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We synthesized copolymers consisting mostly of physically stable rigid polyimide (PI) and a low content of
highly permeable rubbery polydimethylsiloxane (PDMS), that were crosslinked by CO,-philic ionic
piperazinium groups attached to the side chains of the copolymers. These crosslinked copolymers (xPI-

PDMSs) were fashioned into membranes that showed very high levels of thermochemical stability and
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inclusion of the piperazinium groups not only endowed these xPI-PDMS membranes with increased
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Introduction

The concentration of CO, in the atmosphere is steadily
increasing, and this increase could lead to climate change and
resulting threats to the environment and the economy. It is
hence becoming increasingly important to slow down and even
reverse this increase—and developing efficient, reversible, and
cost-effective technologies for capturing CO, is a promising way
to reduce its atmospheric concentration.

Separation methods based on absorption and on pressure
swing adsorption are the predominant methods for capturing
CO,."* Nevertheless, separations based on polymer membranes
have been attracting much attention as an alternative tech-
nology for CO, separation because this technology does not
require high capital costs and it is operationally simple, energy-
efficient, and modular in nature and hence easy to scale up;
most importantly it is environmentally benign since the
mechanisms of these separations rely on physical rather than
chemical processes.®® Developing polymeric membranes that
are highly permeable and that at the same time selectively
separate the target gas is, however, challenging due to the
generally strong trade-off between permeability and selectivity
as formulated by “Robeson's upper bound” for gas pairs.**°
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morphology and CO, separation properties of xPI-PDMS was also investigated.

Several polymers have been investigated for forming
membranes to be used in gas separation. Polyimide (PI) glassy
polymers are typically used for this purpose, as they display good
mechanical and thermal properties,"** and exhibit a wide range
of permeability levels, accomplished by tuning the polymer
structure. In particular, PI membranes based on 4,4'-hexa-
fluoroisopropylidene diphthalic anhydride (6FDA) show good
CO,/CH, separation characteristics.'>'® The rigid structure of PIs,
however, generally acts as a barrier in gas transport, causing
relatively low gas permeability for practical applications.
Furthermore, the selectivity levels of most glassy polymer
membranes, including Pls, decrease as the feed pressure is
increased above a certain level, due to these membranes
becoming plasticized.'® Crosslinking effectively inhibits plastici-
zation;'”*' this technique, however, is frequently accompanied by
a loss of free volume elements and resulting significant decrease
in permeability, although increased permeability has also been
reported in some cases.”” Polydimethylsiloxane (PDMS) is a flex-
ible rubbery polymer with a low glass transition temperature (7y)
and a high free volume for gas transport.*?* A very high
permeability is hence expected for membranes prepared from
PDMS, but forming these membranes, or films, is difficult due to
the poor mechanical properties of this rubbery polymer.

In order to overcome these limitations of PI and PDMS,
several approaches, including crosslinking of PDMS*® or graft-
ing PDMS onto the rigid PI*” have been applied, and were shown
to improve the mechanical properties of the highly permeable
PDMS. Copolymers between PDMS and PI as the main polymer
backbone were also developed,®®** and shown to exhibit higher
free volumes than the pristine PIs due to the flexible nature of
the PDMS, leading to enhanced permeability compared to the
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PIs combined with high amounts of PDMS. A sharp decrease in
selectivity, however, inevitably accompanied high loading of
PDMS for the PI-PDMS-based copolymers.

In the present work, we prepared PI-PDMS-based copolymers
(PI-PDMSs) containing relatively little PDMS to minimize the
reduction in the selectivity of the corresponding membranes. In
addition, the PI-PDMS-based polymer membranes were cross-
linked for the first time with ionic groups, specifically piper-
azinium groups, which was carried out to compensate for the
reduced selectivity and mechanical strength resulting from the
inclusion of the rubbery PDMS. The piperazinium groups were
introduced onto the side chains of the PI-PDMS copolymers, as
pendant ionic groups, to serve as both crosslinking units and CO,-
philic functional groups. The resulting novel piperazinium-
mediated crosslinked PI-PDMS copolymer product, denoted as
“xPI-PDMS”, was shown to indeed have a high affinity for CO,, and
hence increased selectivity for CO,. Such increased selectivity has
also been previously reported for membranes based on other
polymers functionalized with ionic groups.**** The xPI-PDMS
membranes showed very high levels of thermal and mechanical
stability, as well as high resistance to becoming plasticized in the
presence of CO,. Most importantly, these membranes were shown
to be very effective at separating CO, from CH, and from N,. In
addition, the PDMS loading level was varied, within a low loading
level range, and the gas-separation performances and physical
properties of the resulting XPI-PDMS membranes are reported.

