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Abstract

Molecular sieve membranes and their analogs could potentially transform energy intensive gas separation
processes. However, many such membranes suffer from either limited processability or physical stability
including plasticization of semi-flexible microstructures. Here, we report on a new variation of all-
polymer-based molecular sieve membranes that could tackle these specific challenges. These membranes
were prepared by interfacial polymerization of pillar[5]arene, m-phenylenediamine, and trimesoyl
chloride to create characteristic poly(arylate-amide) heteropolymer microstructures. Pillar[S]arenes were
crosslinked into the films with net weight fractions of up to ~47 %, wherein the 4.7 A cavities of
pillar[5]arenes were interconnected with ~2.8 A apertures. These microstructures provided preferred
permeation paths for smaller molecules (He and H») among the tested light gases (He, Ha, CO2, O2, N,
and CHa), and resulted in significant molecular sieving effects with representative pure gas selectivities
of 32 (H2/CO»), 150 (CO2/CHa4), 4600 (H2/CHa), 13 (O2/Ny2), and 4.7 (N2/CH4) at 35 °C and 10 atm. These
separation factors outperform most polymer-based gas separation membranes, while providing membrane
features such as thin film barriers, cross-linked polymer backbones, and excellent processability resulting
from interfacial polymerization that are critical for large scale operations.



1. Introduction

Membrane gas separations are an attractive technology for mitigating increasing global energy demands
for chemical separations.!: 2 Specifically, molecular sieve membranes such as inorganic microporous or
carbon molecular sieve (CMS) membranes present great potential for redesigning energy intensive gas
separation processes.> However, wide adaptation of membranes in these applications has been challenging
with current membrane formats, where strong molecular sieving effects are necessary to, for example,
separate nitrogen from natural gas. This is because most membranes have rather poor selectivity for
No/CH4 separation, and because of practical challenges faced when membranes are considered for
applications, such as cost, large-scale processibility, and physical and chemical stability.* To tackle these
challenges, it is important to develop new membranes that possess (1) covalently secured and controlled
microstructures to achieve both good molecular sieving properties and physical stability,> and (2)

capability for large scale processing membranes with thin barrier layers.’

Thin-film composite (TFC) membranes prepared by interfacial polymerization (IP) could be a promising
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Figure 1. Polyamide (PAm) and polyarylate-polyamide (PA:Am) thin film composite (TFC) membranes
prepared by interfacial polymerization. (A) Chemical structures of P[5], MPD, and TMC monomers. (B)
Chemical structures of PAr and PAm backbones formed by interfacial polymerization reactions. (C) Schematic
illustration of the TFC membranes with PAm and PA:Am polymer films. Schematics in this panel are not scaled
with molecular details but presented to provide conceptual structure-to-transport relationship of PArAm
membranes.



membrane platform in this regard. IP uses polycondensation reactions to create highly cross-linked
polyamide polymer films. This chemistry enables formation of sub-micron thin selective layers, secure
good mechanical stability through high degree of cross-linking, and are already used to produce industrial
scale membranes via continuous roll-to-roll processes. Those practical features make TFC membranes
widely adopted in water-related large-scale processes such as desalination, and wastewater recycling. It
also makes current TFC membrane market valued at $7 billion (USD) which is projected to reach $13.5
billion by 2025.® However, TFC membranes have not been very successful in gas separations due to the

challenges of both avoiding defect formation and tuning the microstructures at the sub-angstrom scale.

Here, we present pillar[5]arene-integrated TFC membranes to help address these challenges. These
membranes were prepared by interfacial polymerization of pillar[5]arene (P[5]), m-phenylenediamine
(MPD), and trimesoyl chloride (TMC) monomers, where P[5] and MPD react with TMC to form cross-
linked polyarylate (PAr) and polyamide (PAm) polymer backbones, respectively (Figure 1A and 1B). As
a result, the P[5]s are covalently integrated into the thin poly(arylate-amide) (PArAm) selective layers
with up to ~47 % (w/w), leading to interconnection of 4.7 A cavities of P[5]s with 2.8 A micro-apertures
(Figure 1C). Such a unique free volume network provides interconnected permeation paths for He and

