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ABSTRACT

Polymers of Intrinsic Microporosity represent one of the most promising polymeric materials
for gas separation applications. Their very rigid and contorted backbone induces unusually high
free volumes and high internal surface area, with high gas permeabilities and moderate ideal
selectivity, especially for O2/N2, CO2/N2 pairs with values lying above the Robeson’s upper
bound. However, the high FFV of PIMI1 tends to be shortlived, soon collapsing to leave fewer
transport pathways and reduce gas permeability. One way to tackle this problem is the addition
of fillers within the polymeric matrix. Here we report the use of synthetic clays named saponites
as fillers, to slow down the physical aging of PIM1 membranes. Mixed Matrix Membranes
(MMMs) based on two different saponites samples (one completely inorganic and one
functionalized with a surfactant) have been obtained and their permeation performances have
been studied in the course of one year in order to explore physical aging effects over time.
Without filler, PIM1 exhibits the classical aging behaviour of polymers of intrinsic
microporosity, namely a progressive decline in gas permeation. On the contrary, with
saponites, MMMs present a plateau after one week within the aging showing that the fillers
slow down the aging of PIM1 membranes in the long term. After one year of aging, the total
reduction for CO2 permeability for native PIM1 was 80% whereas for the MMMs it was 53%

and 59% for the inorganic and the functionalized saponite respectively. Interactions between



the fillers and the polymeric matrix in addition to aging effects have been also monitored
through ss-NMR spectroscopy. The *C spin-lattice relaxation time (T1) measurements reveal
that PIM1 chains intercalation between T-O-T lamellar sheets could be one of the mechanisms
responsible of PIM1 slowing down aging. Chains confinement between lamellar sheets could

play a significant role in reducing chains densification, while maintaining small free volumes.
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INTRODUCTION

Gas separation and purification through membrane technology has become a promising
candidate as alternative way to CO2 chemical absorption for carbon capture applications'. Even
though amine-based absorption is still the most mature method for the capturing of CO», from
both natural and flue gas?, it presents some serious drawbacks. Plant corrosion is usually
reported as one of the major issues associated with this type of technology, along with a
substantial energetic demand due to regeneration of the liquid phase solvent (around 3.5 GJ per
ton of CO,) and environmental concerns on the release of toxic species’. Membrane gas
separation is considered a more environment friendly alternative that exploits the intrinsic
ability of permeable materials to selectively separate single components from a gas mixture.
The lower costs due to lower energy requirements and the ease of operation give membranes
an advantage over other separation technologies*. In this respect, polymeric membranes are
particularly interesting because of the incredibly diverse landscape of possible synthetic
pathways for new materials in combination to simple and relatively cheap production which
can result in a more advantageous scale up for industrial application’. Polymers of Intrinsic
Microporosity (PIM) recently have become the most studied polymeric materials for membrane
applications, starting from the first one synthesized, PIM1°; PIM1 is especially suitable to be
processed as a gas separation membrane thanks to its long and flexible polymeric chains which
pack themselves inefficiently’, thus causing the generation of internal free volume and
eventually, diffusion pathways for gas molecules. However, chain linearity and consequently
easy processability, come with the cost of fast physical aging®. Aging is a thermodynamic
driven process and it is manifested as the tendency of the polymeric chains to collapse, thus

reducing free volume and consequently diffusion pathways and is particularly pronounced in



high free volume polymers®!°.One way to tackle this problem is the addition of fillers within
the polymeric matrix. This strategy has been reported for a wide number of fillers,!!® in
particular the addition of porous polymers (Porous Aromatic Frameworks, PAFs) as fillers has
proven to be very effective in reducing physical aging!'>!'®, however their high cost of
production prevents an industrial scale implementation. Up to now there have been only a few

cases where non expensive fillers have been used to prevent physical aging'’.

Here we report the use of a synthetic clay named saponite, to slow down the physical aging of
PIM1 membranes. Saponite clays are phyllosilicates belonging to smectite family and can be
easily prepared in laboratory through low-cost procedure'®. The synthetic clay is chosen as
inexpensive and for the potential to improve the ageing behavior of the polymer due to its
structure. The addition would affect the overall performance but the low loading explored
combined with the starting very high permeability of PIM1 will still ensure a sufficient
transport rate for application. However, given the inorganic nature of these materials it could
be desirable to improve organic affinities via addition of organic moieties through
functionalization processes. Addition in the interlayer space of suitable organic molecules are

19,20,21

now well-known and can be carried out either using post-synthesis approaches or by in

using one-pot preparation step?>?®

. This latter method is generally considered as a less time
consuming and should lead to a more homogenous dispersion of organic species on the clay

surface, thus allowing to reduce the production costs.