Experimental

Materials

4,4'-(Hexafluoroisopropylidene)diphthalic ~ anhydride (6FDA),
2,3,5,6-tetramethyl benzene-1,4-diamine (durene), N-bromosucci-
nimide (NBS) and N,N-dimethyl piperazine (piperazine) were
purchased from Tokyo Chemical Industry (TCI) Co., Ltd. (Tokyo,
Japan) and used as obtained. Ttriethyl amine and acetic anhydride
were obtained from Alfa-Aesar (a Jonhson Mathey Co.). Alpha-
omega-diamino-functionalized polydimethylsiloxane (PDMS, M,
of 2500 ¢ mol~ ") was purchased from Sigma Aldrich. 6FDA and
durene were dried under vacuum at 60 °C for 24 h prior to the
polymerization. All other chemicals, unless otherwise noted, were
obtained from commercial sources and used as received.

Synthesis

Synthesis of polyimide-PDMS (PI-PDMS) copolymers with
different PDMS compositions (1). A general procedure to
prepare PI-PDMS: two-step synthesis such as polyamic acid
formation followed by imidization was performed for the
synthesis of polyimide-PDMS copolymers. Into a 100 cm® two-
necked flask equipped with a magnetic stirrer, nitrogen inlet,
and a condenser, durene (1.00 g, 6.09 mmol), PDMS (0.05 g, 0.02
mmol), and DMAc (20 cm®) were added. 6FDA (2.71 g, 6.11 mmol)
was then added to this solution at 0 °C, and allowed to stir for 3 h.
The reaction mixture was allowed to stir at 25 °C for 12 h. After
this time, triethyl amine (1.79 em?, 12.83 mmol) and acetic
anhydride (1.24 cm?, 12.83 mmol) were added to the reaction
mixture and heated to 110 °C under vigorous stirring for 3 h to
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induce a complete imidization of polyamic acid to form poly-
imide. The viscous mixture was then cooled to r.t. and followed
by pouring into methanol (400 cm®). White polymer beads were
collected by filtration, and this was washed with deionized water
and methanol several times to remove the unreacted PDMS and
other reaction residues, followed by drying under vacuum at
80 °C for 48 h to give the PI-PDMS copolymer 1.

PI-PDMS-0.05 (3.33 g, 93.8%); 6y (400 MHz, CDCl;) 7.90-8.11
(6H, br signal, ArH), 1.94-2.31 (12H, br signal, ArCHj;), 0.01-0.09
(0.6H, br signal, CH;SiCH;); GPC (DMF, RI)/Da M,, 4.9 x 10*, M,,
7.6 x 10* and M,/M,, 1.5.

PI-PDMS-0.10 (3.10 g, 87.1%); &;; (400 MHz, CDCl;) 7.90-8.12
(6H, br signal, ArH), 1.97-2.31 (12H, br signal, ArCH3;), 0.01-0.16
(0.7H, br signal, CH,SiCH;); GPC (DMF, RI)/Da M, 5.3 x 10*, M,,
8.1 x 10* and M,,/M,, 1.5.

PI-PDMS-0.15 (3.10 g, 86.7%); 031 (400 MHz, CDCl;) 7.89-8.13
(6H, br signal, ArH), 1.96-2.30 (12H, br signal, ArCHj;), 0.01-0.11
(1.0H, br signal, CH,SiCH;); GPC (DMF, RI)/Da M, 4.0 x 10*, M,,
6.8 x 10* and M,,/M,, 1.7.

Bromination of PI-PDMS copolymers to give the Br-PI-PDMS
with different PDMS compositions (2). In a 250 cm® two-necked
flask equipped with a magnetic stirrer, the PI-PDMS copolymers
with three different PDMS compositions 1 (1 g, 1.72 mmol) and
a catalytic amount of biphenyl peroxide (BPO) were dissolved with
tetrachloroethane (8 cm®) in a 50 cm® two-necked flask equipped
with a magnetic stirrer, nitrogen inlet, and a condenser. This was
heated to 80 °C for a complete dissolution before adding N-bro-
mosuccinimide (0.09 g, 0.48 mmol), and the solution was allowed
to stir for 3 h at this temperature. The resultant yellow colored
polymer solution was cooled to r.t. and precipitated into methanol
(400 cm®). The yellow-colored polymer powders were collected by
filtration and washed with deionized water, and dried under
vacuum at 80 °C for 48 h to give the brominated PI-PDMS (Br-PI-
PDMS, 2).

Br-PI-PDMS-0.05 (0.87 g, 86.1%); &y (400 MHz, CDCI,) 7.90-
8.11 (6H, br signal, ArH), 4.45-4.27 (0.6H, br signal, ArCH,),
1.94-2.31 (12H, br signal, ArCH3), 0.01-0.09 (0.48H, br signal,
CH;SiCH3).