H> and maximized molecular sieving ability for light gases such as CO, O, N2, and CHa.
2. Results and Discussion

P[5]-integrated PArAm TFC membranes were prepared using conventional interfacial polymerization (IP)
method.” The concept of using macrocyclic molecules to make PAr or PAm TFC membranes by IP
reactions were previously reported®!? but, to the best of our knowledge, no gas separation results has been
reported, presumably due to the challenge of defect formation during membrane fabrication. In this study,
by introducing polyamide chemistry via conventional MPD monomers to make heteropolymer structures,
defect-free PArAm thin films could be readily prepared, and they were stable at gas permeation pressures
higher than 30 atm. Briefly, the base-activated phenoxide form of P[5] and MPD were dissolved in water,
and TMC was dissolved in anhydrous n-hexane at different concentrations for IP reactions.
Polyethersulfone (PES) membranes were used as support membranes, and the reaction time was 10
minutes unless otherwise specified. Conventional PAm TFC membranes were also prepared as a
comparison by just using MPD and TMC monomers without P[5]. More details including monomer

concentrations and membrane fabrication processes can be found in the experimental section.
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Figure 2. TFC gas separation membranes prepared by IP reactions. (A) Representative SEM images of the
polyether sulfone (PES) support, PAm, and PArAm-2 membranes. (B) Photograph of a freestanding PArAm-
2 film in dichloromethane (DCM). After the PES polymer is dissolved in DCM, the backing support fabric is
separated, and the film is ready to be transferred to another support membrane. (C) Cross sectional SEM
images of the PAm and PArAm polymer films after transferring onto an anodized aluminum oxide (AAO)
support. (D) Polymer film thickness as a function of P[5] fraction in the polymers. (E) FT-IR spectra of PES,
PAm, and PArAm TFC membranes.

Successful polymer film formation by IP was evaluated using scanning electron microscopy (SEM) of
both the as-prepared TFC membranes (Figure 2A and Figure S1) and the free-standing films transferred
on aluminum oxide (AO) membranes (Figure 2B and Figure S2 — S6). PAm membranes present the
characteristic film structure of conventional TFC membranes, which is a ridge-and-valley morphology
with thicknesses around ~200 nm (Figure 2C and Figure S3).!! The PArAm films also have rough
surfaces, but the scale of those structures and film thicknesses are much larger than those of PAm

membranes, as discussed later (Figure 2A — D and Figure S4 — S6).

In addition to evaluation of film formation, Fourier-transform infrared (FT-IR) spectroscopy confirmed
the integration of P[5]s in the films (Figure 2E). For both PAm and PArAm membranes, IR peaks of C=0O
stretching and N-H bending of the amide bonds are observed at 1630 - 1690 cm™ and 1530 cm™,
respectively. N-H bending of the unreacted MPD amines is also observed at 1610 cm!. Also, PArAm

membranes show aromatic ester peaks at 1310 - 1250 cm™, indicating covalent bond formation by the



Table 1. Summary of TFC membrane properties.

Ratios of the Polymer
<Ps ) o densi FFV normalized |
repeating units in ensity P[5] in polymer
CA® to PAm® [3]in poly
polymers (g/cm?) films
(%)
N O (W/w %)
C (%) P[5] MPD | TMC Ref. Sim. Exp. Sim.
(%) (%)

PAm | 745 | 923 | 162 Pz | oass | R 136 1 1 0
PArAm-1 74.9 6.6 18.5 1 4.96 5.31 11.5 1.45 0.54 0.54 30.3
PArAm-2 75.3 7.6 17.1 1 5.06 3.90 9.83 1.42 0.62 0.63 342
PArAm-3 76.0 7.1 16.9 1 3.38 1.88 7.78 1.38 0.89 0.87 47.9

2CA (mol %): percentage of free carboxylic acids compared to total available acid chloride groups of TMC in polymer films.
YExperimental (Exp.) values are from PALS analysis. Simulation (Sim.) values are analyzed using Zeo++ based on He-void fractions.

reactions between P[5]s and TMCs. The H-C-H in-plane bending at 1450 cm™! is only seen for PArAm

membranes, which only exist in the P[5] structures.