In this work, two low-cost saponites samples (one completely inorganic and a second one
functionalized with a surfactant) have been used as filler with PIM1 as polymeric matrix.
Permeation performances of Mixed Matrix Membranes (MMMSs) composed of PIM1 and
saponite particles have been studied in the course of one year in order to explore physical aging
effects over time. Interactions between the fillers and the polymeric matrix in addition to aging

effects have been monitored through ss-NMR spectroscopy.

EXPERIMENTAL SECTION

Materials Preparation

Synthesis of PIM1 was carried out by mixing anhydrous K>COs3 (11.05 g, 80 mmol), 5,5',6,6'-
Tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (3.4 g, 10 mmol) and 2,3,5,6-
Tetrafluoroterephthalonitrile (2.0 g, 10 mmol) in anhydrous dimethylformamide (65 mL) at



65°C for 72 h under N2 atmosphere?*. On cooling, the mixture was added to water (500 mL)
and the crude product collected by filtration. Repeated precipitations from methanol gave 4.96
g (92% yield) of fluorescent yellow polymer (PIM1) with a Mw~87 000 gmol™. 3,3,3",3'-
Tetramethyl-1,1'-spirobiindane-5,5',6,6"-tetraol and 2,3,5,6-tetrafluoro-phthalonitrile have

been purified before use by recrystallization in methanol and ethanol respectively.

Ethanol and methanol were purchased from Fisher Chemicals. Anhydrous dimethylformamide
(99.9%) and 5,5'.6,6'-Tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (97%) were
purchased from Alfa Aesar. Potassium Carbonate (99.5%) and 2,3,5,6-

Tetrafluoroterephthalonitrile (98%) were purchased from Fluorochem.

Synthetic procedure for the preparation of clays, i.e. saponite and organo-modified saponite,
was already established'®?3. Here is reported only a brief summarization. Saponite synthesis
gel with composition 1.0 SiOz : 0.835 MgO : 0.056 Al203 : 0.056 NazO : 110 H2O was obtained
from NaOH (>98 wt % Carlo Erba), SiO; (SiO2 99.8 wt %, Sigma Aldrich),
Mg(CH3COO)2:4H20 (>99%, Sigma Aldrich) and AI[OCH(CH3)2]3 (>98%, Sigma Aldrich).
The gel was poured in autoclave at 240 °C for 72 hours. The resulting material was then washed
with deionized water until a neutral pH was reached and then dried at 80 °C for 24 hours. The
sample is hereafter named SAP110, where 110 is the ratio between H2O and SiO> used for the
preparation of the synthesis gel.

The hybrid organic-inorganic sample was prepared through a one-pot approach adapting a
procedure already optimized in our laboratories that foresees the direct addition of
hexadecyltrimethylammonium bromide (CTABr) to the reaction mixture?>. In detail, to a
synthesis gel with the same composition indicated above for the preparation of SAP110 sample,
a quantity of CTABr (>98%, Sigma Aldrich) equal to twice the cation exchange capacity was
added; the measured CEC of SAP110 was 59.7 mequiv/100 g. The gel was then put in autoclave
at 200 °C K for 72 hours and then washed and dried. The resulting material is named SAP-OP.

Membrane preparation

Solution casting®® at ambient conditions was used to fabricate dense film membranes with a
filler content of 3 wt % (with respect of PIM1 weight). For the preparation of the membranes
a suspension of filler (6 mg) in 5 mL CHCIl3; was sonicated with an ultrasound probe (Fisher
Scientific, Model CL18, 120 W) for one hour, using a water bath to maintain the flask at room
temperature. Meanwhile, 200 mg of PIM1 were dissolved in 5 mL of CHCI3. After complete



dissolution, the PIM1 solution was added to the additive suspension with other 5 mL of CHCls.
Then, the mixture was sonicated again for two hours at room temperature. The resulting
solution was poured into a 5 cm glass petri dish. The membrane was allowed to form by slow
solvent evaporation for 24-36 hours under a fume cupboard. Three membranes were obtained,
namely a pure PIM1 membrane (PIM1), a MMM composed of PIM1 and SAP110 as a filler
(PIM1-SAP110) and finally a MMM composed of PIM1 and SAP-OP (PIM1-SAP-OP). After
the drying steps, the thickness of the membranes was determined with a digital micrometer
(Mitutoyo). Before performing permeability measurements, the membranes were treated with
methanol, by immersion in methanol for two hours, followed by a drying step under a fume
cupboard for an hour and then under vacuum at room temperature overnight. It is well known
that the permeability performances of PIMI membranes may vary based on the casting
conditions (for example, the choice of solvents) and the history of the sample. Alcohol washes
away residual casting solvent and provides a comparable starting point for evaluation of

different membranes.>>2°

Permeation measurements

The permeation properties of the MMMs were tested using a constant volume - variable
pressure method in an in-house built time-lag apparatus of which a schematic is reported in

figure 1.
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Figure 1. Permeation rig: (A) Schematic (B) Rig with the cell.