Br-PI-PDMS-0.10 (0.89 g, 87.8%); 6y (400 MHz, CDCl,) 7.90-
8.12 (6H, br signal, ArH), 4.60-4.30 (0.6H, br signal, ArCH,),
1.97-2.31 (12H, br signal, ArCHj;), 0.01-0.16 (0.53H, br signal,
CH;SiCH;).

Br-PI-PDMS-0.15 (0.89 g, 87.4%); 6y (400 MHz, CDCl;) 7.89-
8.13 (6H, br signal, ArH), 4.50-4.30 (0.52H, br signal, ArCH,),
1.96-2.30 (12H, br signal, ArCHj;), 0.01-0.11 (1.0H, br signal,
CH,SiCHS).

Membrane preparations

Preparation of piperazinium-mediated crosslinked PI-PDMS
copolymer membranes (1). The brominated PI-PDMS (Br-PI-
PDMS, 2) (0.3 g, 0.51 mmol) was dissolved in 8.0 cm® of dry
DMF, and the crosslinker, N,N'-dimethylpiperazine (0.3 g, 2.63
mmol), was added into this solution and was left to stir for
another 30 min. The resultant solutions were poured onto glass
plates after filtration through a plug of cotton. The plates were
then placed in an oven, covered with aluminum foils having
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small holes and allowed to slow solvent evaporation at 80 °C for
12 h and further dried in a vacuum oven at 80 °C for 6 h. After
being completely dried, the resulting membranes were cooled
to r.t. and peeled off from the glass plate, and then being dried
at the ambient temperature. The thickness of each membrane
was controlled to be 40 to 50 um.

Characterization and measurements

"H NMR spectra were obtained on an Agilent 400-MR (400 MHz)
instrument using CDCl; as a reference or internal deuterium
lock. The attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra were recorded using Bruker Vertex 80v,
Hyperion2000 ATR-FTIR spectrometer.

Molar masses were determined either by comparative spec-
troscopic methods using "H NMR or Gel Permeation Chroma-
tography (GPC) using two PL Gel 30 cm x 5 um mixed C
columns at 30 °C running in DFM and calibrated against poly-
styrene (M,, = 600 x 10° g mol ') standards using a Knauer
refractive index detector.

The densities of the membranes (g cm ?) were determined
experimentally using a top-loading electronic Mettler Toledo
balance (XP205, Mettler-Toledo, Switzerland) coupled with
a density kit based on Archimedes' principle. The samples were
weighed in air and a known-density liquid, high purity heptane.
The measurement was performed at room temperature by the
buoyancy method and the density was calculated as follows:

Wo
m Pliquid s

P, polymer —

where W, and W; are the membrane weights in air and heptane
respectively. The heptane sorption of the membranes was not
considered due to their extremely low absorption property.

Tapping mode AFM was performed using a Bruker MultiMode
instrument. A silicone cantilever with an end radius <10 nm and
a force constant of 40 Nm ™" (NCHR, nanosensors, f = 300 kHz)
was used to image the samples at ambient temperature.

The X-ray diffraction patterns of the membranes were
measured using a Rigaku DMAX-2200H diffractometer by
employing a scanning rate of 4° min~" in a 26 range from 5° to
30° with a Cu Kal X-ray (A = 0.1540598). The d-spacings were
calculated using the Bragg's law (d = 4/2 sin 6).

Tensile strength and elongation at break of the membranes
were measured on a Shimadzu EZ-TEST E2-L instrument
benchtop tensile tester using a crosshead speed of 1 mm min "
at 25 °C under 50% relative humidity. Engineering stress was
calculated from the initial cross-sectional area of the sample and
Young's modulus (E) was determined from the initial slope of the
stress—strain curve. The membrane samples were cut into a rect-
angular shape with 80 mm x 8 mm (total) and 80 mm x 4 mm
(test area), and five specimens were used for the measurements.

The glass transition temperature (Ty) of each crosslinked
membrane was measured using a Perkin-Elmer Pyris-1 DSC from
—150 °C to 30 °C with a scan rate of 10 °C min~" under nitrogen.

The gel fraction of crosslinked membranes was measured by
immersing the corresponding membranes in THF for 24 h. The
extracted residues were dried at 100 °C for 24 h, and before and
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after extraction weights were measured to determine the gel
fraction by the following equation:

W;
Gel fraction(%) = Wz x 100,
1

where, W; and W, are membrane weights before and after THF
immersion, respectively.