The ratios of P[5], MPD, and TMC in the polymer films after IP were further quantified using X-ray
photoelectron spectroscopy (XPS) and silver ion (Ag") tagging of free carboxylic acids followed by Ag*
quantification using inductively coupled plasma mass spectroscopy (ICP-MS)!? (see experimental section
for details). As summarized in Table 1, the final weight fraction of P[5] was 30.3%, 34.2% and 47.9% for
PArAm-1, PArAm-2 and PArAm-3 polymer films, respectively. These incorporation efficiencies are
substantially higher than those of conventional porous fillers used for mixed-matrix membrane (MMM)
fabrication!®, while maintaining practical stability for gas permeation. The high incorporation efficiency
may be attributed to the abundance of crosslinking sites on each monomer structure (Figure 1A). Such
high fractions of P[5]s suggest that the PArAm polymers should be considered as new polymer networks
rather than conventional fillers-in-matrix MMMs. The PArAm matrices also show an interesting
relationship between the P[5] fraction and the polymer film thickness. As determined from the cross-
sectional SEM analyses, more P[5] incorporation correlates with thicker polymer films (Figure 2E and
Figure S3 — S4). It is hypothesized that, compared to PAm polymers, the PArAm polymer chains lose
freedom of rotation during the polycondensation reaction due to the P[5]s, resulting in thicker polymer
films (Figure S7). Consequently, the PArAm film thicknesses increase up to ~2.5 um at a P[5] weight
fraction of 47.9 % (Figure 2E). Compared to traditional IP materials used in water purification, these
thicker but still micron-scale thin selective layers may offer better processability of larger scale, defect

free membrane fabrication, while maintaining desirable membrane permeance.
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Figure 3. Gas transport properties of PAm and PArAm TFC membranes show enhanced molecular sieving
abilities. Gas permeance of (A) PAm and (B) PArAm-2 TFC membranes measured at 35 °C. Error bars are
the standard deviation of three independent membrane measurements. (C) Permeability of synthesized
membranes as a function of squared kinetic diameters (dk?) of the gas molecules 35 °C and 10 atm. (D)
Relative selectivity for several representative gas pairs calculated based on gas permeance at 35 °C and
10 atm. Error bars are propagated errors from standard deviations of measurements. (E) Permeability and
selectivity plot of both the PAm and the PArAm TFC membranes for several representative gas pairs
measured at 35 °C and 10 atm. Arrows indicate the trends of permselectivity changes of the TFC
membranes by P[5] incorporation. Hz-coupled gas pairs showed both increased permeability and selectivity
(red arrows) due to the exceptionally fast H2 (and He) permeation in the P[5]-containing membranes
compared to the PAm membranes.

Pure-gas permeance of the PAm and PArAm TFC membranes were measured for He, Hz, CO», Oz, N> and
CHy4 (Figure 3A - B, Figure S8, and Table S1—S2). Across the pressure range considered, gas permeances
are essentially constant, suggesting that no defects were introduced during membrane formation. As shown
in Figure 3C, gas permeability was estimated based on the resistance-in-series model.!* 1> (Supporting
Information). Gas permeability of PAm and PArAm TFC membranes decreases with increasing kinetic
diameter, which shows the molecular sieving ability of the membranes (Figure 3C). Also, no geometric
restriction was observed from the PES support membranes as confirmed by application of the resistance
model (Table S3), and the selectivity values of PAm membranes match well with several recent references

of commercial or lab-made PAm TFC membranes (Table S4 and S5).!% 7 Importantly, the addition of P[5]
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Figure 4. Characterization of PAm and PArAm membranes microstructures using PALS and molecular
modeling. (A) Comparison of the average pore size of the isolated polymer films measured by PALS to the
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accessible free volumes (AV) of PArAm polymers which are normalized to the PAm membranes’ values.
Probe diameters used for analysis are the same as the kinetic diameters of the gases. (D and E) Visualized
accessible surface areas of the PAm and PArAm-2 polymer models for (D) He and (E) CHa.

