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Supplementary Methods

Materials

Dimethoxymethane (DMM, 98%, Macklin) and o-benzidine (DMB, 98%, Aladdin)
were employed as the reactants, and trifluoroacetic acid (TFA, 99.9%, Macklin) was
used as the catalyst for the synthesis of TB polymers. N-Methyl-pyrrolidone (NMP,
99.0%, Macklin) was employed as the solvent for membrane preparation. To enhance
the mechanical strength of the membrane, dioctyl phthalate (DOP, 99.0%, Aladdin) was
incorporated as an additive. Sodium chloride (NaCl, 99.5%, Aladdin), sodium
carbonate (NaxCOs3, 99.5%, Macklin), and sodium sulfate (Na>SO4, 99%, Aladdin) were
acquired for testing ion separation performance. Potassium carbonate (K2COs3, 99.0%,
Shanghai Lingfeng Chemical Reagent Co.) and iodomethane (CHsl, Shanghai
Bailingway Chemical Technology Co.) were procured to facilitate the quaternization
process of TB polymers. Polyetheretherketone (PEEK, Shanghai Jizhi Biochemical
Technology Co.) and sulfuric acid (H2SO4, 95.0%-98.0%, Sinopharm Group Chemical
Reagent Co.) were utilized to obtain sulfonated PEEK for the preparation of cation
exchange membranes.

Characterization

Fourier Transform Infrared (FT-IR, Thermo Nicolet 8700, USA) spectroscopy was used
to observe changes in characteristic peaks ranging from 4000-500 cm™. A Nuclear
Magnetic Resonance instrument (‘H NMR, VNMRS 600 MHz, Varian, CA, USA) was
utilized to confirm the chemical structure of the polymer. The sample needed to be
dissolved in DMSO-d6, and TFA was added to eliminate the water effects. Gel
Permeation Chromatography (GPC, Shimadzu LC-20A, Japan) was used to test the
molecular weight of polymers by completely dissolving TB and QA-TB polymers in
the N-Methylpyrrolidone. X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific, USA) was used to observe the quaternization degree of membranes. The
thermo-mechanical characteristics of the membranes including the glass transition
temperature (7y) and storage modulus were evaluated with a dynamic
thermomechanical analyzer (DMA, Q800 TA Instrument, DE, USA). Each sample (9 %
20 mm) was tested under a preload force of 0.01 N and 125% of the force track. The
heating process occurred at a rate of 4°C per minute, spanning a temperature range of
50 to 700°C under a nitrogen (N2) environment. The surface charge properties of
membranes were assessed by Solid Surface Zeta Potentiometry (ZETA, Anton Paar
SurPASS 3, Austria). Samples were affixed within the analyzer, and a 1 mM KCl
solution was circulated through them. The pH was increased incrementally to 10 with
a 0.1 mol L' NaOH solution and subsequently stepwise lowered via automated titration
using 0.1 mol L' HCI. The variation in ZETA potential was recorded at pH 2.5. The
morphology of membranes was observed by a field emission scanning electron
microscope (FESEM, Hitachi S4800). Before observation, the membranes were freeze-
dried to remove residual water and then coated with a thin layer of gold nanoparticles.
Atomic Force Microscopy (AFM, Veeco, NY, USA) provided a comprehensive insight
into the microphase separation of the membranes. A scanning area of 5 um x 5 pym was



surveyed for each sample at a frequency of 1 Hz in tapping mode. Peak and valley in
AFM images represent the roughness of the surface of the membranes as the principle
of AFM is using tapping mode of the needles. When casting ionic polymers on the glass
plate, film surface is exposed to the air, whereas the bottom side is toward the glass
plate. Air is hydrophobic and the glass plate is regarded as hydrophilic. After casting,
hydrophobic chains migrate toward the air side of the surface, resulting in hydrophobic
bright regions in the valley part. Additionally, as the needle in AFM taps the surface of
the membrane, hard and hydrophobic groups are more rigid than the flexible soft and
hydrophilic regions, therefore peak regions appear in dark regions and vice versa.
Therefore, the bright regions represent the hydrophobic segments of the polymer
backbone, whereas the dark regions correspond to the hydrophilic portions. The
mechanical strength of the membranes was scrutinized using a universal testing
machine (Xinsansi CMT-6203, Shenzhen) at room temperature. Each sample was cut
into strips measuring 1 cm x 5 cm with a thickness spanning 150-200 pm and subjected
to stretching at a rate of 10 mm per minute. The average data from three distinct tests
were utilized. The membrane porosity was observed by N> and CO:
adsorption/desorption through an automatic rapid specific surface and porosity analyzer
(Micromeritics ASAP2460, USA). Meanwhile, the microporous sizes of the
membranes were measured and analyzed by PALS (DPLS3000) based on the
annihilation radiation of the positions in condensed matter to obtain the internal
microstructure and the pore size and free volume of the membranes.