Gas permeation procedure

Permeation measurements of pure gas were taken using a high-
vacuum time lag measurement unit based on a constant-
volume/variable-pressure method. All of the experiments were
performed at a feed pressure of 2 atm and a feed temperature of
30 °C, and further permeability measurements of CO, and N,
was carried out over the pressure range between 5 and 25 atm
with 5 atm increments for the isotherm experiments. Before
taking these measurements, both the feed and the permeate
sides were thoroughly evacuated to below 10> Torr until the
readout showed zero values for the removal of any residual
gases. The downstream volume was calibrated using a Kapton
membrane and was found to be 50 cm?®. The upstream and
downstream pressures were measured using a Baraton trans-
ducer (MKS; model no. 626B02TBE) with a full scale of 10 000
and 2 Torr, respectively. Pressure on the permeate side was
recorded as a function of time using a pressure transducer and
passed to a desktop computer through a shield data cable. The
permeability coefficient was determined from the linear slope of
the downstream pressure versus time plot (dp/dt) according to
the following equation:

73 VI dp
76 S ATp, Al ()

where P is the permeability expressed in Barrer (1 Barrer = 10~ *°
em?® (STP)em ecm > s7* em Hg '), V (cm?®) is the downstream
volume, ! (cm) is the membrane thickness, 4 (cm?) is the
effective area of the membrane, T (K) is the temperature of
measurement, p, (Torr) is the pressure of the feed gas in the
upstream chamber, and dp/dt is the rate of the pressure change
under the steady state. For each gas, the permeation tests were
repeated more than three times, and the standard deviation
from the mean values of the permeabilities was within ca. +3%.
Sample-to-sample reproducibility was high and within +3%.
The effective membrane areas were 15.9 cm”. The ideal perm-
selectivity, o/, of the membrane for a pair of gases (4 and B) is
defined as the ratio of the individual gas permeability
coefficients:
Py

—_—— 2
%= 5 (2)

The diffusivity and solubility were obtained from the time-
lag (#) value according to the equations

2
D*& (3)
s =1, (@
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where D (cm® S') is the diffusivity coefficient, [ is the
membrane thickness (cm) and 6 is the time lag (s), obtained
from the intercept of the linear steady state part of the down-
stream pressure versus time plot. Solubility, S, was calculated
from eqn (4) with permeability and diffusivity obtained from
eqn (1) and (3).

Results and discussion

Syntheses of the polyimide-polydimethylsiloxane (PI-PDMS)
copolymers with various relative amounts of PDMS

Three PI-PDMS copolymers, 1, denoted as PI-PDMS-0.05, PI-
PDMS-0.10, and PI-PDMS-0.15, and each based on a 6FDA-
durene main skeleton, were first synthesized by carrying out
polycondensation of 6FDA with durene and 5, 10, and 15 wt%
PDMS (relative to durene), respectively (Scheme 1). Of the
various possible polyimide structures, 6FDA-durene was chosen
as the main skeleton for the polyimide due to its relatively high
permeability.*>*

Low levels of PDMS were included in the PI-PDMS to mini-
mize the reduction in selectivity resulting from the highly
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Scheme 1 Schematic representation of the preparation of piper-
izinium-mediated crosslinked PI-PDMSs (xPI-PDMSs).
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Fig. 1 Photographs of the crosslinked [xPI-PDMS-0.05][Br] (a), [xPI-
PDMS-0.10][Br] (b) and [xPI-PDMS-0.15][Br] (c) membranes.

permeable PDMS structure. The relative molar ratio of the
6FDA-durene PI to PDMS in each of the PI-PDMS products was
determined from the 'H nuclear magnetic resonance (NMR)
spectrum of the PI-PDMS, specifically by measuring the integral
ratio of the peak corresponding to the benzylic proton (H,) of
durene to that of the methyl proton (Hy,) of PDMS; this ratio was
found to be about 300 : 1 for PI-PDMS-0.05, 250 : 1 for PI-PDMS-
0.10, and 200 : 1 for PI-PDMS-0.15 (Fig. S1 in ESIt). All of the PI-
PDMS copolymers were confirmed, using GPC, to have a high
molecular weight (M,, = 60 to 80 kDa), despite the low amount
of PDMS.

