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Aromatic porous polymer network membranes for organic solvent
nanofiltration under extreme conditions

Chenxu Wang,2® Chenxuan Li,2 Evan R. C. Rutledge,? Sai Che,? Jongbok Lee,? Alexander J. Kalin,? Caili
Zhang,? Hong-Cai Zhou,? Zi-Hao Guo*c and Lei Fang*ab

Aromatic porous polymer networks (PPNs) are promising candidate materials for organic solvent nanofiltration (OSN)
membranes, in which molecular-sieving selectivity, high permeability, and chemical/structural stability can be integrated. In
this work, aromatic PPN membranes p-PPN, m-PPN and tri-PPN are fabricated by in situ aldol triple condensation cross-
linking. These membranes demonstrate high stability, permeability and sharp selectivity in OSN, thanks to the aromatic
nature of the backbone, high surface area (up to 1235 m?/g), and narrowly distributed pore sizes. They possess a high organic
solvent permeability so that a good permeance is achieved despite a thickness over 100 um. Molecular weight cut-off and
molecular weight retention onset of these membranes are ~600 g/mol and 350 g/mol, respectively, making it possible to
efficiently separate molecules from a complex mixture composed of compounds with only marginally different molecular
weights. As a result of the highly stable nature of the aromatic backbones, these PPN membranes show retained structural
integrity and OSN performance in the presence of either strong acid or strong base for over 50 h. The extraordinary stability,
integrated with the excellent permeability and selectivity, render these PPN membranes promising candidate for challenging
OSN applications under extreme conditions.

Introduction

Organic solvent nanofiltration (OSN) through membranes have
emerged as an environmentally and energetically favorable
strategy to purify, separate, and concentrate organic solutions
for a wide range of applications.»> To date, various types of
membranes, including polymeric, inorganic and mixed matrix
membranes, have been developed for OSN.13 9 Among them,
polymeric membranes!® 11, especially those ones with high
permeability and selectivity!? 13, are particularly promising due
to their feasible manufacturing, mechanical adaptability, and
synthetic versatility. Most commercial polymeric membranes
for OSN are dense membranes with little or no porosity® 3 and
usually suffer from low permeability. Moreover, their non-
cross-linked nature also lowers their resistance to strong
organic solvents or harsh chemical environments.’* 15 In
contrast, cross-linked porous polymeric membranes are
promising in terms of permeability because of the presence of
interconnected pores and channels which assist molecular
transportation.!? Cross-linked membranes also exhibit desired
solvent resistance compared to non-cross-linked alternatives.®
17 In addition, recently developed crystalline covalent organic
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framework (COF) membranes, which are covalently cross-linked
and highly porous, have shown excellent selectivity and
extraordinary permeance in OSN with various solvents on
account of the long range order of their pore structures.'8-23 In
comparison, an amorphous cross-linked porous polymer
network (PPN) can be prepared via a wide range of synthetic
methods, creating a diverse library of PPNs with different cross-
linking chemistries and backbone constitutions.?42° A number
of high-performance, PPN-derived OSN membranes have been
successfully developed, including polyarylate membranes3°,
cyclodextrin membranes3® 32, and conjugated microporous
polymer (CMP) membranes.33 34

Despite the significant advances in the field of polymeric
OSN membranes, it is still a formidable challenge to achieve an
ideal polymeric membrane possessing simultaneously
chemical/structural stability, molecular-sieving selectivity, and
high permeability/permeance. In particular, the performance
and structural integrity of most polymer membranes tend to
decline rapidly in harsh chemical environments, which are often
unavoidable in practical applications.? 2 3537 Many of the key
chemical bonds in polymeric membranes (such as ester bonds,
imine bonds) are labile in strong acidic or basic conditions.
Highly permeable and selective polymeric OSN membranes that
can perform reliably with chemically aggressive feeds are still
extremely rare. In order to achieve a stable, selective, and
permeable membrane for OSN, one must simultaneously
impart good chemical stability, high porosity, and narrow pore
size distribution into polymeric OSN membranes.3% 38 39 We
hypothesized that organic membranes constituted of a fully
aromatic network could potentially fulfil these demands.
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Herein, we report the fabrication of a class of aromatic PPN
membranes possessing extraordinary stability, excellent
permeability and molecular-sieving selectivity, as well as highly
robust OSN performance in strong acid and base conditions.

