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ABSTRACT: A novel polymer of intrinsic microporosity
(PIM) was prepared from a diaminobenzotriptycene monomer
using a polymerization reaction based on Trdger’s base
formation. The polymer (PIM-BTrip-TB) demonstrated an
apparent Brunauer, Emmet, and Teller (BET) surface area of
870 m? g_l, good solubility in chloroform, excellent molecular
mass, high inherent viscosity and provided robust thin films for
gas permeability measurements. The polymer is highly
permeable (e.g, PH, = 9980; PO, = 3290 Barrer) with
moderate selectivity (e.g., PH,/PN, = 11.0; PO,/PN, = 3.6) so
that its data lie over the 2008 Robeson upper bounds for the
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H,/N,, 0,/N,, and H,/CH, gas pairs and on the upper bound for CO,/CH,. On aging, the polymer demonstrates a drop in
permeability, which is typical for ultrapermeable polymers, but with a significant increase in gas selectivities (e.g,, PO, = 1170

Barrer; PO,/PN, = 5.4).

he preparation of new polymeric membranes for gas

separation is receiving increasing attention, by both
academia and industry,’ as a result of their potential for a
number of important separations, including 0,/N,> for the
production of oxygen-enriched or depleted air, CO,/CH,’ for
natural gas enrichment, CO,/N," for carbon capture, and H,/
N, and H,/CO,’ for the recovery and production of
hydrogen.6 The performance of membranes for gas separation
is typically evaluated by measuring the permeability of single
species (P, and P)) and calculating the ideal selectivity of one
component of a gas pair relative to the other (a,, = P,/P)). It
was found that polymers suffer a trade-off relationship between
these two values so that highly selective polymers have low
permeability and vice versa. This relationship was empirically
quantified by Robeson’ and then theoretically explained by
Freeman.® Following these studies, it was suggested that, to
surpass the Robeson upper bounds, it was desirable to prepare
polymers with higher internal free volume, by increasing
interchain distances, and with enhanced backbone rigidity to
improve selectivity via molecular sieving. Polymers of intrinsic
microporosity (PIMs), first reported in 2004, in which a highly
rigid and contorted macromolecular structure ensures high free
volume, conform to this design strategy.'” Recently, we
reported a new class of PIMs prepared using the efficient
formation of the highly rigid and contorted bicyclic diamine
called Troger’s base (PIM-TB)."" When the polymerization was
performed using a diamine monomer containing a bridged
bicyclic structure, such as 2,6(7)-diamino-9,10-dimethyletha-
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noanthracene, a highly rigid polymer was prepared (PIM-EA-
TB, Figure 1). This polymer demonstrates very efficient
molecular sieving properties, showing very high gas perme-
ability and good selectivity so that its data surpass the 2008
upper bounds for important gas pairs such as O,/N,, H,/N,,
H,/CH,, and H,/CO,.

Recently we showed that the replacement of the ethanoan-
thracene unit (PIM-EA-TB) with triptycene (PIM-Trip-TB,
Figure 1) resulted in increased permeability for all of the tested
gases.'” We attributed this improvement to the propeller-like
structure of the triptycene unit, which provides additional
interchain distance, making it a very useful component for both
porous polymers'* and PIMs.'*"® In an earlier study, Sydlik et
al.'® showed that the replacement of triptycene with
benzotriptycene enhanced free volume within a series of
polyimides due to what was defined as benzotriptycene’s
greater “Internal Molecular Free Volume”'” relative to that of
triptycene. Hence we anticipated that using benzotriptycene in
place of ethanoanthracene or triptycene would further enhance
the gas permeability of the PIM-TB series as has been
demonstrated recently by Alghunaimi et al. for a polyimide.'®
In this paper, we report the synthesis, characterization, and gas
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Figure 1. Structures of PIM-EA-TB,"> PIM-Trip-TB,"> and PIM-BTrip-TB.
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permeability studies of PIM-BTrip-TB (Figure 1) and confirm
the validity of this prediction.