Syntheses of the piperazinium-mediated crosslinked
polyimide-polydimethyl siloxane (xPI-PDMS) copolymer
membranes 3 with various amounts of PDMS

The pristine PI-PDMS 1 copolymers with various amounts of
PDMS were each selectively brominated at their ArCH; units by
using 0.28 equiv. of NBS and catalytic amounts of BPO in a tet-
rachloroethane solution to produce the corresponding bromo-
benzylated PI-PDMS (Br-PI-PDMS, 2) copolymers, i.e., Br-PI-
PDMS-0.05, Br-PI-PDMS-0.10, and Br-PI-PDMS-0.15. A "H NMR
spectroscopy investigation confirmed the bromination of each
PI-PDMS, and specifically indicated the selective bromination of
its benzylic group: the intensity of the peak at 2.1 ppm corre-
sponding to the benzylic proton (H,) of durene was lower for
each of the Br-PI-PDMS products than for the corresponding
pristine PI-PDMS copolymers, a new peak (H.) attributed to the
bromobenzyl group appeared at 4.5 ppm for each of the prod-
ucts, and there were no changes in the intensities of other
aromatic peaks (Fig. S2+).

The degree to which each PI-PDMS copolymer was bromi-
nated was estimated by measuring the ratio of the integral of
the bromobenzylated proton (Hp) peak in the brominated PI-
PDMS to that of the benzylic proton (H,) peak in the corre-
sponding pristine PI-PDMS, and this value was found to be 7%
for all PDMS compositions (Fig. S27).

The  piperazinium-mediated  crosslinked  PI-PDMS
membranes (xPI-PDMSs) with the various PDMS contents
were simply and efficiently prepared by reacting each Br-PI-
PDMS copolymer with piperazine, which was used as a cross-
linker (Scheme 1). The crosslinker was dissolved in a DMF
solution of Br-PI-PDMS (2), followed by membrane casting and
thermal drying. During the thermal drying process, the reactive
benzyl bromide group of each 2 rapidly reacted with the
piperazine to produce the corresponding piperazinium-
mediated crosslinked PI-PDMS membrane with its bromide
anion denoted as [XPI-PDMS-0.05][Br], [xPI-PDMS-0.10][Br], or
[XPI-PDMS-0.15][Br].
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We previously introduced the piperazinium-mediated
crosslinked 6FDA-durene PI membrane with its bromide
form, denoted as [xPI|[Br], in a similar way by reacting pipera-
zine with the bromobenzylated 6FDA-durene PI (Br-PI), which
was then prepared from bromination of the 6FDA-durene-based
PL** The piperazinium-mediated crosslinked [xPI]|[Br]
membrane, with the same polymer backbone but without PDMS
unit, was used as a reference to investigate the effect of the
flexible PDMS unit.

The xPI-PDMS structures were verified using FT-IR spec-
troscopy by monitoring the peaks corresponding to the CH, and
CH; vibration in piperazinium cation at 2860 cm™ ' and
3070 cm ™" for all three xPI-PDMS membranes, ([XPI-PDMS-0.05]
[Br], [xPI-PDMS-0.10][Br], and [xPI-PDMS-0.15][Br]); this anal-
ysis indicated the successful incorporation of the ionic group,
namely piperazinium (Fig. S31).>> The characteristic peaks of
the PDMS at 1110 em ™" (Si~O-Si) and 1257 cm ™" (Si-CHj3) and
the peaks of the PI at 1354 cm™ ' (C-N), 1720 cm™ ' (C=0), and
1783 em ™' (C=O0) were also observed.*

Physical properties of the crosslinked PI-PDMS membranes,
XPI-PDMSs

[XPI-PDMS-0.05][Br], [xPI-PDMS-0.10][Br], and [xPI-PDMS-0.15]
[Br] all formed dense membranes, which were suitable for gas
permeation testing (Fig. 1). The three membranes containing
the piperazine crosslinker were found to be only partially
soluble, whereas the pristine PI-PDMS membrane was readily
soluble in common organic solvents, including DMAc, DMF,
and NMP, indicating that all of the crosslinked membranes
were partially crosslinked. About 10% gel fraction was obtained
for all xPI-PDMS membranes, and this is because the cross-
linking functionality (i.e. degree of bromination) was very low
(7%).

Gas separation properties

The single gas permeabilities and permselectivities of the [xPI-
PDMS-0.05][Br], [XPI-PDMS-0.10][Br], and [xPI-PDMS-0.15][Br]
membranes were measured at 2 atm and 30 °C using the
constant-volume variable-pressure method, and the data were
compared with those of the pristine 6FDA-durene and the
piperazinium-mediated crosslinked PI without PDMS unit ([xPI]
[Br]) (Table 1).