to TFC membranes improves molecular sieving ability. This result is evident in the relative selectivity plot
(Figure 3D), which is defined as the pure-gas selectivity of the membranes normalized by the PAm
membrane selectivity. As P[5] content increases, relative selectivity initially increases. In addition, as the
size difference between gas pairs becomes greater, the relative selectivity increases to greater extent,
strongly supporting that P[5] incorporation enhances molecular sieving ability in the membranes.
Representative pure gas selectivities of PArAm-2 membranes are 32 (H2/CO.), 150 (CO2/CHs), 4600
(H2/CHas), 13 (O2/N2), and 4.7 (N2/CH4) at 35 °C and 10 atm. The relative selectivity reaches a maximum
at 34.2 wt% of P[5] (PArAm-2) and decreases slightly in spite of the higher P[5] content (i.e., 47.9 wt%
of PArAm-3). This observation is in accordance with our hypothesis that an optimum ratio of P[5], MPD
and TMC would maximize the gas separation properties of PArAm membranes by avoiding forming
undesirable voids around P[5] after IP reactions by filling the inter-P[5] spaces with a minimum amount
of MPD (Figure S9). Due to these reasons, the gas selectivity of PAr TFC membranes prepared without

MPD in this study was consistent with Knudsen selectivity.



Permeability and selectivity of several representative gas pairs for both PAm and PArAm membranes are
summarized in Figure 3E. Interestingly, He and H> permeability coefficients of PArAm membranes are
noticeably higher than those of PAm membranes and, therefore, the addition of P[5] increases both
permeability and selectivity for He- or Hz-paired gases. Such an improvement in permeability/selectivity

combinations represents a characteristic structural feature of the PArAm membranes for gas separations.'®

To obtain molecular scale insights into the microstructures of PArAm membranes, positron annihilation
lifetime spectroscopy (PALS) was performed. The PALS data of SW30 Dow Filmtec membranes, which
we reported previously using the same experimental conditions, was used as the PAm membrane model."
With P[5] incorporation, the average pore size of the membranes became slightly larger from 5.14 A (PAm)
to 5.32 A (PArAm-1), 5.23 A (PArAm-2) and 5.59 A (PArAm-3) (Figure 4A) but fractional free volume
(FFV) of PArAm membranes is reduced by 54.5%, 62.5% and 89.1% compared to PAm membranes
(Table 1 and Table S6). Considering that P[5] possesses specific internal cavities of 4.7A diameter due to
stable carbon-carbon bonds (Figure 1A), these significant FFV reductions imply that the surrounding
polymer chains became much more densely packed than conventional crosslinked PAm matrices, which

favors high levels of molecular sieving.

These microstructures were also identified from our polymer structure modeling simulations. All PAm

and PArAm polymer matrices were generated by a 21-step polymerization method?® 2!

, reflecting our
experimental parameters such as the repeating unit ratios after polymerization, the density of free
carboxylic acid in the polymers, and relative FFV differences between the membranes (Table 1). The
density of PAm (1.3634 g/cm?®) obtained following the 21-step polymerization process is in good
agreement with values reported in the literature (1.358 g/cm?), validating the generated PAm polymer
structure model.?° Due to the absence of experimental PArAm polymer densities, the He-void fractions of
the simulated polymer structures were compared to the FFV values obtained from PALS and, for the
PArAm polymer models, an additional step of compression was performed followed by equilibration to
match these two experimental (PALS-based FFV) and simulation (He-void) parameters (Table 1, Figure
S6, and Table S7) (see the experimental section for the details). As a result, the largest included sphere
sizes of the generated polymer structures closely relate to the average pore sizes obtained from PALS
(Figure 4A). Also, accessible surface area was analyzed using different Connolly probe sizes that are the

same as the kinetic diameters of the gases (Figure 4B). The accessible surface areas of PArAm membranes

for CO2, Oz, N2, and CH4 were lower than PAm polymers, as expected from the lower FFV values.