The synthesis of the required 2,6-diaminobenzotriptycene
monomer 4 (Scheme 1) was performed using a slightly
modified version of the method reported by Sydlik et al.'®
involving the Diels—Alder reaction between 2,6-diaminoan-
thracene 1 and 1,4-dihydro-1,4-epoxynaphthalene 2 to obtain
the adduct 3 followed by its dehydration with perchloric acid.
The only significant difference between our method and that of
Sydlik et al.'® was the use of microwave irradiation for the
Diels—Alder step, which allowed us to obtain the adduct 3
rapidly (2.5 h instead of 4 days) and in higher yield (90%).

An advantage of this synthetic route is that it allows the
formation of the final monomer as a single product in contrast
to the monomer synthesis procedure used previously for PIM-
EA-TB and PIM-Trip-TB, via nitration of the respective
hydrocarbon, which results in an equal mixture of the 2,6(7)-
diamino regioisomers. We recently demonstrated that the use
of a single isomer benefits the polymerization of a PIM,
improving the physical properties of the films."

PIM-BTrip-TB was prepared from a polymerization reaction,
optimized for TB formation,'" by the addition of monomer 4 to
a solution of five molar equivalents of dimethoxymethane in
trifluoroacetic acid (TFA).

The complete solubility of the product in chloroform
permitted characterization by NMR, gel permeation chroma-
tography (GPC), which indicated a weight-average molecular
mass of 103 X 10° g mol™' as compared to polystyrene
standards (Figure S1), and viscosity measurements, which
showed an inherent viscosity of 73 cm® g™', a result that is
consistent with previously reported values obtained from
solutions of film-forming PIMs."” The physical properties are
summarized in Table S1. A model of the PIM-BTrip-TB
(Figure 2) shows that its macromolecular structure is contorted
in three dimensions which, combined with its high rigidity,
would be expected to result in inefficient packing of the
polymer chains in the solid state and, therefore, would generate
intrinsic microporosity. This contorted structure also mini-
mized cohesive interactions which presumably account for the
solubility of the polymer despite its extreme rigidity. The N,
adsorption isotherm acquired at 77 K (Figure S2) confirms its
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Figure 2. Molecular model of a fragment of PIM-BTrip-TB (made
with Spartan 10 vVersion 1.1.0; Wave Function Inc,, Irvine, CA, USA).

microporous structure and allows an apparent BET surface area
of 870 m* ¢! to be calculated. This value is similar to that of
PIM-Trip-TB but is significantly less than that found for PIM-
EA-TB (Table S1). CO, adsorption data for PIM-BTrip-TB
show that 3.0 mmol g~ is adsorbed at 1 bar/273 K (Figure S3),
which is greater than the 2.1 mmol g~" reported for PIM-Trip-
TB."> Thermogravimetric analysis (TGA) of PIM-BTrip-TB
indicated a similar thermal stability to that of PIM-Trip-TB but
enhanced as compared to that of PIM-EA-TB, which appears to
suffer from the loss of ethylene (~10% mass) via a retro-Diels—
Alder reaction commencing at 325 °C (Figure S4).

Slow evaporation (over S days) of a solution of PIM-BTrip-
TB in chloroform (700 mg in 18 mL) cast on a PTFE dish (100
mm diameter) gave robust 180 um thick films. These
demonstrate excellent mechanical properties, consistent with
the polymer’s high molecular mass, with a Young’s modulus
close to that of PIM-EA-TB and only slightly inferior to that of
PIM-Trip-TB'* (Figure S5). The mechanical properties of films
of PIM-BTrip-TB make them suitable for gas permeability
measurements.

Prior to gas permeability measurements, the films were
soaked in methanol and dried to remove any residual traces of
the casting solvent. This treatment is also known to reverse the
physical aging effects of ultrapermeable glassy polymers.””*"
Values for gas permeabilities are shown in Table 1 and in Table
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Table 1. Gas Permeabilities P,, Diffusivity D,, Solubility Coefficient S,, and Ideal Selectivities a (P,/P,), a (D,/D,) and & (S,/
S,) for a Methanol-Treated Film of PIM-BTrip-TB (Data from Film Aged for 166 Days in Parentheses)

selectivity a (P,/P,), @ (D,/D,) and a (S,/S,) (-)