Table1 Gas permeability (P) and permselectivity («) of the crosslinked
XPI-PDMS membranes, compared with xPl and 6FDA-durene at 2 atm
and 30 °C*

Membrane Pco, Py, Pcy, Qco,N, Qco,/cH,
6FDA-durene” 495 41.1 37.3 12.1 13.2
[xPI][Br]° 475 264 142 18.0 34.5
[XPI-PDMS-0.05][Br] ~ 629 353 197  17.8 35.3
[XPIPDMS-0.10][Br] 799 509 222  15.7 36.0
[xPI-PDMS-0.15][Br] 377 209  10.6  18.1 35.5

“ P in barrers, where 1 barrer = 10~ '° [em® (STP) cm]/(cm® s cm Hg).
b Based on ref. 40. © Based on ref. 33.
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The  [xPI-PDMS-0.05][Br] and  [xPI-PDMS-0.10][Br]
membranes, having 5 wt% and 10 wt% PDMS, showed much
higher permeability to CO, than did the 6FDA-durene-based PI
membrane (495 Barrer) and the [XPI|[Br] membrane (475 Bar-
rer), and the permeability to all of the tested gases increased
with an increase in the relative amount of PDMS up to 10 wt%
PDMS ([xPI-PDMS-0.10][Br]) (Table 1). The introduction of the
flexible PDMS unit up to 10 wt% may have enhanced the free
volume between polymer chains, facilitating diffusion of the
gases and hence having increased the permeability. Increasing
the amount of PDMS to 15 wt%, however, yielded an [xPI-PDMS-
0.15][Br] membrane with dramatically reduced gas permeabil-
ities. Thus, the [xPI-PDMS-0.10][Br] membrane displayed the
highest permeability levels, with a value as high as 799 barrer
for CO,. These results indicated the existence of a highly
permeable PDMS unit-dependent percolation threshold, which
effectively transported gases by the [xPI-PDMS-0.10][Br].
Perhaps the relatively high gas permeability of the [xPI-PDMS-
0.10][Br] membrane was due to the highly permeable PDMS
region and the rigid PI region being most well-mixed when the
content of PDMS in the membrane was 10 wt% (see below).

Moreover, all three pipeazinium-mediated crosslinked
membranes showed higher permselectivity to CO, than did the
6FDA-durene-based PI membrane, which showed permse-
lectivity values of only 12.1 for CO,/N, and 13.2 for CO,/CH,.
The enhanced CO, selectivity level of each of the three xPI-
PDMS systems was ascribed to the relatively high CO,-solu-
bility of the piperazinium group crosslinker. The xPI-PDMS and
the xPI membranes, both having the piperazinium group as
a crosslinker as well as a CO,-solubilizing group, showed
similar CO,/N, and CO,/CH, selectivities with exception of the
very highly permeable [xPI-PDMS-0.10][Br]| (Table 1).

As expected, the [xPI-PDMS-0.10][Br] membrane, having the
highest permeability, showed the lowest CO,/N, selectivity
among the three xPI-PDMS membranes. In contrast, the [xPI-
PDMS-0.10][Br] membrane displayed a slightly higher CO,/
CH, permselectivity value (36.0) than did the other two cross-
linked PI-PDMS membranes (35.3 for [xPI-PDMS-0.05][Br] and
35.5 for [xPI-PDMS-0.15][Br]). An increase in the diffusivity
selectivity and decrease in the solubility selectivity for CO,/CH,
were observed as the amount of PDMS was increased from
5 wt% to 15 wt% (Table S1 and Fig. S41). The decrease in
solubility selectivity was, however, less than the increase in
diffusivity selectivity for the [xPI-PDMS-0.10][Br] membrane,
resulting in the higher CO,/CH, permselectivity for this
membrane than the other two crosslinked membranes, ie.,
[XPI-PDMS-0.05][Br] and [XPI-PDMS-0.15][Br]. For CO,/N,, both
the diffusivity selectivity and solubility selectivity were observed
to be lower for the [xPI-PDMS-0.10][Br] membrane than for the
other two crosslinked membranes, resulting in the lowest CO,/
N, permselectivity for [xPI-PDMS-0.10][Br].

Morphological analyses using AFM, DSC and XRD

A clear phase separation between PI (bright region) and PDMS
(dark region) units was observed using AFM for the [xPI-PDMS-
0.05][Br] and [xPI-PDMS-0.15][Br] membranes, i.e., those having

This journal is © The Royal Society of Chemistry 2018
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100 nm,

Fig. 2 Phase AFM imagesof the [xPI-PDMS-0.05][Br] (a), [xPI-PDMS-
0.10][Br] (b) and [xPI-PDMS-0.15][Br] (c) membranes.

PDMS
I Polyimid:

Fig.3 Schematics of the morphologies of the [xPI-PDMS-0.05][Br] (a),
[xPI-PDMS-0.10][Br] (b) and [xPI-PDMS-0.15](Br] (c) membranes.

5 and 15 wt% PDMS, respectively, and the [xPI-PDMS-0.15][Br]
membrane showed larger dark areas than did the [xPI-PDMS-
0.05][Br] membrane (Fig. 2). The soft PDMS may not have
mixed well with rigid PI, resulting in a phase separation for the
[xPI-PDMS-0.05][Br] membrane, whose PDMS content was low
(Fig. 2a and 3a).