The permeation cell consists of three main parts, namely upstream, permeation cell and
downstream. The upstream, or feed side, of the permeation cell consists of a controlling valve,
a pressure gauge and a 2000 cm® volume gas reservoir. The sample is positioned in the gas
permeation cell and sealed with two rubber O-rings. The downstream volume is fixed and a

pressure transducer is used to detect pressure changes.

The permeability is obtained from the evolution of pressure of the downstream side (Brooks
Transducer 1000 mBar, CMC Series). The permeability coefficient, P, was determined from

the slope of the pressure vs. time curve under steady state condition (Equation 1).

_ LVdown [(dpdown) ] .
P(G) = A PupRT a0 )y (Equation 1)

Where | is the membrane thickness, A is the membrane area, Vdown 1S the downstream volume,
Pyp 1s the upstream pressure, Piown 1S the downstream pressure, T is the temperature recorded
during analysis and R is the gas constant.

Before each experiment, the apparatus is vacuum-degassed and a leak rate is determined from

the pressure increase in the downstream part.

The ideal selectivity between two gas species i and j is the ratio of the two single-gas

permeabilities (Equation 2).

_ PO

=0 (Equation 2)

For the aging tests, the initial measurement is realised right after the methanol treatment. Then,

the membrane is stored in a sealed plastic bag at ambient temperature and tested over time.
Scanning Electron Microscopy

The membranes have been examined with a JSM-IT100 (JEOL, Japan) operating at 10 kV.
Before SEM analysis, the samples were fractured in liquid nitrogen and then sputtered with a

layer of 9 nm gold to form a conductive surface.

Thermogravimetric analysis



Thermogravimetric analysis (TGA) was performed on a Setaram SETSYS Evolution
instrument under argon (gas flow 20 mL/min), heating the samples up to 800 °C with a rate of

5 °C/min.
XRD analysis

X-ray diffraction (XRD) patterns were obtained on an ARL XTRA48 diffractometer using Cu
KR radiation (A =1.54062 A) at r.t. between 2 and 65° 20 with a step size of 0.02 with a rate of
1°20/min.

Variable Temperature (VT) IR analysis

VT-IR analyses were performed on a Fourier transform infrared (FTIR) Nicolet 5700
spectrometer (Thermo Optics) at a resolution of 4 cm™'. The samples were pressed in the form
of self- supporting wafers and placed into an IR cell equipped with KBr windows permanently
attached to high vacuum line (residual pressure: 1.0%10® Torr, 1 Torr = 133.33 Pa). The
experimental setup allowed all temperature treatments to be carried out in situ and in vacuum
conditions. Spectra were collected by heating the samples from room temperature to 500 °C
(heating rate of 10 °C/min) under vacuum conditions (residual pressure: 1.0%10° Torr, 1 Torr

= 133.33 Pa).
Transmission Electron Microscopy

High-resolution transmission electron microscope micrographs (HRTEM) images were
collected on a Zeiss libra200 FE3010 High Resolution Transmission Electron Microscope
operating at 200 kV. The samples were encapsulated in sucrose (2.3 M) and then cut with a

Cryoultramicrotome Reichert Jung with diamond knife.
N> physisorption analysis

Specific Surface Area analysis of Pure PIM and Saponite samples have been derived by N,
physisorption measurements carried out at -196 °C and -186 °C, respectively. N, measurements
were performed in the relative pressure range from 1 x 10 to 1 P/P, by using a Quantachrome
Autosorb 1MP/TCD instrument. Prior to the saponite samples analysis the samples were
outgassed at 150 °C for 3 h (residual pressure lower than 10-° Torr). PIM1 was treated at 120
°C overnight. Apparent surface areas were determined by using Brunauer-Emmett-Teller
equation, in the relative pressure range from 0.01 to 0.1 P/Py. Pore size distributions were

obtained by applying both the NLDFT method (N; silica kernel based on a cylindrical pore



model applied to the desorption branch) and the classical BJH method applied to the desorption

branch.

For the mixed matrix samples CO> equilibrium isotherms at 0 °C were measured using a novel
Adsorption Differential Volumetric Apparatus, ADVA, custom built at the University of
Edinburgh. Differently from conventional volumetric systems, the differential system relies on
two symmetric branches, namely the sample and reference side, each comprising their dosing
and uptake volume. The experiment is based on following the differential pressure between the
sample side (where the sample is placed) and the reference side (where an inert material of the
same sample volume is contained). The ADVA system is equipped with a 0 — 2 bar absolute
pressure transducer and a +/- 621.3 mbar differential pressure transducer (Rosemount™ 3051
series). Four thermocouples are used to monitor the temperature of both dosing and uptake
volumes in reference and sample side. Volumes of dosing and uptake cells are minimized to
allow the use of very small amount of sample. For this study, both uptake cells were
temperature controlled using a thermostatic bath. Prior the experiment, samples were
regenerated in situ overnight at 35 °C. During regeneration, the sample is kept under vacuum

using a high-vacuum turbomolecular pump (Pfeiffer HiCube 80 ECO - MVP 015-2).
SS-NMR spectroscopy