N, 0, Co, CH, H, He H,/N, H,/CH, CO,/CH, 0,/N,
P, [Barrer] 926 3290 13200 1440 9980 2932 10.8 6.9 9.2 3.6
(216) (1170) (4150) (283) (4280) (1470) (19.8) (15.1) (14.7) (5.4)
D, [1072 m?/s) 70 347 99 28 8490 10800 122 306 3.55 5.0
(34) (160) (41) (10) (4780) (6720) (142) (464) (4.1) (4.7)
S, [em® cm™ bar™] 10 7.1 230 38.9 0.88 0.20 0.09 0.023 2.58 0.71
(4.8) (5.5) (77) (20.6) (0.67) (0.16) (0.14) (0.033) (3.74) (1.14)
1 Barrer = 107° cm® (STP) em em™ 57! em Hg™
0,/N, H,/CH,
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Figure 3. Robeson plots for the O,/N,, H,/CH,, CO,/CH,, and H,/N, gas pairs showing the data for PIM-BTrip-TB both immediately after
methanol treatment and after aging for 166 days. The data for PIM-1 and recently relported PIMs based on bridged bicyclic structural units are
2,1

shown for comparison with their film preparation and conditioning as reporte

4,10b,11,12,14,15

S2, where the data are compared with those of the previously
reported PIM-EA-TB and PIM-Trip-TB.'""*

PIM-BTrip-TB demonstrates enhanced permeability for all
gases as compared to PIM-Trip-TB, which appears consistent
with the anticipated higher free volume generated by the
extended triptycene unit. The order of gas permeability is CO,
> H, > O, > CH, > N,, which is the same as that for PIM-Trip-
TB and most other PIMs (PIM-EA-TB differs in that H, is
transported faster than CO,). The exceptionally high
permeabilities combined with moderate ideal selectivities
place the data for PIM-BTrip-TB well above the 2008 Robeson
upper bounds for the O,/N,, H,/N,, and H,/CH, gas pairs
and close to the upper bound for CO,/CH, (Figure 3).

Physical aging is a typical feature of glassy polymers, which
are in a nonequilibrium state below their T, and undergo a
relaxation process to reduce their excess free volume. This leads
to a loss of permeability, usually coupled with an increase of
selectivity in accordance with the Robeson trade-off.” The effect
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of aging is apparent for the methanol-treated film of PIM-
BTrip-TB after 166 days. For example, PO, falls from 3290 to
1170 Barrer, but with an increase in selectivity from PO,/PN, =
3.6 to a remarkably high value of 5.4. The O,/N, selectivity is
especially significant owing to the similar size of the two
molecules. The data point for the aged film of PIM-BTrip-TB is
a similar distance above the O,/N, upperbound (Figure 3) as
compared to those reported by Ghanem et al. for triptycene-
based PIMs, TPIM-1, and KAUST-PI-1."*'*

The films used to measure gas permeabilities were thick
enough for accurate determination of the gas diffusion
coefficients via time lag analysis (Table 1). Due to the similar
solubility coefficients for O, and N,, the preferential transport
of O, relies almost exclusively on diffusivity selectivity based on
the polymer behaving as a molecular sieve. The O,/N, diftusion
selectivity of PIM-BTrip-TB is similar to the value that was
reported for polypyrrolone-6FDA, for which the O,/N, data
point lies on the upper bound with an O,/N, selectivity of 6.5
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and an oxygen permeability of 7.5 barrer.”> However, the O,
permeability of PIM-BTrip-TB is more than 400 times higher
than for this polypyrrolone.

To conclude, a novel PIM derived from benzotriptycene and
prepared using Troger’s base formation as the polymerization
reaction proved highly microporous, thermally stable, and fully
soluble in chloroform. Robust films were prepared by casting
from solution that enabled gas permeability measurements. The
results showed that PIM-BTrip-TB exceeds the overall gas
permeability performance of previously reported PIM-TBs
apparently due to the additional free volume generated by the
benzotriptycene component. Of particular interest is the ideal
selectivity for the O,/N, gas pair, where exceptional oxygen
permeability and reasonable selectivity demonstrate the
potential of PIM-BTrip-TB as a material for polymer gas
separation membranes for applications such as oxygen
enrichment from air.
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