Experimental
Fabrication of PPN thin films

The commercially available monomer (1,4-diacetylbenzene,
1,3-diacetylbenzene or 1,3,5-triacetylbenzene) was dissolved in
methanesulfonic acid (MSA) at 50 °C to form a 15 mg/mL
solution. The solution was drop casted onto a micro cover glass
and sandwiched by another micro cover glass, followed by
heating at 110 °C for 24 h. After the reaction was completed,
the micro cover glasses were separated and the PPN film was
adhered to one of the glass pieces. A pressure-sensitive tape
was used to tape off the film from the glass surface (Figure S1).
The tape was then soaked in THF where the polyacrylate
adhesive was dissolved and PPN thin film was released into THF,
and subsequently transferred onto a silicon wafer by using a
pipette, and rinsed with THF for further tests.

Fabrication of PPN membranes for OSN.

The monomer (90 mg) was dissolved in MSA (1 mL) at 50 °C to
form the reaction solution. The solution was drop casted onto a
6” x 6” glass substrate and sandwiched between another piece
of glass of the same size. These glass substrates were pre-
treated by spray-coating a thin layer of PTFE to prevent
undesired adhesion of the membrane onto the glass. Two
pieces of 200 um-thick micro cover glass slides were placed in
between (Figure 1b). The sandwiched system was heated at 110
°C for 24 h. After the reaction, the freestanding PPN membrane
was detached from the glass substrate and soaked in methanol
for 45 min. It was then taken out and soaked in another batch
of clean methanol. After repeating for twice, the membrane
was either used directly for subsequent experiments, or
preserved by soaking in PEG 600/methanol solution (weight
ratio = 1:1) overnight and dry in the air for long-term storage. In
order to determine the yield, the membrane was first grounded
into powder, washed thoroughly by Soxhlet extraction with
THF, and subsequently dried to give the precise mass.

OSN tests of PPN membranes.

A piece of PPN membrane was washed thoroughly with
methanol and cut by a round cutter with diameter of 4.7 cm.
The membrane was transferred into a dead-end solvent-
resistant stirred cell (Millipore, effective diameter 4.7 cm) with
a Nylon filtration membrane (Whatman, 0.45 um pore size)
underneath as a cushion (Figure S2). A Kalrez® solvent-resistant
O-ring (outside diameter 4.7 cm) was placed on the PPN
membrane to seal the cell. All experiments were repeated at
least three times. In a typical dye rejection test, dye solution (30
mL, 10 ppm) was charged into the cell as the feed solution. A
transmembrane pressure of 1 bar was applied by using
compressed nitrogen gas. The feed solution was stirred at 400
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rpm to minimize concentration polarization effect close to the
membrane. The first 3 mL of permeate was discarded and the
following permeate was collected for measurements. After the
test, the solution remained in the cell was collected as the
retentate. The concentration of feed, permeate, and retentate
was measured by UV-vis spectrophotometer. The rejection R
was calculated using Equation (1), where C; and C, is the
concentration of feed and permeate, respectively.

R= [1 - (%)] x 100% (1)

In pure solvent permeance tests, 30 mL pure organic solvent
(acetonitrile, acetone, methanol, tetrahydrofuran, toluene,
dimethylformamide, or isopropanol) was used as the feed. The
permeation test was conducted under transmembrane
pressure of 1 bar with stirring rate of 400 rpm. The first 3 mL
was discarded and the permeation time and solvent volume of
the following permeate was recorded. The permeance p of PPN
membrane was calculated using Equation (2), where V is solvent
volume, A is effective area of membrane, t is time, Ap is TMP.
p= ﬁ [unit: Lm?h?ibar?] (2)

The permeability P, which reveals the intrinsic property of
materials, of PPN membrane was calculated using Equation (3),
where p is permeance and / is the thickness of membrane.
P=pl [unit:Lm2hibarim] (3)

In mixed dye separation test where rhodamine B was separated,
a mixture of 2.5 ppm rhodamine B, 15 ppm bromothymol blue,
15 ppm congo red, and 10 ppm brilliant blue in methanol were
used as the feed solution. Different concentrations of the dyes
were used in order to avoid overwhelming signal intensity of
one certain dye, so that the absorption signals in the UV-vis
spectra were easy to deconvolute during analysis. In mixed dye
separation test where fluorescein and rhodamine B were
separated, the concentration of fluorescein, rhodamine B and
bromothymol blue were all 10 ppm in methanol. In order to
differentiate peaks of fluorescein and bromothymol blue, NaOH
was added into the feed solution to shift the peak of
bromothymol blue.