Solid-state NMR spectra were acquired on a Bruker Advance III 500 spectrometer and a wide
bore 11.7 Tesla magnet with operational frequencies for 'H and '*C of 500.13 and 125.77 MHz,
respectively. A 4 mm triple resonance probe in double resonance mode with MAS was
employed in all the experiments. The as-cast polymer membranes were cut to small pieces so
that it can be packed in a 4 mm Zirconia rotor and was spun at a MAS rate of 12 kHz. For the
BC cross-polarization (CP) magic angle spinning (MAS) experiments, the proton radio
frequencies (RF) of 55 and 28 kHz were used for initial excitation and decoupling, respectively.
During the CP period the 'H RF field was ramped using 100 increments, whereas the °C RF
field was maintained at a constant level. During the acquisition, the protons were decoupled
from the carbons by using a Spinal-64 decoupling scheme. A moderate ramped RF field of 55
kHz was used for spin locking, while the carbon RF field was matched to obtain optimal signal
(40 kHz). T1 measurements were performed with a CPXT1 pulse sequence using a 10 ms spin-
lock of 55 kHz and 40 kHz for 'H and '*C, respectively, immediately followed by n/2 —t — /2
sequence on '3C with variable delay (1) ranging from 0.1 to 45 s. Spectra were recorded with a

spectral width of 42 kHz and 256 transients were accumulated at 298 K. A line broadening of



50 Hz and zero filling to 2048 points were used. All chemical shifts are reported using o scale
and are externally referenced to TMS at 0 ppm. Data analysis were performed using Bruker
software Dynamics Center, version 2.5.6 and T1 curves were obtained by plotting the intensity
of the carbon signals versus time. A single exponential decay was used to fit the data using the

equation 3:

I, = Ioe(_t/ Ty) (Equation 3)

Results and Discussion

Physico-chemical characterisation of saponite samples

The XRD patterns of the saponite samples (both SAP110 and SAP-OP) are reported in Figure
2. XRD analysis of SAP110 (Fig. 2, a) shows three main reflections at 8°, 19.5° and 60.5° 26
corresponding to (001), (110) and (060) planes, typical of the saponite structure?’. The presence
of the (060) reflection suggests that prepared clay has a trioctahedral structure®®. The hybrid
sample (SAP-OP) is characterised by the same XRPD reflections observed for SAP-110 (Fig.
2, b), suggesting that the hybrid sample prepared by the one-pot procedure in the presence of
organic surfactant retains the structure typical of saponite clay. Nevertheless, a small shift
towards lower angle of the basal (001) reflection (from 8° to 6.5° 20) is visible for SAP-OP
respect to the fully inorganic sample. This fact indicates that SAP-OP has a more expanded
interlayer space with respect to SAP-110 (the d-spacing for the two samples passes from 11 A
for SAP110 to 13.5 A for SAP-OP) and it can be an indication of the presence of CTA"
molecules between T-O-T sheets of SAP-OP?. Interlayer expansion upon CTA"
functionalization was also encountered when intercalation, via one-pot approach, of CTA"
species was conducted on saponite samples obtained with a H>O/Si ratio of 20 (CTA-
SAP OP); distance between T-O-T sheets increased from 11, for the parent sample, to 13.5 A
for the functionalized sample?. These studies indicated that CTA" species are arranged parallel
to saponite lamellae, according to the low charge density of the saponite sample?’. In the
context of the present study very similar interlayer distances are found for the pristine and
hybrid clays. Given the dimension of CTA" molecule and the similarity of the system under
study to that of CTA-SAP OP, it is reasonable to assume a similar configuration for the

surfactant molecules in the case of SAP-OP sample.
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Figure 2. XRD pattern of SAP110 (a) and SAP-OP (b) samples.

Thermogravimetric analysis of SAP110 and SAP-OP samples are reported in Figure 3A. From
the comparison of TGA (Fig. S1 in the Supporting Information) and DTG data (Figure 3A)
collected for pristine SAP-110 and hybrid derived sample, it can be noticed that the SAP-OP
contains a lower amount of adsorbed water molecules with respect to pure saponite sample
(Figure 3A, curve a), as witnessed by the lower weight losses at ca. 100 °C (1.7 wt % for SAP-
OP vs ca. 6 wt % for SAP-110). This behavior suggested that the intercalation of CTA" ions
modifies the hydrophilic character of the saponite interlayer, as also observed in the literature®>.
Moreover, the hybrid samples displayed an evident weight loss in the 250°C-500°C, totally
absent for SAP-110, assigned to the CTA decomposition?’. From thermogravimetric analysis
it was possible to derive the amount of CTA", which is assessed at 6.3 wt %. This was also

confirmed by CHN analysis (Table S1 in the Supporting Information).

