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A B S T R A C T

Thermally rearranged (TR) polymers have been the subject of many fundamental studies, but the effect of TR
conversion on temperature-dependent transport properties is largely unexplored. Sorption isotherms for N2,
CH4, and CO2 in HAB-6FDA polyimide and its TR analogs were measured at temperatures ranging from −10 °C
to 50 °C and pressures up to 27 atm. Solubilities increase with decreasing temperature for each gas and sample
tested. At low TR conversions, the sorption process initially becomes less exothermic. However, enthalpies of
sorption do not significantly change with TR conversion after the initial stages of rearrangement. Enthalpies of
sorption in TR polymers are qualitatively similar to those of other high free volume materials. Solubility
selectivity for CO2/CH4 at 10 atm did not change with temperature due to similar enthalpies of sorption for CO2

and CH4. Sorption data were fit to the dual mode model at different temperatures, and model parameters were
correlated with polymer and penetrant properties.

1. Introduction

Transport properties of polymers are typically reported near
ambient temperature (e.g., 25–35 °C). However, many membrane
separations are performed at either higher or lower temperatures [1–
4]. For example, in natural gas separations, the expansion of CO2

permeating through a membrane results in Joule-Thomson cooling [1].
Additionally, H2/CO2 separation at the exit of a water gas shift reactor
is being considered using membranes that operate near 200 °C [4].
Many transport property studies include only permeability measure-
ments near ambient conditions, thereby limiting the availability of data
necessary to understand, at a fundamental level, membrane perfor-
mance at temperatures far from ambient conditions. The study of
temperature dependence is critical to develop improved membranes at
temperatures far from ambient.

The temperature dependence of solubility has been previously
examined in detail for a number of polymers. Koros and Paul reported
CO2 sorption in poly(ethylene terephthalate) (PET) from 25 to 115 °C
[5]. The effects of temperature on solubility and dual mode parameters
above and below the glass transition temperature of PET were
elucidated [5]. As temperature increased, all dual mode parameters
decreased. Beyond the glass transition temperature, the Langmuir

contribution to solubility vanished consistent with the lack of non-
equilibrium free volume above the glass transition temperature [5].
Costello et al. studied transport properties of meta/para-isomers of
hexafluoroisopropylidene-containing polyimides at ambient and higher
temperatures [6]. The para-isomer was further below its glass transi-
tion temperature than the meta analog and had a higher fractional free
volume, resulting in higher Langmuir sorption capacities than the para
isomer. Solubility for He, N2, O2, CH4, and CO2 decreased with
increasing temperature [6]. Merkel et al. studied the solubility and
permeability of light gases, hydrocarbons, and fluorocarbons in a glassy
random copolymer of polytetrafluoroethylene and poly(2,2-bis(trifluor-
omethyl)-4,5-difluoro-1,3-dioxole) (AF2400®) from 25 to 45 °C [7].
The transport properties of AF2400® were influenced strongly by its
high free volume, which made enthalpies of sorption more exothermic
than in lower free volume polymers and lowered activation energies of
diffusion, resulting in low activation energies of permeation [7].

Thermally rearranged (TR) polymers are aromatic polymers with
interconnected heterocyclic rings derived from a post-processing
thermal treatment (i.e., thermal rearrangement) of polyimides with
ortho-functional groups [8]. Depending on the ortho-position group,
TR polymers can take the form of polybenzimidazoles, polybenzothia-
zoles, and polybenzoxazoles [8–10]. Polybenzoxazoles are often in-
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soluble in common organic solvents [11] and resistant to aggressive
chemical environments [11].

The literature on temperature dependence of TR polymer transport
properties is limited. Han et al. focused on polybenzimidazoles (PBIs)
formed via a thermal rearrangement process [9]. The resulting TR-PBIs
exhibited very high permeabilities of CO2, CH4, O2, N2, and H2 with
good selectivities near ambient conditions, but selectivities decreased
with increasing temperature. Han also examined the temperature
dependence of transport of H2 and CO2 in TR-β-polymers formed
from poly(hydroxyamide) precursors [12]. H2 and CO2 permeabilities
increased with temperature, but the increase in H2 permeability was
larger than the increase in CO2 permeability because of the significant
decrease in CO2 sorption with increasing temperature.