Results and discussion
Fabrication of PPN membranes

The PPN membranes reported in this work are fabricated by
cross-linking using an aldol triple condensation (ATC) reaction.
In our previous work, a feasible ATC method based on
methanesulfonic acid (MSA) was developed to efficiently
produce amorphous aromatic PPNs in the form of powders with
high porosity.*° In this reaction, MSA acted as both the catalyst
and the solvent so that no other reagent is needed for the
“pristine” cross-linking. We envisioned that this unique feature
could allow for fabrication of PPN membranes through an in situ
cross-linking procedure using MSA as the solvent. It is also
noteworthy that small amount of reaction defects, such as
unreacted acetyl groups and a,B-unsaturated ketone units, are
unavoidable in the product due to the less than 100%
conversion and irreversible nature of the ATC reaction.*! Based
on this reaction, p-PPN, m-PPN, and tri-PPN membranes were

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. a) Synthetic scheme of cross-linked conjugated PPNs (p-PPN, m-PPN, and tri-PPN) through aldol triple condensation reaction; b)
Graphic representation of the membrane fabrication using an MSA solution of the monomer.

fabricated using pristine solutions of 1,4-diacetylbenzene, 1,3-
diacetylbenzene or 1,3,5-triacetylbenzene in MSA solvent,
respectively (Figure 1a). These benzene-derived monomers are
all commercially available. They were selected so that the ATC
reaction led to PPNs with aromatic backbone with the desired
stability and rigid microporosity. The different substitute
patterns of para-, meta- and tri-acetyl functionalized monomers
allows for the construction of variable pore structures. The
reaction yields for p-PPN, m-PPN, and tri-PPN membranes were
88%, 84% and 91%, respectively.

A series of PPN membranes with different thicknesses,
ranging from 150 nm to 120 um, were prepared by this method
with excellent quality. The membrane thickness was simply
controlled by tuning the concentration of the initial monomer
solution and the thickness of the spacer. For example, a
membrane with sub-micrometer thickness was prepared from
a 15 mg/mL monomer solution with no spacer between the two
glass slides.
membrane was removed from the glass slide with adhesive tape
and separated from the tape by soaking in THF. The resulting
free-standing membrane floats on the surface of the THF and
can be picked up by a copper wired loop (Figure 2a). The
freestanding PPN membrane was transferred onto a silicon

After the heating process, the as-prepared

wafer for atomic force microscopy (AFM) and scanning electron
microscopy (SEM) characterization. The surface of these
membranes have RMS roughnesses ranging from 15.9 nm to
19.1 nm (Figure 2b, Figure 2e Figure S4 and Table S1), which is
similar to other PPN membranes prepared by surface-initiated

This journal is © The Royal Society of Chemistry 20xx

method33 but smaller than COF membranes obtained from
drop-casting method!8. AFM height profiles (Figure 2c and
Figure S3) show that the thicknesses of p-PPN, m-PPN, and tri-
PPN prepared by this method are around 150-200 nm (Figure 2f
and Figure S3). These thin membranes appeared to be highly
flexible and able to crumple and fold on the wafer as visualized
by SEM (Figure 2d). The thickness of the membrane can be
controlled simply by tuning the concentration of the monomer
solution. For example, when using a 30 mg/mL 1,3,5-
triacetylbenzene solution for the process, it afforded a tri-PPN
membrane with 360 nm thickness (Figure S5). Although these
sub-micrometer-thick membranes were too fragile and small to
be tested in a centimetre-sized OSN device, the successful
synthesis demonstrated here proves the concept of in situ
cross-linking method for the fabrication of conjugated PPN
membranes for various application, including OSN.