The presence of surfactant molecules in SAP-OP and the corresponding thermal degradation
behavior were also studied by using IR analysis at variable temperature (VT-IR, Fig. 3B). VT-

IR spectra were recorded from room temperature (rt) to 500 °C.
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Figure 3. (A) Differential TG curves (DTG) curves of SAP110 (a) and SAP-OP (b) collected under Ar
flow (20 mL/min) from 25 to 800 °C. (B) IR spectra of SAP-OP collected at variable temperature.
Spectra are recorded at room temperature (a), at 50 °C (b) and from (b) to (k) every 50 °C up to 500°C

(k).

The IR spectrum collected at rt (Figure 3B, a) is characterized by the presence of a sharp band
at 3670 cm’! and a broad band in the 3600-3400 cm™! range. Moreover, bands at 2970, 2930
and 2855 cm’! are also visible, together with bands in the 1650-1300 cm™ range. The

assignment of the IR absorption bands of SAP-OP at rt are reported in Table 1.

Bands position [cm™!] Assignments

3740 v [Si]-O-H
3675 v O-H (octahedral Mg)

3600 - 3450 v O-H physisorbed water
2970 vas Aliphatic C-H (-CH3)
2930 vas Aliphatic C-H (-CHb»-)
2855 vs Aliphatic C-H (-CH>-)
1630 0 O-H physisorbed water

1500 - 1300 0 Aliphatic C-H (-CHz-, -CHj3)

Table 1. Assignments of the main IR vibrations of SAP-OP from [23].
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Upon heating the sample up to 300 °C and by comparing the corresponding IR spectrum (Fig.
3B, g) to the spectrum at r.t. (Fig. 3B, a) the desorption of physisorbed water is observed, as
evidenced by the decrease in the intensity of the broad band in the 3600-3000 cm™! region in
addition to the diminishing of the band at 1630 cm™.

Thermal treatment up to 300 °C did not affect the organic species as it is also evidenced by
thermogravimetric analysis reported in Figure 3 (A). Thermal degradation of CTA" species is
found to occur between 400 and 500 °C through the decrease in intensity of the signals found
in the 2970 - 2855 and 1500-1300 cm! regions, respectively associated with stretching modes
and bending modes of -CH»- and -CH3 groups. Removal of CTA" during thermal treatment
cause the appearance of a new band at 3740 cm™' due to isolated silanol species on the saponite
surface?®. This band was not observed in the presence of CTA" species because of the
interaction of the surface Si-OH groups with surfactant molecules. Thermal treatment up to
500 °C did not seem to affect the integrity of the saponite framework, as it is evidenced by the
presence of the signal at 3675 cm™ (Figure 3B, curve k) associated with magnesium octahedral
species. The presence of a weak broad band around 1630 cm™! after the thermal treatment is

due to the Si-O-Si vibration of the saponite framework?>.

Membrane characterization and permeability measurements

The Mixed Matrix Membranes (MMMs) obtained by adding saponite clays to the polymeric
matrix PIM1 appear homogenous at macroscopic scale (Fig. S3 in the Supporting Information).
A more in-depth analysis has been carried out by means of Scanning Electron Microscopy (Fig.
4). Saponite particles appear well dispersed within the polymeric matrix for both samples.
Nevertheless, particles dimension is heterogeneous, ranging from few hundreds nanometres to
micron size. The rough surface of the samples (e.g. PIM1-SAP110) is the result of the cutting

process to obtain the cross section.
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Figure 4. SEM images of membrane samples of pure PIM1 (A) and MMMs, PIM1-SAP110 (B) and
PIM1-SAP-OP (C) (at two magnifications).

TEM analysis of PIM1-SAP-OP sample is reported in Figure 5. The presence of saponite
aggregates was also evidenced by TEM, showing tactoids of sheet-like crystals. Nevertheless,

in some cases, aggregates of few layers are also evidenced (see Fig. 5B)!".
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Figure 5. TEM micrographs of a section of PIM1-SAP-OP sample at different magnifications.

XRD patterns of both pure PIM1 aged membrane sample and aged MMMs are reported in
Figure S4. Pure PIM1 XRD pattern reveals the classical reflections associated with the
amorphous nature of the polymer. The broad band around 23° 20 is typical of aromatic systems
29, the second band around 18° 20 is related to the chain to chain distance of efficiently packed
polymeric chains, also related to the presence of ultra-micropores. The band around 13° 20 is
probably due to the fraction of inefficiently packed polymeric chains*®. When saponite particles
are introduced a small shift toward higher 20 values, hence smaller inter-chain spacing, is seen.