Kim et al. examined the temperature dependence of transport of a
series of light gases in TR-β-PBOs and found that permeabilities and
diffusivities increased with increasing temperature while solubility
decreased [13]. Additionally, the lower permeabilities observed by
Kim correlated with the lower free volume in TR-β-polymers compared
to polyimide-based PBOs [13]. Smith et al. studied the temperature-
dependence of hydrogen sorption in several polymers, including TR
polymers [14]. While the solubility of H2 in TR polymers increased
with TR conversion, enthalpies of sorption did not change significantly
[14].

In this study, the temperature-dependent solubilities of N2, CH4,
and CO2 in HAB-6FDA polyimide and its TR polymer analogs are
presented together with prior H2 data [14]. Solubility increases with
decreasing temperature for all gases. Solubilities and enthalpies of
sorption are presented at 10 atm. While solubility increases with
increasing TR conversion, enthalpies of sorption initially decrease in
magnitude with initial TR conversion and then do not substantially
change with further TR conversion. CO2/CH4 solubility selectivity at
10 atm was independent of temperature for all samples due to similar
enthalpies of sorption between CO2 and CH4. Isosteric enthalpies of
sorption were determined as a function of penetrant concentration.
Finally, solubility isotherms were interpreted in the framework of the
dual mode model.

2. Background

The gas solubility coefficient, S, is the concentration of gas sorbed
into a polymer, C , at a specific pressure, p, and temperature (i.e.,
S C p= / ). The temperature dependence of solubility can be modeled
using a van't Hoff relation [15]:

S S e=
ΔH
RT0

− S
(1)

where S is the solubility coefficient (cm3 (STP)/(cm3 polymer atm)),
ΔHS is the enthalpy of sorption (kJ/mol), R is the ideal gas constant, T
is temperature (K), and S0 is an exponential pre-factor associated with
entropic effects of sorption. Solubility selectivity can be expressed as a
function of temperature according to a van't Hoff relationship:
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where the variables are as defined in Eq. (1).
S usually increases exponentially with gas critical temperature (i.e.,

S S a Tln = ln + c c0 ) [16,17]. The slope of this correlation, ac, is almost
always independent of polymer structure and morphology, and ac is
typically in the range of 0.015–0.019 K−1 [16] for a range of sorbents
including liquids, rubbery polymers, and glassy polymers.

The dual mode model [15] is often used to describe gas sorption in
glassy polymers. The gas concentration in the polymer is expressed as
follows:

C k p C bp
bp

= + ′
1 +D H

(3)

where C (cm3 (STP) /(cm3 polymer)) is the total gas concentration in
the polymer, kD (cm3 (STP)/(cm3 polymer atm)) is the Henry's law
sorption coefficient, C′H (cm3 (STP)/(cm3 polymer)) is the Langmuir
capacity parameter, b (atm−1) is the Langmuir affinity constant, and p
is the external penetrant pressure (atm) [18].

The temperature dependence of kD and b are described using
Arrhenius-van't Hoff relationships [15,18]:

k k e=D D

ΔH
RT0

− D
(4)

b b e=
ΔH
RT0

− b
(5)

where ΔHD and ΔHb are the Henry's and Langmuir modes enthalpies of
sorption, respectively. C′H does not follow the same trend with
temperature as kD and b [18]. Excess free volume diminishes in the
polymer matrix as temperature increases towards the glass transition
temperature [17], soC′H decreases as the glass transition temperature is
approached and vanishes at the glass transition temperature [5,19].