However, the trends were reversed for probe sizes smaller than ~2.8 A, which corresponds to the size of
Ha, and the PArAm membranes show higher accessible surface areas for He and H> compared to the PAm
membranes despite their lower accessible volumes (Figure 4C) or FFV values (Table 1). Such lower
accessible volumes but higher surface areas are consistent with microstructures of the PArAm membranes
having narrow (~2.8 A) free volume elements that interconnect the P[5] apertures (~4.7 A) (Figure 4D
and 4E) to provide fast permeation paths for He and H» as well as significantly enhancing molecular
sieving effects for the other gases. This microstructure model is consistent with the permeability (Figure

3C) and the accessible surface area (Figure 4B) results.

As mentioned above, one of the challenges of using TFC membranes for gas separations has been to avoid
defects during IP reactions.! In this regard, highly cross-linked PArAm membranes also show promise in
terms of making defect-free membranes. Recently, Pinnau and coworkers reported that increasing IP
reaction times longer than five minutes could help avoid forming defects during PAm TFC membrane
fabrication for gas separations.!”-2> We also faced the same challenge for PAm membrane fabrication, and
we set the IP reaction time to 10 minutes for both initial membrane development and fundamental studies
of both PAm and PArAm membranes. However, defect free PArAm TFC membranes could be readily
prepared at IP reaction times as low as one minute without compromising the selectivity, while showing
increased gas permeance due to the decreased thickness of the selective layers (Figure S10 and S11). In
addition, PArAm TFC membranes did not show any obvious structural deformation even under pressures

up to 33 atm of CO; (Figure S12), showing the potential stability of the membranes against plasticization.
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Figure 5. Gas transport property comparison of PAm and PArAm TFC membranes to the Robeson plots for
gas pairs of (A) H2/CHa, (B) H2/CO:2 and (C) N2/CHa. For the N2/CH4 gas pairs, data points of the several
glassy polymers (cellulose acetate, polysulfone, and polyimides) that are currently available for large scale
applications are plotted together as comparison.



The outstanding molecular sieving ability of the PArAm TFC membranes could be seen when compared
to other polymer materials in Robeson plots (Figure 5).2* First, H, paired gases’ permselectivity is beyond
(or near) the upper bound line due to enhanced He and H» permeability despite decreased FFV (Figure
5A and B). For the other gas pairs, although the PArAm membranes are following permeability-selectivity
trade-off behavior (Figure 3E), their selectivity values outperform those of most polymer materials,
suggesting their potential applications for the gases to be separated based on subtle differences in kinetic

diameters, such as N»/CHj separations (Figure 5C).* 24
3. Conclusion

In summary, P[5]-integrated TFC membranes were prepared by IP. All starting materials are either already
being used for large scale membrane production by IP (MPD and TMC) or commercially available (P[5]).
Also, IP-based TFC membranes have been the most successful membrane platform in the market, and
their capabilities of the large-scale production and physical stability have been thoroughly validated during
the past few decades.® ?° Therefore, the practical hurdles for scale-up of PArAm membranes at early stage
would be meeting the cost requirement for the membrane fabrication, which is often neglected at the stage
of lab-scale membrane developments. In this regard, preliminary evaluation of the membrane fabrication
cost based on lab-scale chemical synthesis is about ~22 $/m? (Supplementary Method, Table S8 and Table
S9), which satisfies natural gas process membrane cost limits of 50 $/m?.2* The properties of the PArAm
TFC membranes, such as the outstanding molecular sieving performance, and the practical stability of the
membranes could be important on He or H» separations or other important gas separation applications that

require enhanced molecular sieving.
4. Experimental Section

P[5] synthesis: All chemicals and solvents were purchased from Sigma Aldrich unless otherwise specified,
and they were used without further purification. P[5]s were synthesized following a previously reported

method.?¢ Detailed procedures are available in Supporting Information.