In order to fabricate PPN membranes with adequate
mechanical strength and size that can be feasibly handled for
OSN in a 4.7-cm-diameter cell, higher concentration monomer
solutions (90 mg/mL) and 200 um-thick glass spacers were used
to prepare a series of much thicker and larger membranes (5~6
cm in diameter), which can be easily peeled from the glass slides
without the assistance of tape. The surface morphology of these
membranes was smooth and unremarkable, while the cross-
section image did not show any observable unsymmetrical
feature (Figure 2h, 2i, and Figure S6). According to cross-section
SEM images, the thicknesses of the p-PPN, m-PPN, and tri-PPN
membranes were 121 + 12, 118 + 20, and 102 + 19 um,

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




Journal of-Materials.Chemistry A

ARTICLE

a

,Ji!!fIHIIiHl|Ifi:il\iE|HiiiH||‘IHII!mii:il“afil]!iilil
4 Jor 1 o p s S R, (R R

Journal Name

Profile 1

l

o
@
a
=1
3

Profile 2

200+

Profile 1
— Profile 2
Profile 3

100+

—

05 10 15 20 25 30
Distance (um)

Figure 2. a) photographic image of a free-standing thin tri-PPN membrane with ~200 nm thickness on a copper loop; b,c,f) AFM images
showing the surface morphology and thickness of the thin tri-PPN membrane; d,e) SEM images showing the flexible nature and the cross
section of the thin tri-PPN membrane. g) photographic image of a thick p-PPN membrane for OSN with thickness of ~100 um; h,i) SEM
images of the surface and cross-section view of the thick p-PPN membrane.

respectively. They were washed with methanol and
subsequently preserved with polyethylene glycol (PEG) 600 to
prevent over-drying. These easy-to-handle, free-standing PPN
membranes were cut into round pieces with diameter of 4.7 cm
for further OSN measurements (Figure 2g and Figure S7).
Contact angle tests showed the hydrophobic nature of PPN

membranes (Figure S8).

Characterization

Chemical characterization of these PPN membranes were
performed by using Fourier-transform infrared spectroscopy
(FTIR) and solid-state 13C CP/MAS nuclear magnetic resonance
(SSNMR) (Figure 3a and 3b). FTIR spectra of these membranes
were identical to the corresponding powder samples as

4| J. Name., 2012, 00, 1-3

reported previously.*? As anticipated, the finger print feature of
a 1,4-disubstituted benzene ring at 825 cm™ was observed in
the spectrum of p-PPN, while that of 1,3-disubstituted benzene
ring at 790 cm™ was identified in that of m-PPN. In addition, the
characteristic features of 1,3,5-trisubstituted benzene rings at
858 — 879 cm and 700 cm™ were observed in all of these
spectra. FTIR peaks corresponding to aromatic alkenes at 1577
- 1600 cm™ and carbonyl groups at 1670 - 1707 cm™® were also
observed (Figure S9), indicating the presence of functional
group defects resulting from incomplete conversion of the ATC
reaction. In the SSNMR spectra, the sp? carbons substituted
with hydrogen and those without hydrogen can be
distinguished into two major resonance signals at 124.6 — 126.9
ppm and 140.7 ppm, respectively. Notably, in p-PPN and m-
PPN, the ratio of signal intensities between the hydrogen

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 9



Page 5 of 9

a p-PPN F 1,4 disub benzene

900 850 800 750 700

Wavenumber (nm)

1000 950 650

4004
OOOOOOOOODOOOO 0000004

2000090
d

) 3 5-0-0-00C
200, 000000 4

o °°°¢°q¢°°
a?

~ 000
O@GéabOOOQQ@@beg

c,,o%”om%oaooagggggg&‘o
]

¢ eg

200 4

@ p-PPN adsorption
—o— p-PPN desorption
@ m-PPN adsorption
m-PPN desorption

@ {r-PPN adsorption
fr-PPN desorption

02 04 06 08 10
Relative Pressure (P/P )

100 4

Quantity Adsorbed (cm®*g STP)

o
1

00

Journal ofcMaterials . Chemistry A

tri-PPN

250 200 100

300 150 50 0 -50
Chemical Shift (ppm)
e 5 — pPPN
—— m-PPN

;\; 90 PPN
@
g 80
k=
8
o 70
o
5 604
(7]
= 504

40 T T T T

0 200 400 600 800 1000

Temperature (°C)

Figure 3. Characterization data of p-PPN, m-PPN, and tri-PPN membranes: a) Aromatic fingerprint region of FTIR spectra; b) SSNMR spectra;

c) N, adsorption isotherms; d) TGA traces.

substituted carbons and the non-hydrogen carbons were similar
and significantly higher than that in tri-PPN, in accordance to
the theoretical compositions of these different types of carbons
in the products. The amorphous structure of PPN membranes
was confirmed by powder X-ray diffraction tests where no
distinct diffraction peak was observed (Figure S10).