The three dual mode parameters are typically determined by non-
linear regression of C vs. p at different temperatures (or S vs. p and T ).
In the limit of vanishing pressure, the dual mode equation for S
becomes:

S S k C blim = = + ′
p

D H
→0

inf

(6)

where S inf is the infinite-dilution solubility coefficient.
The concentration dependence of the enthalpy of sorption is given

by [18]:
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where ΔHI is the isosteric heat of sorption, p is the pressure associated
with a given penetrant concentration, C , in the polymer, and z is the
penetrant compressibility [18]. The isosteric heat of sorption repre-
sents the enthalpy of sorption at a fixed concentration [18]. By
calculating ΔHI , the interactions between penetrants and polymer
segments can be examined. ΔHI is a measure of the average difference
in enthalpy between a molecule in the gas phase and in the sorbed state
at a constant penetrant concentration in the polymer. Due to dual-
mode effects, as concentration is increased, ΔHI initially becomes more
exothermic and then becomes more endothermic at higher concentra-
tions [20]. Furthermore, this analysis can be performed independent of
any specific model, such as the dual mode model.

3. Experimental

3.1. Materials

The diamine monomer, 3,3′-dihydroxy-4,4′-diamino-biphenyl
(HAB, Wakayama Seika Kyogo Co., Wakayama, Japan), was covered
with aluminum foil to shield it from light and heated under vacuum to
60 °C overnight before use. The dianhydride monomer, 2,2′-bis-(3,4-
dicarboxyphenyl) hexafluoropropane dianhydride (6FDA, Alfa Aesar,
Ward Hill, MA, USA), was heated to 200 °C for 6 h under −10 inHg of
vacuum before being cooled to 120 °C under full vacuum overnight.
Acetic anhydride (AA, 99.5%, Sigma Aldrich, St. Louis, MO, USA),
pyridine (≥99.9%, Sigma Aldrich, St. Louis, MO, USA), and anhydrous
1-methyl-2-pyrrolidinone (NMP, Sigma Aldrich, St. Louis, MO, USA)
were used as received. Nitrogen, methane, and carbon dioxide (UHP
grade) were obtained from Airgas (Radnor, PA, USA).

3.2. Synthesis

The precursor polyimide used in this study was synthesized via
chemical imidization as described previously [21]. For a typical
synthesis, HAB (19.9 mmol) was added to a three-necked flask
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equipped with a mechanical stirrer and allowed to dissolve under
nitrogen in anhydrous NMP. Next, 6FDA (20.0 mmol) was added along
with more NMP to make a 0.15 g solids per cm3 NMP solution. The
flask was then placed in an ice bath, and the monomers were allowed to
react for 24 h. The resulting poly(amic acid) was imidized by adding
8 mol of acetic anhydride and 8 mol of pyridine per mole of HAB
followed by further dilution with anhydrous NMP to make a 0.08 g
(6FDA, HAB, AA, pyridine) per cm3 NMP solution. The solution was
stirred under N2 for a further 24 h. Finally, the reaction flask was
equipped with a condenser, and the solution was heated to 60 °C for
one hour to drive the reaction to completion.

The final HAB-6FDA polymer was further diluted with NMP to
obtain a 5% (w/v) solution before precipitating the solution in a
blender containing methanol (VWR, Radnor, PA, USA). Precipitated
fibers were filtered and washed with methanol in a Büchner funnel
before being placed in a stirred methanol bath for two consecutive 24-h
extraction steps. Fresh methanol was used for each extraction step. The
light brown polymer fibers were dried under vacuum for 24 h at 80 °C,
24 h at 120 °C, and 48 h at 200 °C. The 1H NMR and FT-IR spectra
were consistent with the expected polyimide structure (cf., Figs. S1, S2,
and S3 in the supplementary materials).

3.3. Film preparation

Approximately 1 g of HAB-6FDA was dissolved in N,N-dimethyla-
cetamide (DMAc, Sigma Aldrich) with stirring to make a 2% (w/w)
solution. The solution was filtered through a 5.0 µm Millex-LS PTFE
filter (EMD Millipore; Billerica, MA, USA) into a glass ring silicone
caulked to a clean glass plate. The solution and plate were placed on a
level surface in a vacuum oven. The oven was partially evacuated to
−25 inHg, after which the oven was purged three times with dry air
pulled into the oven through a Drierite column (W. A. Hammond
DRIERITE Co., Xenia, OH, USA). The solution was then allowed to
evaporate slowly at 80 °C and −10 inHg for 24 h. The films were then
peeled off the glass plate and placed between two glass plates with
spacers and dried at 200 °C overnight under full vacuum, resulting in
approximately 35 µm thick solvent-free films. Solvent removal was
verified by thermogravimetric analysis (cf., Fig. S4). Thickness was
measured as an average of several points using a Mitutoyo Digimatic
Micrometer (MDC-1 PJ, #293-340, Mitutoyo America Corporation,
Aurora, IL).