Membrane fabrication using IP reaction: The TFC membranes were synthesized using the interfacial
polymerization technique described elsewhere.” In brief, Microdyn Nadir MP-005 poly(ether sulfone)
ultrafiltration membranes (PES) were purchased and used as porous support membranes for the TFC membrane
fabrication. Before polymerization, the PES membranes were immersed in distilled water and washed for 24

hours, with several water changes to remove membrane humectants and preservatives. To activate the phenolic



reactive groups of pillar[5]arenes to phenoxides, P[5]s and 1.2 x molar excess of NaOH with respect to the
number of P[5]s’ phenolic groups were dissolved in water. MPD was further dissolved in this solution to
prepare aqueous monomer solutions with different monomer concentrations (w/v %). For the PAm membrane
preparation, MPD was dissolved in DI water without P[5]s. The final monomer concentrations for each
membrane were as follows: PAm (2 w/v% MPD), PArAm-1 (1.5 w/v% P[5] and 0.25 w/v% MPD), PArAm-2
(1.5 w/v% P[5] and 0.5 w/v% MPD), and PArAm-3 (1.5 w/v% P[5] and 0.75 w/v% MPD). The solution was
filtered through a 0.2 um PTFE syringe filter to remove any dust or particulate contaminants. TMC was
dissolved in anhydrous n-hexane to prepare organic phase monomer solutions with 0.5 w/v%. Before the IP
reaction, PES support membranes were immersed in aqueous monomer solutions for five minutes, and then
transferred on a glass plate. Excess aqueous solution on the surface of the membranes was removed using a
squeegee with a silicone blade. A custom-made PTFE gasket was placed on the surface of the membrane, and
the TMC solution was poured into the gasket to the initiate interfacial polymerization. Reaction times for the
polymerizations were 10 minutes unless otherwise specified. Reactions were terminated by flushing the TMC
solution with fresh hexane. The membranes were placed in an oven at 70 °C for 10 minutes for post-baking
and washed in distilled water for 24 hours. The prepared membranes were air-dried for one day, and vacuum-
dried at 150 °C for 24 hours to remove any residual solvent (water) in the membranes. Membranes were kept

in a desiccator until gas permeation experiments.

Pure gas permeation measurements: Membranes were masked with brass discs (McMaster-Carr, Cat #9011K4)
and sealed with epoxy glue before pure gas permeation measurements.?’ The diameter of the brass discs was
47 mm with ~2.8 cm* membrane test area (0.75 inch diameter of the central hole). All measurements were
performed at 35 °C with varying upstream pressures using a constant-volume and variable-pressure apparatus,
which was equipped with a high-pressure filter holder (47 mm, HP Filter Holder, #4504700, MilliporeSigma).
A 1000-psig industrial grade pressure transducer (Model STJE, Honeywell) and a 10-torr capacitance
manometer (Baratron 626A, MKS) were used to monitor and record the upstream and downstream system
pressures, respectively. The downstream pressure was maintained below 10 torr for the duration of the gas

permeation experiment. Gas permeance (p) is calculated using the following equation.
10-6 cm3(STP) _Vy [(dp1> (dp1> ]
p cm?-s-cmHg) — p,ART [\ dt /g dt / jeax

: . . d .
where V; is the downstream volume, p, is the upstream pressure, A is area of the membrane, (%) is steady-
SS

dp1

state pressure change during the measurement, and ( "

) is the leak rate. Gas permeability (P) is calculated
leak



using the following equation.
P=pxl
where GPU is gas permeance and [ is the thickness of polymer film.

Scanning electron microscopy: Top and cross-sectional membrane morphology was investigated using
scanning electron microscopy (Quanta 650, FEI) with an accelerating voltage between 5 kV and 20 kV.
Samples were coated using an EMS sputter coater with Au:Pd ratio of 60:40, and sputter time was 45 seconds.
For the cross-sectional film preparation, PES support layer of TFC membranes were etched with
dichloromethane, and free-standing films were transferred onto anodized aluminum oxide (AAQO) membranes
(Anodisc 0.2 pm pore size, Whatman). AAO-supported films were cryo-fractured using liquid nitrogen and

subjected to SEM investigation.