This can be attributed to enhanced packing of polymeric chains.
In order to test physical aging effects on MMMs, permeability measurements were performed

right after MeOH treatment and at later times, up to approximately one year. Table 2 shows

permeation measurement results for PIM1 and MMM s after MeOH treatment (to).
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Separation performance @ ty Permeability CO, Selectivity CO2/N:

(MeOH treatment) [Barrer] (+/- 5%) (+/-9%)
PIM1 13400 15
PIM-SAP110 12300 16
PIM-SAP-OP 10200 15

Table 2: Permeation data for PIM1, PIM-SAP110 and PIM-SAP-OP at to (MeOH treatment). [1 Barrer

=10 cm?® (STP)-cm-cm?-s!-cmHg™].

CO; permeation data of PIM1 are in the range found in literature (around 12000-13000

Barrer)?6-30,

By adding saponite fillers, the CO, permeability decreases by 8% and 24% for PIM1-SAP110
and PIM1-SAP-OP, respectively. The CO2/Nz selectivity remains unchanged at to for the PIM-
SAP-OP respect to PIM1 membrane while a slight increase is observed for PIM-SAP110
membrane. It is worth noting that saponite fillers possess lower specific surface area with
respect to PIM1. Indeed, PIM1 shows SSA of 790 m*/g whereas the saponite samples are
characterized by a lower SSA of 230 m*/g and 300 m?/g for SAP-OP and SAP110, respectively.
Pore size distributions of SAP-OP and SAP110 samples are reported in figure S2 in the
Supporting Information. The addition of saponite samples to PIM1 polymer results in lower
surface area for the MMMs at to, with respect to the parent membrane that correlates with the
lower solubility of the gas species in the matrix and therefore a lower permeability. MMMs
surface areas were also measured for the one-year aged samples and data are reported in Table
2. Both PIM1-SAP110 and PIM1-SAP-OP show a similar decrease in surface area compared

to the original polymer consistent with the lower surface area of the additives.

Sample SSABET [m?/g]
PIM1? 790
PIM1 - SAP110* 535
PIM1 - SAP-OP? 486

Table 2. Specific Surface Area (SSA) a) obtained from N, physisorption at -196.15 °C and b) obtained
from CO, physisorption at 0 °C. CO, uptake curves are shown in Fig. S5 in the Supporting

Information.
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In Figure 6, normalized permeation data are reported as a function of aging. Permeability
measurements were conducted in the course of approximately one year. Measurements are

performed after leaving the sample under vacuum over-night at room temperature.

Aging effects on all samples are clearly visible in the first few days after methanol treatment.
PIM1 displays the classical aging behaviour exhibited by Polymers of Intrinsic
Microporosity®!, namely a progressive drop in the permeation capacity associated with both
COs and N» caused by the collapse of free volume?®*2. After 315 days CO, permeability of
pure PIM1 is 21% of the original to value, while for N> the value is 15% of the initial
permeability, hence an increase in selectivity over time towards CO> is observed. This is
consistent with other studies in the literature that recorded an increase in selectivity after ageing

of PIM1'215,
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Figure 6. Normalized CO, permeability data with respect to ty values of PIM1 (m), PIM-SAP-OP (o)
and PIM-SAP110 (A) as function of time. Lines are drawn to guide eye. Estimated error on

permeability is +/- 5% and on selectivity is +/- 9%.

As shown in Figure 6, the addition of saponite fillers results in a drastic drop in CO;
permeability within the first 7 days after membranes regeneration in MeOH. For both MMMs
the initial drop is of 43% with respect to to value. After 7 days a significative reduction in the
slope of both MMMs curves is seen. This effect is not seen for the data associated with PIM1.
Up to approximately 320 days after MeOH treatment the value of the CO; permeability for
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PIM-SAP110 membrane is 47% with respect to to values, while for PIM-SAP-OP is 41%. One
possible explanation for the slight divergence in aging performances between MMMs can be
associated with intercalation of PIM1 polymeric chains within saponite’s interlayer. A similar
phenomenon was also encountered in the context of MMMs systems composed of PIM1 and
Porous Aromatic Frameworks (PAF), where bulky moieties of PIM1 were found to penetrate
inside PAF pores, thus allowing the preservation of small free volumes, hence reducing aging
effects'>!>. For SAP110, without organic molecules between T-O-T sheets, PIM1 polymeric
chains can be accommodated in the interlayer space, to a certain extent; in this situation, the
chains are confined and restricted from further movements, thus resulting in decreased aging
rate. In the case of SAP-OP, the interlayer space is partially occupied by CTA™ organic chains.
This could somewhat impede the diffusion of a fraction of PIM1 polymeric chains within T-
O-T sheets. The initial strategy in adopting an inorganic — organic hybrid material as a
membrane filler, was to exploit favorable interactions between similar species, namely an
organic matrix with an intercalated surfactant. However, for the system under study, it seems
that allowing chains diffusion between the filler sheets is a more effective way to slow down
PIM1 physical aging. It is interesting that a decrease in aging rate is achieved with a filler
content of only 3 wt %, while it is observed that higher contents of fillers possessing much

higher SSA like MIL-101 do not necessarily lead to slower aging rates of PIM1 matrix'>.