3.4. TR conversion

Polyimide films were thermally rearranged to their corresponding
polybenzoxazole (PBO) structures (cf., Fig. S1 in the supplementary
materials) in a Carbolite Split-Tube Furnace (Carbolite, Watertown,
WI, USA). Solvent-free films were weighed and sandwiched between
ceramic plates with spacers to allow for film contraction during
rearrangement. The temperature was raised to 300 °C at 5 °C/min
under nitrogen purge (900 cm3/min). After a dwell period of 1 h, the
temperature was raised again to the target thermal rearrangement
temperature for a prescribed time before the furnace was allowed to
cool down at a maximum rate of 10 °C/min. The thermal rearrange-
ment conditions are summarized in Table 1. The three thermal

rearrangement protocols considered in this study were selected to
minimize potential thermal degradation at the highest thermal re-
arrangement temperature at long times and for consistency with our
previous studies [14,21–24] and are denoted by their thermal re-
arrangement conditions. Each protocol is named TRX-Y where "X" is
the final dwell temperature in °C and "Y" is the final dwell time. Percent
conversion from polyimide to PBO was calculated by mass loss:

% Conversion = Actual mass loss
Theoretical mass loss

× 100%
(8)

where the actual mass loss is the measured difference in mass before
and after thermal rearrangement, and the theoretical mass loss is
calculated from the polymer repeat unit molecular weights assuming
that all ortho-position functional groups undergoing thermal rearran-
gement do so by rearranging to the polybenzoxazole structure [22]. For
samples prepared via this protocol, the extent of conversion varied by
± 5% from sample to sample.

3.5. Gas solubility measurements

The solubilities of CH4 and CO2 in each sample were determined at
temperatures from −10 to 50 °C using a dual-volume pressure decay
apparatus [25]. Approximately 0.5–0.75 g of polymer was cut into
small pieces and stacked in the sample cell. The cell was held under
vacuum overnight to degas the polymer film, and the system was then
brought to the desired measurement temperature. The charge cell,
which is separated from the sample cell by a valve, was filled with
penetrant gas and allowed to reach thermal equilibrium. Next, the
valve was opened briefly to allow gas to flow from the charge cell into
the sample cell. The pressure in the sample cell decayed as gas sorbed
into the polymer. After equilibrium was reached, more gas was
introduced into the charge cell, and the experiment was repeated in a
stepwise manner to a maximum pressure of approximately 27 atm. The
resultant equilibrium pressures, the volumes of the charge chamber,
the sample chamber, and the polymer sample (estimated from its mass
and density) were used to perform a mole balance at each pressure step
using the Soave-Redlich-Kwong (SRK) equation of state [26] to
generate the sorption isotherms [25]. After the sorption isotherm
measurement, the sample was again held under vacuum in preparation
for the next experiment. To avoid effects of CO2 conditioning [27],
fresh samples were used after each CO2 isotherm.

The solubility of N2 in each sample was measured over a range of
temperatures (0–50 °C) gravimetrically, using a Rubotherm Magnetic
Suspension Balance (Rubotherm Präzisionsmeßtechnik GmbH;
Bochum, Germany). N2 sorption measurements were performed fol-
lowing the procedure outlined in Ref. [14]. Additionally, a liquid argon
trap was used in the gas feed line to remove any condensable
impurities. The effect of buoyancy on the resultant gas sorption
isotherms was accounted for using a procedure described previously
[14]. Pressure decay and magnetic suspension balance methods were
previously shown to give reasonable agreement for sparingly soluble
gases such as H2 [14]. The N2 sorption data presented here are within
6% of the N2 sorption at 35 °C previously reported in these materials
[21] except for TR350-1hr, which was 20% higher here than previously
reported. However, for TR350-1hr, thermal rearrangement proceeds at
a temperature comparable to the glass transition temperature of HAB-
6FDA. Small variations in temperature near the glass transition have a
significant effect on the packing structures and free volume distribu-
tions in these polymers. The differences in this report compared to
previous work should be expected based on the sensitive nature of
forming the exact physical packing structure of TR polymers that are
formed in this range of temperatures surrounding the glass transition.