The porosity of these PPN membranes was characterized by
N, adsorption tests at 77 K. The N, adsorption data showed type
| isotherms, revealing microporosity in the PPN membranes
(Figure 3c), similar to the corresponding powder samples?°.
Despite their amorphous nature and defects, these PPN
membranes showed narrowly distributed pore sizes with a
majority of the pores smaller than 1.5 nm (Figure S11).
Particularly, p-PPN showed a major peak at 1.2 nm in the pore
size distribution diagram, in agreement with the estimated pore
size from the ideal structure shown in Figure 1a and Figure S12.
The measured pore sizes of m-PPN and tri-PPN, however, were
slightly larger than the estimated values, likely a result of more
defects on the sterically demanding backbone around the
smaller pores. Nevertheless, tri-PPN, composed of only tri-
substituted benzene rings, exhibited the smallest average pore
size among these samples. The major peak in pore size
distribution diagram of tri-PPN is located at 0.6 nm. Also as
expected, broader pore size distribution of m-PPN was
observed with the major peak ranging from 0.7 nm to 1.2 nm
resulting from the less symmetrical 1,3-disubstituted monomer.
The Brunauer-Emmett-Teller (BET) surface areas of p-PPN, m-
PPN, and tri-PPN membranes were determined to be 802, 734,
and 1235 m?/g, respectively (Table S2). The BET surface area of
p-PPN membrane was also close to that of the bulk powder

This journal is © The Royal Society of Chemistry 20xx

sample of p-PPN%°, indicating the high efficiency of the in situ
ATC cross-linking reaction in the membrane. Benefiting from
the rigid framework, tri-PPN demonstrated a high BET surface
area compared to CMP membranes with similar pore size.33 The
thermal stability of PPN membranes was characterized by
thermogravimetric analysis (TGA, Figure 3d). The 5% weight loss
onset temperatures for p-PPN, m-PPN, and tri-PPN were all
above 410 °C. Especially, tri-PPN was stable with less than 10%
weight loss until 543 °C. The outstanding thermal stability of
these PPN membranes can be attributed to the aromatic nature
of the backbone. It enables potential application of these
membranes in some high temperature conditions that were
conventionally only possible with ceramic membranes.*?

Organic Solvent Nanofiltration Performance

With high porosity and narrowly distributed pore size, p-PPN
and tri-PPN membranes were expected to possess high
permeability and good selectivity for efficient OSN. To test their
OSN performances, pinhole-free PPN membranes with
thickness around 100 um and diameter of 4.7 cm were tested
by using a dead-end solvent resistant stirred cell (Figure S2).
Methanol solutions of various organic dyes, with molecular
weight ranging from 332 g/mol to 1017 g/mol to meet the
nanofiltration requirements (200-1000 g/mol), were used as
feed solutions to be filtered through the membranes under a
transmembrane pressure (TMP) of 1 bar. The dyes used are
fluorescein, rhodamine B, bromothymol blue, congo red,
brilliant blue, and rose bengal (see Table S3 for chemical
structures and molecular sizes). The rejection rate of PPN
membranes to each dye was defined as the percentage ratio of

J. Name., 2013, 00, 1-3 | 5
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Figure 4. OSN performance of p-PPN, m-PPN, tri-PPN membranes: a) Rejection rate as a function of the molecular weight of the dye
solute; b) Membrane permeance values as a function of the solvent viscosity; c) Rejection of brilliant blue verses permeability of
methanol for PPN membranes, comparing with reported microporous polymer membranes, including COFs, polyarylate, CMPs, and

cyclodextrin. The dash line indicates an upper bond.