FT-IR: FT-1R spectra of samples were obtained using a Nicolet 6700 spectrometer (Thermo Scientific, Waltham)
to probe the chemical structures of the synthesized polymer films. All scanning was performed with 256 scans

per sample, with a spectrum resolution of 4 cm.

X-ray photoelectron spectroscopy (XPS): XPS analysis was performed to quantify elemental compositions (C,
N, O) of polymer films. XPS spectra were obtained using a Kratos AXIs Ultra DLD spectrometer with a
monochromatic Al-Ka X-ray source (hv = 1486.5 eV) with a spot size of 400 um. All binding energies were
adjusted to the adventitious Cls signal at 284.8 eV. The peaks were analyzed using CasaXPS software.

Quantifying free carboxylic acid in polymers using inductively coupled plasma mass spectroscopy (ICP-
MS): Carboxylic acid density in the selective layers of PArAm membranes after IP reactions was
quantified using the method first proposed by Elimelech and coworkers!?, based on tagging carboxylic
acid groups with Ag* proposed by Coronell ef al.?® This method uses Ag* ions as molecular probes to
detect free carboxylic acids by ion association. In brief, PArAm polymer films were isolated by immersing
the membranes in DCM to dissolve the PES support layers. Free standing polymer films were then washed
with an excess volume of methanol and vacuum dried at 150 °C for 24 h to completely remove any residual
solvent. Dried films were weighed. Polymer films were immersed in the binding solution (40 pM AgNOs
in distilled water at pH 10.5) for 10 minutes and transferred to fresh binding solution and incubated for
another hour on an orbital shaker. After this binding step, films were transferred to the rinsing solution (1
uM AgNO:; in distilled water at pH 10.5) to rinse off any unbound Ag” ions in and around the films. The

rinsing solution was replaced four times with new solution every 7 minutes. Lastly, films were transferred



to 20 mL of elution solution (2% nitric acid, trace metal grade chemical solution) for two hours. After the
elution step, films were removed, and the elution buffer was subjected to ICP-MS to measure the
concentration of Ag” ions in the solution. Since carboxylic acid reactive groups associate with Ag" ions at
a molar ratio of 1:1, the carboxylic acid density per unit mass of polymer was calculated from the amount

of Ag" ions eluted from a given polymer weight.

Calculation of the ratio of monomer units in polymer films after IP reaction: Three mass balance equations
of C, O, and N were used to calculate the ratio of various monomers incorporated in the films, based on
the quantitative C, O, and N ratios obtained from XPS analysis. For PAm membranes, there are three
unknown variables after IP reactions, which are the ratio of MPD over TMC and the density of free
carboxylic acid. Therefore, the equations could be solved using the XPS results. More datils of this
calculation is shown in Figure S14. For the PArAm membranes, there are four unknown variables which
are the ratios of P[5], MPD and TMC, and the density of free carboxylic acids. Therefore, the density of
free carboxylic acid was first analyzed separately using the ICP-MS experiments, and then the equations

were solved to find the repeating unit ratios of P[5], MPD, and TMC monomers.

Positron annihilation lifetime spectroscopy (PALS): PALS measurements were performed using an EG&G
Ortec fast-fast coincident system. PArAm membrane films were isolated from the synthesized membranes
by immersing in DCM. The films were thoroughly washed with excess amounts of DCM and then
methanol, and vacuum dried at 150 °C for 24 hours. A positron source (approx. 1.5 MBq of Na-22 sealed
in Mylar) was placed in the center of a 3 mm thick bundle of membrane films. The samples were run
under vacuum (1 x 10 torr), and data was collected for 5 files each with a minimum of 4.5 x 10° integrated
counts per file. The spectra were analyzed using LT v9 software?® and fit to three lifetime components.
The first component was fixed to 0.125 ns due to para-positronium annihilation (bound state of the
positron with an electron of opposite spin). The second component (approx. 0.4 ns) was due to positrons
annihilating with free electrons within the samples. The third component was due to ortho-positronium
(0-P) annihilation (bound state of positron and electron of the same spin). This o-Ps lifetime is related to
the free-volume within the samples.’® The size of the free volume element, , was determined via a semi-

empirical Tao-Eldrup relationship.?! 32

-1

_1(1 r +1_[2nr])
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where Ar is an empirical constant related to the electron layer thickness and calculated to be 1.66A. The