Table 1
Thermal rearrangement conditions and TR conversion.

Sample name Conversion time (min) Dwell temperature (°C) % Conversion

HAB-6FDA – – –

TR350-1hr 60 350 37
TR400-1hr 60 400 58
TR450-30m 30 450 67
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4. Results and discussion

4.1. Gas sorption isotherm measurements

Gas solubility was measured for N2, CH4, and CO2 in HAB-6FDA
and three of its TR analogs. To provide a broader context to these
results, additional H2 data from a previous study were included in the
analysis [14]. Selected isotherms are presented in the main text, and
the complete set of isotherms is reported in Figs. S5 and S6 in the
Supplementary material section. The uncertainties presented here were
calculated by the propagation of errors method [28].

Sorption isotherms for CH4 in the polyimide precursor and TR
polymers are shown in Fig. 1. Solubility increases with decreasing
temperature for all samples in this study. Increasing the temperature
from 35 to 50 °C resulted in the concentration of CH4 at 10 atm in the
HAB-6FDA polyimide decreasing from 10.6 to 8.7 cm3(STP)/(cm3

polymer) (17% decrease). Decreasing the temperature from 35 to
20 °C resulted in an increase of 27% from 10.6 to 13.4 cm3(STP)/
(cm3 polymer). At 27 atm (the highest pressure measured for CH4),
concentrations ranged from 15.6 (at 50 °C) to 32.5 (at −10 °C)
cm3(STP)/(cm3 polymer). At increasing degrees of TR conversion,
solubilities increase for all gases tested, as previously reported [21].

Gas solubilities at 10 atm are presented in Table S1 (Supplementary
material section) for HAB-6FDA and its TR analogs alongside

Matrimid®, 6FDA-TAB, PTMSP, and Teflon AF2400® [7,14,29–31]
for comparison. As TR conversion increases, solubility increases for
all gases with some decrease in solubility selectivity. As expected,
solubility increases monotonically with increasing penetrant critical
temperature (e.g., in the polyimide, solubility at 10 atm and 35 °C
increased from 0.037 cm3 (STP)/(cm3 polymer atm) for N2 to 1.0 for
CH4 and 3.8 for CO2). Gas solubilities in HAB-6FDA polyimide are
close to those in Matrimid® [30] with similar (if slightly higher)
solubilities and correspondingly lower solubility selectivities. In gen-
eral, solubility selectivities decrease as TR conversion increases.

4.2. Effect of temperature on gas solubility

The temperature dependence of gas solubility coefficients in each of
the samples is presented in Fig. 2. S increased with increasing TR
conversion, coinciding with an increase in FFV with TR conversion (as
discussed further below). At 35 °C, increases in solubility with TR
conversion are similar to those reported by Smith et al. [21], with
solubility increasing roughly 2–3 times the original value. This increase
in solubility is ascribed, in part, to an increase in non-equilibrium free
volume in the TR polymer structure [21]. For all species, solubility
increases as temperature decreases and follows Arrhenius-like beha-
vior, consistent with the behavior observed by Kim et al. in TR-β-
polymers [13]. For each sample, H2 solubility was approximately 70%

Fig. 1. Concentration as a function of pressure of CH4 at 50 °C (open squares), 35 °C (open triangles), 20 °C (open circles), 10 °C (crosses) and −10 °C (open diamonds) in: A) HAB-
6FDA polyimide, B) TR350-1hr, C) TR400-1hr, and D) TR450-30m. The continuous lines are dual mode model fits.
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higher at −10 °C than at 50 °C. N2, CH4, and CO2 solubilities were
approximately 100% higher over the same range of temperatures.