the concentration between the permeate and the feed
solutions compared with the original feed concentration, all
measured by UV-vis absorption spectroscopy following the
Beer-Lambert law (Figure S13). The rejection rates were plotted
against the molecular weights of the dyes (Figure 4a). As
expected, p-PPN, m-PPN, and tri-PPN membranes showed
almost complete rejection (98 — 99.7%) to larger dyes such as
congo red (687 g/mol), brilliant blue (820 g/mol) and rose
bengal (1017 g/mol). Neutral compound bromothymol blue
(624 g/mol) was also completely rejected by p-PPN membranes.
Considering the charge-neutral and non-polar nature of the
backbone as well as the negligible -electrostatic
repulsion/interaction between the solute molecules and the
membrane backbone in organic solvent,?® the rejection
mechanism was attributed to size exclusion instead of charge
repulsion or polar interaction. The molecular weight cut-off
(MWCO) of p-PPN, m-PPN, and tri-PPN membranes were
approximately 600, 660, and 630 g/mol, respectively, which are
similar to those of CMP membranes with similar pore size.33 The
rejection rate decreased drastically as the molecular weight of
the dyes decreased. The molecular weight retention onset
(MWRO), where the rejection is 10%, of all the PPN membranes
were around 350 g/mol. Selectivity measured based on MWRO
and MWCO of p-PPN and tri-PPN membranes are comparable
to those of highly crystalline COF membranes?°. Such a good
selectivity was attributed to the narrowly distributed pore sizes
of the PPN membranes. It is also noteworthy that m-PPN
membrane showed an anticipated lower selectivity, a result of
its broader pore size distribution. It is also noteworthy that the
adsorption of the dye molecules to the membrane was
possible*3-45 but was not significant at the concentration used in
the OSN experiments, indicated by the comparable
concentration of the permeated small dyes and increased
concentration of the rejected retentate (Figure S12).

The sharp OSN selectivity allowed for efficient separation of
organic compounds that are only moderately different from
each other in size, which has been a challenging task for
membrane separation. For example, in a test of separating a

6 | J. Name., 2012, 00, 1-3

complex mixture of four dyes, rhodamine B (479 g/mol) can be
isolated efficiently from bromothymol blue (624 g/mol), congo
red (697 g/mol) and brilliant blue (820 g/mol) through a p-PPN
membrane (Figure 5a). After a standard OSN operation of the
feed solution containing the aforementioned four dyes, the
permeate solution contained only rhodamine B while the three
larger dyes were rejected. The UV-vis spectrum of the permeate
showed that the absorption peak of bromothymol blue at 620
nm was completely removed after OSN. Similarly, in another
OSN test of a three-dye mixture of fluorescein, rhodamine B and
bromothymol blue, only bromothymol blue (624 g/mol) was
rejected by p-PPN membrane while the smaller dyes fluorescein
(332 g/mol) and rhodamine B (479 g/mol) permeated (Figure
5b). By using this method, dyes smaller than the MWCO could
be separated from dyes larger than the MWCO in mixed
solutions in a highly efficient manner
chromatography,

without tedious
demonstrating the advantages of using
membrane to perform size-selective OSN
separation over the conventional dense membrane of which
separation mainly depends on different permeability and
diffusivity.13

The cross-linked network and the aromatic hydrocarbon
backbone make these PPN membranes suitable for OSN of a
wide range of organic solvents, including nonpolar, polar
aprotic, and polar protic solvents. Permeance of a wide range of
organic solvents through these membranes (Figure S12) was
found to be linearly related with the reciprocal of solvent
viscosity, but not correlated with molecular diameter, solubility
parameter or dielectric constant (Figure 4b, Figure S14),
suggesting that the diffusion of solvent through these PPN
membranes followed a pore flow model.*® 47 |t also indicated
that solvent permeance was not significantly impacted by
possible chemical interaction of the solvent molecules with the
membrane backbone or with the defect sites.2° The pressure
normalized permeance of methanol, toluene, and THF all
remained constant under different TMPs (Figure S15). The
permeance of tri-PPN membrane was consistently higher than
that of p-PPN and m-PPN membranes, benefitting from its

microporous

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Scheme of dye separation performance of p-PPN membrane and UV-vis absorption spectra of the feed solution and the
permeate: a) Separating (1) rhodamine B from (2) bromothymol blue, (3) congo red and (4) brilliant blue; b) Separating (1) fluorescein and

(2) rhodamine B from (3) bromothymol blue.