In terms of separation performances, physical aging often results in increase in the selectivity'
toward CO> over N as reported in literature. After 1 year of aging CO2/N> selectivity for the
pure PIM1 membrane is increased from 15 to 19 while for PIM1-SAP110 membrane from 16
to 17 and from 15 to 22 for PIM1- SAP-OP membrane.

Monitoring the interactions between saponite samples and PIM1 by SS-NMR analysis

As reported in the literature, molecular level dynamics in polymer membranes can be
monitored by employing solid-statt NMR spectroscopy (SS-NMR) and '*C spin-lattice
relaxation times (T1) measurements, which can give an indication of aging in glassy
polymers'?. The *C relaxation studies allow one to estimate the variation in the degree of
flexibility of the polymer as it undergoes ageing. As of today, to our knowledge, monitoring of
aging processes in PIM1 membranes through SS-NMR spectroscopy has only appeared in few
studies'>!3. The '*C NMR spectra for the three membrane samples, PIM1, PIM1-SAP110 and
PIM1-SAP-OP are shown in Figure 7(A).
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T1 relaxation times of chemical groups assigned in figure 7 (A) between t3 (3 months aging) and to

(MeOH treatment) m, while O represents percentage changes between t;» (one-year aging) and ts.

The '3C resonances are broad as a result of restricted mobility due to rigidity of the polymer,

make it difficult to derive additional information. The resolution and intensities, however, are

ample for the measurement of relaxation times and chemical shifts which would give additional

information Assignment of ss-NMR resonance peaks are reported in Figure 7 (A), following

data appeared in the literature

12,15
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The magnitude of the influence of additives on the individual carbons of PIM1 appears to be
limited as no apparent change in the *C chemical shift values and peak resolution were

observed for MMMs with respect to the pure PIM1 sample.

The '3C spin-lattice relaxation time (T1) measurements can reveal the specific nature and
influence of additives on the molecular level dynamics in polymer membranes. '*C relaxation
studies allow to estimate the aging in polymer membranes as the T1 values are related to the
mobility/rigidity of specific carbon atoms within the polymer. To investigate further, the '*C
T1 values at ambient temperature were measured for the three samples (Table S1 in the

Supporting Information).

T1 values were obtained at three different times, namely right after MeOH treatment (to), after
3 months (t3) and after almost 12 months of aging (ti2). Relative changes in the T1 value of
PIM1 membranes are shown in Figure 7(B). Relative rate of change of *C spin-lattice
relaxation times have been evaluated using the formula [(tfinar— tinitial)/Zinitial]; changes in T1
values were evaluated for the first 3 months by means of the formula [(#3-79)/0], while from 3

months to 12 months the formula [(#;2-13)/t3] was used.

In the MeOH treated pure PIM1 membrane, the methyl carbons which resonate at around 30
ppm, relax rapidly (T1 of the order of milliseconds), whereas the other carbons have relatively
long relaxation times (T1 of the order of seconds). The methyl carbons are therefore in a highly
mobile state while the backbone chain segments are rigid. As aging occurs, from to to t3, it is
observed an increase in the T1 values for carbons A and F while for other carbons a decrease
in T1 values was found. Aging in the second period, namely from 3 to 12 months, also shows
that almost all of PIM1 carbons (except H) have longer T values. These results show that as
the polymer membrane ages, the relaxation times of polymer carbons increase as the chain
mobility decreases. Previous studies on PIM1 have also reported similar changes in T
values'>!>. When free volume inside the PIM1 membrane is reduced, carbon mobility is

reduced and longer T1 are observed'®.

In the case of PIMI-SAP110 composite, uniformly higher T1 values were recorded for all
carbons in the first three months period. This reflects a decrease in free volume, as consequence
of polymer chains densification with respect to to sample. Increase in chains densification
results in lower permeation pathways for gas molecules. Indeed, the overall CO; permeability
of PIM1-SAP110 displayed a drop in the first week and then only small additional drop up to

three months, as was evidenced by permeability measurements (Figure 6). However,
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comparing T1 values at three months to T1 values after almost one year, a decrease for all
carbons in 1*C spin—lattice relaxation times can be observed. This reduction in the spin-lattice
relaxation times is due to greater molecular mobility of the polymer backbones as a result of
their favourable interactions with saponite. Chains intercalation between T-O-T sheets could

result in the preservation of small free volumes thus resulting in lower T1 values.

Although the partial collapse of the free volume in PIM1-SAP110 cannot be ruled out, the
presence of clay particles, does not allow further densification of PIM1 chains. A possible
explanation could be that while portions of PIM1 chains diffuse within T-O-T sheets, they
experience a less crowded environment which acts as additional free volume. Physical aging
is thus diminished on the longer-term in saponite based composites as a consequence of chains

confinement, which result in less packed polymeric chains.