In Fig. 3, the CO2 sorption coefficient is presented at multiple
temperatures for a number of rubbery and glassy polymers, including
HAB-6FDA polyimide and its TR450-30m analog. For PDMS, since it is
a rubbery polymer, there is no contribution to S from the Langmuir
sorption mode, so gas solubility is lower than in the glassy polymers in
Fig. 3 [32]. HAB-6FDA and its TR polymer analogs have temperature-
dependent sorption behavior similar to that of other high free volume,
hexafluoroisopropylidene (6F)-containing polymers such as 6FDA-TAB
[33].

The slopes of the lines in Fig. 2 may be used to calculate the
enthalpies of sorption at 10 atm (cf., Eq. (1)). The slopes of Sln versus

T1/ change relatively little with TR conversion, with CO2 exhibiting the
most significant variation. Values of ΔHS for each gas and polymer at
10 atm are presented in Table 2, and R2 values are presented in Table
S3. For many polymers, enthalpies of sorption become more exother-
mic with increasing penetrant Tc (i.e., endothermicity increases in the
following order: CO2 < CH4 < N2 < H2) [17]. However, HAB-6FDA
and its TR polymers exhibit an unusual order of enthalpies of sorption
(N2 < CH4 ≈ CO2 < H2). This trend has been observed previously in
high FFV materials such as 6FDA-TAB [33], which observed the order
O2 < N2 < CH4 < CO2, and PIM-1, where O2 sorption was more

Fig. 2. Solubilities at 10 atm for CO2, CH4, N2, and H2 at multiple temperatures for: A) HAB-6FDA polyimide, B) TR350-1hr, C) TR400-1hr, and D) TR450-30m. H2 data are from
Smith et al. [14].

Fig. 3. Solubility of CO2 at 10 atm in HAB-6FDA polyimide (open squares) and TR450-
30m (open circles), 6FDA-TAB (open triangles) [33], AF2400® (open diamonds) [7], and
PDMS (crosses) [34].
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exothermic than for CO2 at 10 atm [35]. Several factors are often used
to rationalize this behavior. First, in the dual mode model, while b can
have a strong temperature dependence, the temperature dependence of
b bp/(1 + ) is weaker and reduces the magnitude of the Langmuir
contribution to the enthalpy of sorption. Additionally, C′H typically is
less temperature-dependent than b. Zimmerman and Koros found that,
in polymers with large, relatively temperature-independent values of
C′H , the order of enthalpies of sorption can be affected by these factors
[33]. Finally, polymer-penetrant interactions could also influence
enthalpies of sorption. However, a theoretical analysis of gas sorption
in HAB-6FDA and its TR analogs was recently reported [36]. The
polymer-penetrant binary interaction parameters calculated in the
study by Galizia et al. were not large, which indicates that polymer-
penetrant interactions are minimal.

As TR conversion increases, free volume increases [8,21,23]. As a
result of higher free volume, S increases for all gases with increasing TR
conversion due predominantly to a large Langmuir site contribution to
solubility. Fig. 4 presents the effect of TR conversion on CH4 solubility
at several temperatures. Solubility increases by a factor of 2–3. Similar
increases in S as a function of TR conversion were observed for other
gases, with CO2 displaying the smallest increase in solubility, consis-
tent with prior observations that smaller increase in CO2 sorption, as
compared to increases in sorption for gases such as N2 and CH4, is a
result of the loss of acetate and carbonyl functional groups during
thermal rearrangement [21].

While solubility increases with TR conversion, only modest changes
in ΔHS are observed (cf., Table 2). As TR conversion (and FFV)