Fractional Free Volume for PALS (FFVpaLs) was calculated using the relationship

FFVPALS:CXVXI

Here, V' is the average spherical pore volume calculated from the PALS radius, 47T/ 3 r3, I is the PALS

intensity which is representative of the average number of pores in the sample, and ¢ is a constant

empirically determined to be 0.0018 nm™ for several polymers.*

Polymer structure simulations and analysis: The initial monomer units were minimized using B3LYP
level of theory of DFT formalism along with 6-31G(d,p) basis set.>**” Further the partial charges were
calculated using HF/6-31G* level of theory in the gas phase followed by RESP. using Gaussian03 (Figure
S7 and S8, and Table S10 and S11).3* 38 The bonded and non-bonded interactions of all the constituents
were modelled using GAFF.?® To form cross-linked morphology from the monomers, Polymatic was
used.*” This process is divided into the following steps. First, the monomers are packed randomly in a box
at a low density of 0.2 g/cm®. The number of different MPD, TMC and P[5] monomers are in the ratio
obtained from experiment. Next, a series of short NVT simulations at 600K are done allowing the
monomers to rearrange themselves rapidly. When the terminal carbon atom of TMC comes within 3 A of
either a terminal nitrogen atom of MPD or a terminal oxygen atom of P[5], a new bond is created between
them. The terminal bonding atoms are given an addition charge of + 0.3e to facilitate their rate of approach.
This excess charge is removed as soon as a pair of terminal atoms undergo bond formation. The addition
of this fictitious charge has been shown to increase the bonding rate without altering the structure of the
generated morphology.*® This cycle of NVT equilibration and bond formation is continued until all the
monomers have linked with each other. Any unbonded, freely dangling monomer unit is removed
completely. The terminal ends of the final structure are capped using the appropriate capping groups (H
for amide group of MPD, OH for carbonyl group TMC and H for phenol group of P[5]). The crosslinked
structure thus obtained using Polymatic has a density ~ 0.3 g/cm?. This crosslinked structure is next

subjected to a 21-step polymerization protocol'® using LAMMPS.*!

Here, the system undergoes rapid compression and decompression cycles of extremely high pressures.
The 21-step polymerization protocol comprises first an NVT simulation at 1000 K for 10000 steps, an
NVT simulation at 300 K for 50000 steps, and an NPT simulation at 300 K with pressure P for 50000
steps. These three steps are repeated seven times, where the pressure P is different for each NPT simulation

as shown in Figure S13. The maximum pressure used in this protocol is 5 x 10*atm. A timestep of 2 fs is



used. SHAKE algorithm** was used to constrain the bonds involving hydrogen atoms. The temperature
and pressures were maintained using Nose-Hoover thermostat and barostat** #* with both coupling

constants being 200 fs . He-void fractions of the 21-step morphology was computed using RASPA .43

In the absence of experimental density data for PArAm polymers, the He-void fraction of these structures
were compared with the experimental FFV results. The He-Void fraction from the 21-step polymerization
protocol deviates from experimentally observed FFVs. This discrepancy may arise due to multiple reasons:
choice of forcefield for the P[5]s, mechanism of crosslinking of the monomers in these membranes or
even the rate of compression and decompression done during the 21-step process. The extent of this
compression or decompression is not known a priori, thus requiring a series of simulations to be performed
until the structures with desired FFVs as found in PALS experiments are obtained (Table 1). Therefore,
for PArAm polymers, the structures obtained using the 21-step polymerization are subjected to
compression using NVT ensemble by reducing the simulation box volume in steps. This compression is
continued until their He-void fraction (normalized with respect to PAm) show the same trend as obtained
from PALS experiments. We find that these densities are higher compared to densities obtained after 21-
step polymerization process. The high densities suggest tight packing of monomers around the P[5] rings

as discussed earlier.
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