As the amount of PDMS in the membrane was increased to
10%, however, the PDMS region began to mix with PI, and
hence a phase separation was not observed for [xPI-PDMS-0.10]
[Br] by AFM (Fig. 2b and 3b). A miscibility of the highly
permeable PDMS region into the rigid PI is believed to be the
reason for the permeability for the [xPI-PDMS-0.10]Br]
membrane having been higher than the permeabilities of the
other membranes (see above). Increasing the amount of PDMS
to 15 wt%, on the other hand, seemed to cause an aggregation
of the highly permeable PDMS region. Therefore, compared to
the [XPI-PDMS-0.05][Br] membrane, the [xPI-PDMS-0.15][Br]
membrane showed a more distinct phase separation (Fig. 2c
and 3c) and a reduced permeability (Table 1).

Similar results were reported for the morphological analyses
of PI-PDMS copolymers with various contents of PDMS:** when
only a small amount of PDMS was included, the PDMS chains
were too far apart to aggregate and hence the PDMS mixed well
with the hard PI segment; but when more PDMS was included,
the PDMS chains aggregated and a clear phase separation is
observed. The results for our xPI-PDMS systems indicated
10 wt% to be the optimum amount of PDMS to obtain the least
phase separation, or most miscibility, between PDMS and PI.

RSC Advances

DSC analysis was carried out to further investigate the effect
of the PDMS content on the morphology of the crosslinked xPI-
PDMSs by monitoring the glass transition temperature (7,) of
the soft PDMS region (Table 2 and Fig. S51). No glass transition
corresponding to the rigid PI moiety was observed, and the T,
values corresponding to that of the PDMS segment were higher
for all three xPI-PDMSs than that of the typical PDMS polymer
(—123 °C).*

Although we expected the increased T, values of the cross-
linked PI-PDMS copolymers, compared to that of the PDMS, as
a result of the incorporation of the rigid PI unit, it was note-
worthy to observe that the [xPI-PDMS-0.10][Br] membrane,
having 10 wt% PDMS, showed a T, value (—59 °C) higher than
those of the membranes with less or more PDMS, i.e., [xPI-
PDMS-0.05][Br], and [xPI-PDMS-0.15][Br], respectively. Similar
results were also reported for the thermal analyses of PI-PDMS
copolymers with various contents of PDMS:*' increased Ty is
observed at relatively low PDMS content due to well-miscibility
(or homogeneous mixing) between hard PI and soft PDMS;
whereas the soft phase comprises only PDMS and tend to
aggregate with an increase of PDMS content, lowering T, of the
copolymer. The results from DSC analysis are consistent with
those obtained from the morphological analysis by AFM.

A wide-angle X-ray scattering (WAXS) analysis of the xPI-
PDMS membranes was also carried out, and showed that the
peaks broadened as the content of PDMS was increased, indi-
cating that the xPI-PDMS became amorphous with the increase
in the amount of the soft PDMS segment (Fig. S67). In addition,
the intersegmental (d-) spacing between the polymer chains in
the membranes increased when more PDMS was included
(Table 2), with this result attributed to PDMS having a larger
free volume than PI.

The densities of the three xPI-PDMS membranes were also
measured. [XPI-PDMS-0.10][Br] showed the lowest density,
possibly because PDMS, having a large free volume, mixed best
at this content with PI. This result was consistent with the
morphological analyses from AFM and DSC, and the highest gas
permeability was again expected for this membrane. In addi-
tion, the density of the [xPI-PDMS-0.15][Br] membrane was
measured to be less than that of the [XPI-PDMS-0.05]Br]
membrane (Table 2).

Mechanical properties

Stress-strain curves of the piperazinium-mediated crosslinked
PI-PDMS (xPI-PDMS) membranes were acquired at 50% RH
(Fig. S71). As expected, a higher elongation was observed as the

Table 3 Mechanical properties of the [xPI-PDMS-0.05][Br], [xPI-

Table 2 Physical parameters characterizing the [xPI-PDMS][Br] PDMS-0.10](Brl,and [xPI-PDMS-0.15][Br] membranes
membranes

Tensile strength Elongation at Young's
Membrane d-Spacing (A) Density (g cm™?) Ty (°C) Membrane (MPa) break (%) modulus (GPa)
[XPI-PDMS-0.05][Br] 6.4 1.41 —64 [XPI-PDMS-0.05][Br]  89.9 6.7 2.3
[XPI-PDMS-0.10][Br] 6.7 1.28 —59 [XPI-PDMS-0.10][Br] 100.1 7.0 2.5
[XPI-PDMS-0.15][Br] 6.7 1.35 —64 [XPI-PDMS-0.15][Br]  84.5 9.4 2.2
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and 44.