increase, the ratio of Langmuir to Henry's law sorption increases (as
will be demonstrated below). Langmuir sorption lacks the energetic
penalty of creating gaps between polymer chains to accommodate
penetrant molecules that is commonly associated with Henry's Law
sorption sites [18], so ΔHS should become more exothermic as TR
conversion increases. As TR conversion increases, ΔHS does become
slightly more exothermic, but the trend is largely within the uncertainty
of the measurements. The most significant change in ΔHS with TR
conversion occurs between HAB-6FDA and TR350-1hr. ΔHS decreases
in magnitude for all gases for TR350-1hr. At this level of conversion, it
is not quantitatively clear what fraction of mass loss comes from solid-
state deprotection of the o-position acetate group in the form of acetic
acid and what fraction comes from conversion of polyimide to PBO.
However, Sanders et al. have predicted that most if not all of the acetate
o-position groups have been removed and replaced with hydroxyl
functionality under these conditions [23]. The presence of hydroxyl
functionality on unconverted polymer chain segments can lead to
hydrogen bonding and a corresponding increase in the energy penalty
associated with Henry's law sorption. On this basis, enthalpies of
sorption are expected to be somewhat more exothermic as conversion
increases due to fewer remaining hydroxyl groups, less hydrogen
bonding, and a lower energy penalty to creating Henry's law sorption
sites. However, this effect is small.

While solubilities change as a function of temperature, solubility
selectivities remain relatively constant with temperature. If there is no
significant difference in ΔHS for a gas pair (for example, CO2 and CH4

for the TR450-30m sample have enthalpies of sorption of −8 ± 1 and
−9 ± 1, respectively), ΔH ΔH−S A S B, , is approximately 0, so the expo-
nential term of Eq. (2) is 1. Solubility selectivities for all four samples
considered are plotted against inverse temperature in Fig. 5. For all
four samples at 10 atm, ΔHS is nearly equivalent for CO2 and CH4,
resulting in no substantial changes in CO2/CH4 selectivity as tempera-
ture is varied.

The enthalpy of sorption can also be determined as a function of
penetrant concentration as indicated in Eq. (7) [7,18,20]. Koros et al.
predict a minimum in ΔHI , the isosteric heat of sorption, [18] though
this minimum is not always observed and likely occurs outside the
range of concentrations (i.e., pressures) considered. Yang et al. studied
H2O vapor sorption over a wide range of concentrations and observed
an initial decrease in ΔHI for H2O vapor in Kapton followed by an
increase and asymptotic leveling at higher concentrations [20], which
is consistent with the predictions by Koros et al.

Fig. 6A presents ΔHI as a function of penetrant concentration for
several penetrants in the TR450-30m sample. The dual mode model
was used to interpolate concentration versus pressure isotherms and to
calculate ΔHI according to the method described by Koros et al. [18].
For N2, the Langmuir sites were not yet saturated at the highest
concentrations achieved, resulting in no significant change in ΔHI . For
CO2 (the most condensable penetrant considered), the upturn in ΔHI

Table 2
Enthalpies of sorption at 10 atm.

ΔHS (kJ/mol) Ref.

% Conversion H2 N2 CH4 CO2

Tc (K) 33.2 126.2 190.6 304.2 [17]

HAB-6FDA 0 −6.5 ± 0.6 −13 ± 2 −11 ± 1 −11 ± 1 H2 from [14]; remainder from this study.
TR350-1hr 37 −5.0 ± 0.9 −11 ± 2 −8.2 ± 0.9 −7.7 ± 0.5
TR400-1hr 58 −5.6 ± 0.5 −10 ± 2 −8 ± 1 −9.1 ± 0.6
TR450-30m 67 −6.1 ± 0.6 −11 ± 2 −9 ± 1 −8 ± 1
6FDA-TAB – – −11.7 −11.7 −10.5 [33]
6FDA-6FpDAa – – −13 −14.6 −15 [6]
PIM-1 – – −8.6 −11.2 −10.4 [35]

a Data at 5 atm.

Fig. 4. Solubility of CH4 at various temperatures as a function of TR conversion.
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above 60 cm3 (STP)/cm3 polymer is ascribed to filling the Langmuir
sites, leading to increasing sorption into Henry's law regions where the
endothermic barrier to gas sorption becomes significant. This effect is
not observed for the other penetrants in the concentration ranges
considered here. ΔHI for H2 was also calculated but exhibited no
concentration dependence. Similar plots for other samples are reported
in the Supplementary Materials section (Fig. S7) and exhibit similar
trends as those presented in Fig. 6. ΔHI represents redistribution of
penetrant molecules between Henry's law and Langmuir populations as
pressure and temperature are varied to maintain a constant concentra-
tion and is not always directly comparable to ΔHS at a constant
pressure.