A similar trend was also observed for PIM1-SAP-OP. The increase in the *C spin-lattice
relaxation times in the first three months period is related to the decrease in free volume caused
by the densification of polymer chains. However, the 1*C T; values decrease between three and
twelve months evidencing the influence of SAP-OP incorporation on the polymer relaxation
rate. Overall, PIM1-SAP-OP behaves similarly to PIM1-SAP110, however between t3 and ti2,
SAP-OP seems less effective in decreasing T1 values, which is reflected in faster aging with
respect to SAPI110, as was evidenced by permeability measurements. Interlayer
functionalization of SAP-OP could result in lower PIM1 chains diffusion; hence less free

volume is retained.

The rate of change of T values appeared to be dependent on the nature of the carbons as
aromatic units were influenced strongly. The layered structure of saponite enforces the
intrusion of polymer chains into interlayer space leading to the mobility of the longer segments
of backbone chains which results in free volume. Consequently, physical aging at long-term in

PIM1 is moderated by the presence of saponite.

Conclusions

Mixed Matrix Membranes (MMMs) composed of PIM1 and synthetic clays as additives were
prepared by solution casting at ambient conditions. Synthetic clays were obtained using a
H>O/Si ratio of 110 in order to prepare a clay with nanosized dimension. A completely

inorganic material, SAP110, and an inorganic-organic hybrid sample prepared by one-pot
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procedure, SAP-OP, have been prepared. XRD analysis revealed the crystalline and layered
nature of saponites; it was found that functionalization led to an increase in spacing between
T-O-T sheets, from 11 A of SAP-110 to 13.5 A of SAP-OP. From TGA analysis it was seen
that CTA" found in SAP-OP showed higher thermal stability with respect to pure CTABr. This

suggests that CTA" species are found between T-O-T sheets which results in a protective effect.

The decomposition process of CTA" species of SAP-OP sample was further studied by VT-IR

analysis in agreement with TGA findings.

CO; and N> permeability measurements were carried out for a period of more than 300 days in
order to study aging effects on MMM s as well as on pure PIM1 membrane which was used as
a reference sample. PIM1 exhibits the classical aging behaviour of polymers of intrinsic
microporosity, namely a progressive decline in gas permeation due to reduction in internal free

volume caused by polymeric chains mobility.

Both PIM1-SAP110 and PIM1-SAP-OP present an initial significant drop of 43% in CO;
permeability up to 7 days. However, from 7 days up to approximately one-year, further loss in
CO; permeability is assessed at 10 and 16% for PIM-SAP110 and PIM-SAP-OP respectively.
This indicates that saponite fillers can effectively slow down aging of PIM1 membranes in the
long term. Differences in performances between saponite fillers are probably due to lower
ability of SAP-OP to accommodate PIM1 chains between T-O-T sheets due to the presence of
CTA" species.

The CO2/Nz selectivity of all three membrane samples was found to increase; for the pure PIM1
membrane from 15 to 19, for PIM1-SAP110 from 16 to 17 and from 15 to 22 for PIM1- SAP-

OP membrane.

SS-NMR spectroscopy was used to study MMMs and PIM1 membrane aging effects through
13C spin-lattice relaxation times (T1), which allow the study of molecular level dynamics. T1
values were recorded right after MeOH treatment (to), after three months of MeOH treatment
(t3) and after twelve months of MeOH treatment (t12). T1 values for almost all carbons were
found to increase for PIM1 in a twelve months period, thus indicating chains compaction and
consequently a progressive aging. For MMM s higher T1 values were found after three months
for all carbons thus indicating a rapid aging. However, a decrease in T1 values were found by
comparing ti2 with t3. Shorter T1 values are symptomatic of higher mobility of the
corresponding carbons and consequently this is an indication of slower aging for the PIM1

matrix. PIM1 chains intercalation between the saponite sheets could be one of the mechanisms
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responsible. Diffusion of polymeric chains could result in the preservation of small free

volumes thus producing lower T1 values.

This is consistent with permeability measurements findings. PIM1-SAP-OP exhibits the same
behaviour of PIM-SAP110 up to three months, however a less evident decrease in T1 values
was found between t3 and t12. This indicates a weaker effect in slowing physical aging for SAP-
OP. PIMI intercalation could be somewhat prevented for SAP-OP because of interlayer
functionalization. This is also consistent with permeability measurements findings which give

a lower permeability for PIM1-SAP-OP at t12 of 7% with respect to PIM1-SAP110.

Saponite clays as PIM1 additives shows the ability of slowing aging effects in PIM1
membranes. Chains confinement between lamellar sheets could play a significant role in

reducing chains densification, while maintaining small free volumes.

Associated Content
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Thermogravimetric analysis of SAP110 and SAP-OP samples, pore size distribution of
SAP110 and SAP-OP samples, images of PIM1 and MMMS, XRD pattern of pristine aged
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