higher porosity. Notably, the permeance of toluene for these
PPN membranes (5 — 6.3 L m2 h'! bar!) was higher than that of
CMP membranes (4.2 L m2 h'! bar?)33 with similar MWCO even
though these measured PPN membranes were much larger in
size and three orders of magnitude thicker. The intrinsic
permeability values of methanol through p-PPN, m-PPN, and tri-
PPN were 5.53 x 104, 5.593 x 104, and 7.242 x 104 L m2 h'1 bar?
m, respectively, significantly higher than many benchmark
polymeric OSN membranes.’2 For microporous polymer
membranes, the permeability typically remains constant from
thicknesses between 100 nm and 30 um with a TMP as high as
15 bar.l7 The rejection performance against brilliant blue (a
widely studied model dye for OSN) and permeability of these
PPN membranes in methanol are plotted in comparison with
those of representative cohorts of polymeric OSN membranes
(Figure 4c, Table S4). These literature examples including
membrane of COFs,?! polyarylate,3® conjugated microporous
polymers,33 and cyclodextrin32. The plot showed a trade-off
relationship between permeability and selectivity, so that an
upper bound was observed.*®4° Compared with these literature
data, the PPN membranes in this work are situated well above
the upper bound with excellent solvent permeability while
maintaining a high solute rejection rate. This remarkable
combination of properties was attributed to the highly porous
and non-interactive nature of the aromatic backbone of these
PPN membranes.

Stability Test

The rigid cross-linked aromatic framework also imparted the
PPN membranes with extraordinary chemical stability and
robust porous structure, which is critical for OSN performance
in extreme conditions. The stability of aromatic PPN
membranes were studied extensively. First, p-PPN membranes
were soaked in a variety of solutions with harsh conditions for
5 days: 18 M H,SO4 0.1 M chromic acid, 14 M NaOH in
water/methanol, and 2 M NaBH, in methanol. FTIR spectra of

This journal is © The Royal Society of Chemistry 20xx

these treated samples all showed similar peak positions and
retained features for 1,4- and 1,3,5-substituted benzene rings,
indicating that the PPN backbone was mostly intact during
these treatments. Minor changes on certain IR peaks were
observed on the samples treated with NaBH4; H,SO; and
chromic acid, likely a result of reduction or oxidation of the
residual defect sites (e.g., the ketone and a,B-unsaturated
ketone groups). (Figure S16). The surface morphology of those
PPN membranes were also maintained well after these
treatments according to SEM (Figure S17). OSN of p-PPN
membranes after soaking in 18 M H,SO,4 and in 5 M NaOMe in
methanol for 2 days were investigated. The rejection of congo
red and rose bengal of these treated p-PPN membranes
remained at 99.0% and 98.2%, respectively (Figure S18). Long-
term OSN performance of p-PPN membrane under harsh
conditions was examined through OSN of strong acid and strong

Ly Mﬂﬂﬂ:%:mﬂ
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Figure 6. Long-term OSN test of p-PPN membrane filtrating
isopropanol solutions of brilliant blue in the presence of PTSA and
rose bengal in the presence of NaOH.
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base solutions for 48 h. Specifically, brilliant blue in isopropanol
with 10 mM p-toluenesulfonic acid (PTSA) was used to test
acidic condition, while rose bengal in isopropanol with 10 mM
NaOH was used for basic conditions. In both cases, the rejection
of the dye remained over 95% and the permeance of
isopropanol was steady over 48 h (Figure 6). Similarly, stable
performance was also observed on smaller dyes such as congo
red in ethanol (Figure S19). Such a remarkable stability
outperforms most commercial organic OSN membranes®%->2
(Table S5) and is comparable to some of the most stable OSN
membranes reported to date!® 3> 53 54 This work also
represents an unprecedented example of a polymer membrane
whose OSN performance could be maintained extensively while
a strongly acidic or basic organic solution is used as the feed.
The chemical stability and robust porous structure of p-PPN
membranes can be attributed to the rigid and inert aromatic
nature of its backbone. The stable OSN performance of p-PPN
in strong acid/base conditions not only makes it suitable for
practical applications in these harsh environments, but also
allows for treatment of the membranes with strong acid or base
to tackle potential fouling problems.

Conclusions

In summary, aromatic PPN membranes were synthesized
through a highly efficient ATC reaction using MSA as both the
catalyst and the solvent, via simple drop-casting followed by in
situ polymerization. These membranes can be fabricated from
different monomers with controllable thicknesses. Despite their
amorphous nature, the non-polar micropores are narrowly
distributed in terms of sizes, enabling molecular-sieving effect
in OSN with high intrinsic permeability and good selectivity.
Benefiting from the aromatic framework, these PPN
membranes exhibited outstanding thermal and chemical
stability and consequently possess durable long-term OSN
performance in either strong acid or strong base conditions. The
combined merits of these membranes not only afford an
outstanding potential OSN performance, but also provide
opportunities to tackle the practical challenges in OSN in terms
of extreme chemical conditions and membrane fouling.
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