Except for H2, where solubility was nearly independent of pressure,
enthalpies of sorption become less exothermic as gas pressure in-
creased. As gases dissolve into the polymer matrix, there is initially
only a minor contribution from Henry's law sorption to overall
sorption. At higher concentrations, the endothermic penalty in creating

Henry's law sorption sites results in an endothermic shift in ΔHS . An
example of this behavior is presented in Fig. 6B.

4.3. Dual mode modeling as a function of temperature

The sorption characteristics of HAB-6FDA and its corresponding
TR polymer analogs were further analyzed with the dual mode model.
The coupled nature of the model parameters makes unique values
difficult to obtain, so one must be cautious in interpreting the
parameter values [37]. Furthermore, different regression methods
can yield different parameter values [37–40]. Predictions and calcula-
tions with the dual mode parameters (such as C versus p isotherms
and, to a lesser extent, infinite dilution solubilities) are relatively more
certain, because perturbations of dual mode parameters moving in
opposite directions can result in the same predicted values (e.g., an
increase inC′H can offset a decrease in b, but values of, for example, S inf

in Eq. (6) can remain largely unchanged). However, further calcula-
tions based on predicted values can result in propagation of any
variations, so the output of dual mode modeling must be considered
with caution. The dual mode parameters used in this study were
obtained by nonlinear least-squares optimization, and the details of the
fitting method are reported with the resulting parameters in the
Supplementary materials section.

Infinite dilution solubility coefficients were estimated using Eq. (6),
and the values exhibit a clear trend with critical temperature for all
gases, as shown in Fig. 7 and Table S2. The slopes of the logarithm of
S inf against Tc are between 0.018 and 0.019 K−1 for all samples, which is
within the range typically observed for both glassy and rubbery
polymers [17,41]. Similar to solubilities at 10 atm, solubilities at
infinite dilution increase by a factor of 2–4 with increasing TR
conversion.

Infinite dilution solubility selectivities were calculated and are
recorded in Table S2. Infinite dilution solubility selectivities are higher
than the corresponding solubility selectivities at 10 atm (cf., Table S1).
Similar to 10 atm, infinite dilution solubility selectivities decrease with
TR conversion but are significantly higher than those of high free
volume materials such as PTMSP and AF2400® [7,29]. Robeson and
Smith found a slight dependence of solubility selectivity on fractional
free volume through analysis of a large data set of solubility data for
polymers [42]. The higher solubility selectivities observed here, relative
to other high free volume materials, could be ascribed to a form of
structured free volume elements (such as, for example, hourglass
shaped pores [8]) that are more well defined than in other polymers.

Fig. 5. CO2/CH4 solubility selectivity as a function of inverse temperature for HAB-
6FDA (black circles), TR350-1hr (blue squares), TR400-1hr (green triangles), and
TR450-1hr (red diamonds). All data in this figure are at an upstream pressure of
10 atm. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).

Fig. 6. A) Isosteric heat of sorption (ΔHI ) for N2, CH4, and CO2 in TR450-30m. Uncertainties were estimated [28] to be approximately 5–10%. B) Enthalpy of sorption for N2 in TR450-

30m as a function of pressure. The dashed line is a guide for the eye.
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5. Conclusions

The solubilities of N2, CH4, and CO2 were measured in HAB-6FDA
polyimide and three of its TR analogs at pressures up to 27 atm and
temperatures from −10 °C to 50 °C. Solubility increased with increas-
ing TR conversion, and enthalpies of sorption became less exothermic
upon initial TR conversion. However, further TR conversion had a
small impact on the enthalpies of sorption. The endothermic shift in
enthalpies of sorption at low levels of TR conversion is hypothesized to
be related to the presence of hydrogen bonding, which would tend to
increase the energetic penalty to create Henry's law sorption sites, and
by cross-links formed during thermal rearrangement. Solubility selec-
tivity decreased with increasing TR conversion but only changed
slightly with temperature due to similar enthalpies of sorption for
CH4 and CO2. Infinite dilution solubilities correlated well with pene-
trant critical temperature.
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