relative amount of PDMS was increased (Table 3), due to the
flexibility of the PDMS. On the other hand, [xPI-PDMS-0.10][Br],
with the intermediary 10 wt% content of PDMS, showed the
highest tensile strength, possibly due to the PDMS and PI being
most miscible at this PDMS concentration determined using
AFM and DSC analyses as described above. Nevertheless, all
three crosslinked membranes exhibited excellent tensile
strengths of more than 84.6 MPa and Young's modulus values
of more than 2.1 GPa, suggesting the suitability of the
mechanical properties of the xPI-PDMS membranes we devel-
oped for gas separation.

Permeability vs. selectivity for xPI-PDMS
The tradeoffs between permeability and selectivity for CO,/CH,4

(Fig. 4a) and for CO,/N, (Fig. 4b) were assessed for the
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membranes consisting of xPI-PDMS with different PDMS
contents, ie., ([xPI-PDMS-0.05][Br], [XPI-PDMS-0.10][Br] and
[XPI-PDMS-0.15][Br]), by producing Robeson plots.”*® Data from
poly (IL)s*»** and other common crosslinked PIs,* including
our previously developed piperazinium-mediated crosslinked
[xPI][Br],* were also included for comparison.

Although the values for CO,/N, tested with all of the xPI-
PDMS membranes were found to be below the upper bound
line, they were similar to the published data for typical cross-
linked PIs and outperformed those for poly(IL)s and even our
previously developed [XPI|[Br]. Most notably, all of the xPI-PDMS
membranes we developed here exhibited outstanding levels of
selective permeability for CO, in the presence of CH,, with these
selectivity and permeability values higher than those of other
crosslinked PIs and poly(IL)s. In fact, the values for the [xPI-
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Fig. 5 Normalized permeability (@) and CO,/N, permselectivity (b) of the crosslinked membranes (xPI-PDMSs) as a function of feed pressure.
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PDMS-0.05][Br] and [xPI-PDMS-0.10][Br] membranes were
positioned above the Robeson upper bound of 2008, and those
for the [xPI-PDMS-0.15][Br]| and our previously developed [xPI]
[Br] membranes on the upper bound line, for CO,/CH,.
According to these results, the piperazinium-mediated cross-
linked PI-PDMS polymers have great potential for performing
enhanced selective separation of CO,.

We also measured the CO, permeabilities of the crosslinked
PI-PDMS copolymer membranes at various pressure levels up to
25 atm in order to assess their resistance to plasticization
(Fig. 5a). An increase in CO, permeability with increasing feed
pressure is indicative of plasticization and typically signals
a loss in the ability of the polymer matrix to discriminate
particles based on their size and shape.'® None of the three
crosslinked PI-PDMS membranes displayed any increase in CO,
permeability with increasing feed pressure up to 25 atm.

And, neither did they show any significant changes in CO,/
N, selectivity as the pressure was increased, even at high pres-
sure levels (Fig. 5b). The results suggested that the crosslinked
membranes did not show signs of any significant plasticization
up to 25 atm. The resistance of these newly prepared cross-
linked materials to becoming plasticized at feed pressures as
high as 25 atm makes them strong candidate materials for
practical applications.

Conclusions

In conclusion, we prepared a novel piperazinium-mediated
crosslinked PI-PDMS (xPI-PDMS) with pendant ionic groups,
and successfully demonstrated the potential use of membranes
made of this copolymer for separating CO, from other gases.
Incorporating ionic groups into a highly permeable and ther-
momechanically stable polymer backbone for producing
a membrane with high CO,-solubility has been attempted for
a long time by investigators interested in polymer-membrane-
based gas separation. The current work is the first attempt to
introduce an ionic group (piperazinium) into the side chain of
copolymers consisting of the highly permeable soft PDMS and
physically stable rigid PI. By utilizing the ionic pendant group to
serve as both a CO,-solubilizing and a crosslinking group, the
membranes prepared from the xPI-PDMSs showed an increased
selectivity for CO,, as well as good resistance to CO, plastici-
zation. In addition, the effect of the level of PDMS loading on
the morphology and gas separation performance of the result-
ing membranes prepared from the xPI-PDMSs was investigated;
the xPI-PDMS containing 10 wt% PDMS displayed a morphology
indicating the best mixing between the highly permeable PDMS
and the rigid PI segment, leading to the highest permeability for
this membrane. Overall, the newly developed piperazinium-
mediated crosslinked PI-PDMS copolymers have high poten-
tial as novel polymer membranes for CO, separation.
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