0.02 1.6 ± 0.1 5.0 ± 0.4
API-TR-300a 47 ± 3 0.12 ± 0.01 0.48 ± 0.03 3.1 ± 0.2 9.6 ± 0.6
API-TR-350a 94 ± 10 0.42 ± 0.02 1.40 ± 0.05 8.3 ± 0.3 27 ± 1
API-TR-450a 880 ± 60 37 ± 2 59 ± 4 210 ± 10 780 ± 60

B11-prec 17 ± 2 (31)b 0.07 ± 0.01 (0.16) 0.20 ± 0.02 (0.47) 1.2 ± 0.1 (2.7) 3.6 ± 0.3 (8.6)
B11-PBO-300 91 ± 8 (85) 0.75 ± 0.07 (0.52) 2.0 ± 0.2 (1.3) 10 ± 1 (7.4) 34 ± 3 (26)
B11-PBO-350 182 ± 13 (149) 2.8 ± 0.2 (1.5) 5.9 ± 0.4 (3.6) 27 ± 2 (18) 94 ± 7 (62)
B11-PBO-400 439 ± 33 14 ± 1 23 ± 2 88 ± 7 324 ± 25

B31-prec 30 ± 2 (35) 0.15 ± 0.01 (0.23) 0.41 ± 0.03 (0.63) 2.4 ± 0.2 (3.5) 7.6 ± 0.6 (11)
B31-PBO-300 137 ± 5 (115) 2.1 ± 0.1 (1.1) 4.1 ± 0.2 (2.3) 18 ± 1 (12) 66 ± 2 (44)
B31-PBO-350 301 ± 19 (186) 11 ± 1 (2.8) – – 174 ± 8 (94)
B31-PBO-400 351 ± 22 12 ± 1 19 ± 1 72 ± 4 203 ± 13

PHA-preca 40 ± 4 0.32 ± 0.02 0.85 ± 0.06 4.6 ± 0.4 15 ± 1
PHA-PBO-300a 155 ± 10 2.3 ± 0.1 3.8 ± 0.3 18 ± 1 73 ± 6
PHA-PBO-350a 233 ± 20 5.2 ± 0.4 9.0 ± 0.8 38 ± 4 140 ± 10
PHA-PBO-400 348 ± 14 12 ± 1 – – 252 ± 12

a Values are taken from reference [15].
b Numbers in the parentheses represent the predicted permeabilities calculated from Eq. (1). An example calculation is provided in Section S7 in supporting information.

Fig. 9. Comparison of the selectivities of the B11 and B31 series for (a) CO2/CH4 (b) H2/CO2, (c) O2/N2 and (d) H2/CH4 (The selectivities of API and PHA series are taken from
literature [15]).
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less significant increase in permeability is due to a higher fraction
of PHA present in the blends. As reported previously, the PHA
shows a lower increase in permeabilities after thermal cyclodehy-
dration due to less significant increase in fractional free volume or
microporosity in PHA-PBOs as compared to the API-PBO thermal
rearrangement [15]. The relative order of gas permeabilities
(between API, PHA and blends) and the changes in the permeabil-
ities upon thermal treatment are also supported by the relative
order of the inter-chain spacing shown by the WAXD spectra
discussed earlier.
The permeabilities observed in the blends are also compared
with the theoretically predicted ideal permeabilities calculated
from Eq. (1). As shown in Table 3, the theoretical and observed per-
meabilities for the blends are of the same order of magnitude,
pointing to generally good miscibility between the two polymers
present in the blends. For the precursor blends, the difference
between the observed and predicted gas permeabilities can be
attributed to non-ideal interactions between the PHA and API
chains, i.e., hydrogen bonding interactions between the hydroxyl,
carbonyl and amide groups in the blend precursors. The interseg-



Fig. 10. Gas separation performance comparison of PHA-PBOs ( ), API-TRs (j), B11-PBOs ( ) and B31-PBOs ( ) against upper bounds for (a) CO2/CH4 (b) H2/CH4. Lines are
drawn to guide the trend (precursors: dash lines, blends: solid lines).
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mental attraction between the chains possibly causes new regions
of localized interactions, reducing polymer chain motion, and con-
sequently resulting in lowered permeabilities. As the relative con-
tent of PHA to API in the blend increases (i.e. B31), occurrence of
interchain attraction is lowered due to the higher localization of
the PHA fractions. This is evident from the smaller deviations from
predicted permeabilities for the B31 films, as compared to the B11
films. As these precursors convert to PBO structures, these interac-
tions, in particular, the hydrogen bonding, reduce and vanish, ren-
dering the matrix a combination of tortuous and linear PBO chains,
which leads to higher permeabilities than those predicted values.
The resultant ideal selectivities for various gas pairs are compared
in Fig. 9 as well as tabulated in Table S2. Both blends show compa-
rable selectivities as the PBOs obtained from pure polymers.

For selected gas pairs (CO2/CH4 and H2/CH4), the comparison
with the upper bound is presented in Fig. 10, and the plots for other
gas pairs are shown in Fig. S4 (supplementary information). From
the permeability-selectivity trend, both blend series follow the
trend shown by the pure polymers, i.e. the enhancement in the per-
meability in the B11 and B31 series is observed as thermal treat-
ment temperature increases. This increase in the permeability is
attributed to the conversion of precursors to form high-free-
volume PBO-based structures. As previously observed for pure
PHA and API thermally treated films, the increase in the permeabil-
ity of the resulting PBO films is accompanied by a decrease in gas
selectivity. By comparing the B11 and B31 blends, the B11 series
demonstrates better overall separation performance than the B31
series. This difference can be attributed to the equimolar propor-
tions of API and PHA leading to balanced intersegmental interac-
tions and producing favorable cavity size and free volume, leading
to better permeability-selectivity combinations. Although the sepa-
ration performance of thermally converted blend films is lower than
that of API-TR polymers, they are considerably more flexible and
mechanically robust given the same thermal treatment (Fig. S5 in
supporting information). As such, physical blending of API and
PHAprecursors seems to be a simple yet useful approach tomitigate
undesired degradation in the API-TR process via low temperature
conversion while improving the separation performance of pure
PHA-PBO films.
4. Conclusions

Blend films containing PHA-PBO and API-TR have been success-
fully prepared via the thermal treatment of films containing PHA
and API precursors in 1:1 and 3:1 molar ratios to obtain optimal
combinations of thermal conversion temperature, separation
performance, and mechanical properties. Following the conven-
tional solid state thermal conversion protocols for the conversion
of PHA to PBO, completely transparent and flexible PBO-based
blend films were obtained from B11 and B31 series, indicating
mutual compatibility of the two precursors and corresponding
PBOs. The thermal analysis shows that the required conversion
temperature range for B11 blend films is reduced by about 30 �C,
attributed to the mutual interplay of the PHA and API fractions in
the blend films. A further increase in the PHA/API ratio increases
the conversion temperatures, likely due to the increased polymer
system rigidity from the formation of PBO from PHA component.
Although physical properties such as density and fractional free
volume show trends close to the weight-averaged predictions,
gas separation performance of the blend films shows a strong
dependence on the blend composition. In particular, the B11 series
shows gas permeation properties beyond the Robeson’s upper
bounds, while B31 shows noticeable deterioration in separation
performance compared to both constituent polymers. This rein-
forces the speculation that excess of one of the polymer con-
stituents can lead to the localization of the polymer resulting in
undesired architecture of transport pathways.
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