Synthesis of TB copolymers

The TB polymer was synthesized through a condensation reaction that engaged DMM
and DMB, with TFA serving as both solvent and catalyst. DMB (7.83 g, 0.037 mol) and
DMM (14.09 g, 0.185 mol) were mixed in a round-bottom flask. Subsequently, TFA
(75 mL, 0.980 mol) was slowly added drop by drop for about 1 hour in an ice bath.
Subsequently, the solution was stirred for 96 hours at room temperature to ensure
complete reactivity. The resulting polymers were precipitated in deionized water. The
residual acidic components of the reaction were rinsed with deionized water to a neutral
pH. After that, the solid was filtered and oven dried at 60°C for the following synthesis
(98.45% yield).

Synthesis of quaternized TB polymers (QA-TB)

TB polymers (5 g, 0.016 mol) and K>COs (8 g, 0.058 mol) were mixed in NMP (100
mL, 1.039 mol). In the dark, CH3I (8 mL, 0.129 mol) was introduced drop by drop. The
resultant solution was stirred at room temperature for 24 hours to facilitate
quaternization of TB polymers. Subsequently, the mixture was poured into deionized
water to precipitate the polymer, and the residual KoCO; was washed with deionized
water until no white particles remained. The desiccated polymer was hermetically
sealed and placed within a desiccator for storage.

Synthesis of sulfonated polyetheretherketone (SPEEK)

PEEK (9 g, 0.027 mol) was dissolved in H>SO4 (150 mL, 2.814 mol) and subjected to
stirring at room temperature for 48 hours. The resulting reaction product was



precipitated in chilled deionized water, washed until reaching a neutral pH, and filtered
before being dried at 50°C'.

Model Construction
The system energy calculations were carried out by using the Vienna ab initio
simulation package (VASP) code®. The generalized gradient approximation (GGA) as
well as the Perdew-Burke-Ernzerhof (PBE) functional was used to describe the
exchange correlation interactions and the projector augmented wave (PAW) method
was used to describe the ionic potential® . The plane-wave kinetic energy cutoff was
set as 500 eV. A 4x4x4 Monkhorst-Pack k-point mesh was used for the Brillouin zone
sampling in all the calculations®. For structure relaxation and electronic calculations,
the energy convergence criteria for electronic relaxation was set as 13107 eV, and the
ionic relaxation was performed until all forces were smaller than 0.01 eV/A. The
electron number of the system was controlled by the NELECT parameter, and the
adsorption energies (4Fads) were calculated by using the following equation (1)%:
AE,45=Erota-Esub=Emol (1)
where Eioal 18 the total energy of ions adsorbed on substrates, Eqp is the total energy of
substrates, and Enol 1s the energy of adsorbed ions. The energy required for ion to desorb
from the QA-TB surface could be calculated by the following formula (2):
AEdes:Es'Eu (2)
where 4Eges is the desorption energy, Es is the total energy of ions on QA-TB, and E,
is the total energy of ions at an infinite distance.

Water Uptake (WU) and Swelling Ratio (SR)

AEM samples were dried overnight in an oven at 80°C to remove absorbed water. Then,
their length (Lary) and weight (Wary) were measured, and the samples were immersed in
deionized water for 24 hours. The residual water on the membrane surface was removed,
and the wet length (Lwer) and weight (Wywet) were recorded. The WU and SR could be
determined using the following equations (3) and (4):

W, W,
WU(%)=—=2"9  100% (3)
Wary
Lo.-L
SR(%)ZM x100% 4)
Lary

Intrinsic viscosity

The intrinsic viscosity ([n]) of the polymers was measured using a Schott Viscometry
System (AVS 370, Germany) in a DMSO solution at 25°C. The Schott Viscosystem
(AVS 370, Germany) was composed of an Ubbelohde viscometer (SI Analytics, Type
530 13: Capillary No. Ic, K =0.03) and automatic piston burette (TITRONIC universal).
First, a target sample was dissolved in DMSO to form a 3 mg mL"! polymer solution.
Then, the solution was automatically diluted into five concentrations in order (3.0, 2.5,
2.0, 1.5, and 1.0 mg mL™), and five efflux times were recorded. The intrinsic viscosities
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([n]) of polymers could be calculated from the following equation (5):

Is
- In (tb) )

c

where #; (s) and #, (s) are the efflux time of DMSO and the polymer solution,
respectively, ¢ (g dL™!) is the concentration.

Ion Exchange Capacity (IEC)

The dried QA-TB membrane was circulated in a Na;SOy salt solution for 24 hours with
an electric field. Subsequently, the possible residual salt solution on the membrane
surface was rinsed several times with pure water, wiped dry, and immersed in a NaCl
salt solution for 24 hours. The Ion Exchange Capacity (IEC) of the membrane was
calculated according to the following equation (6):

_ (cicr-cacr)V

IEC
My

(6)
ry

where ¢ and ¢, are the respective concentrations of CI” before and after
immersing the membrane, V represents the volume of NaCl solution, and My is the
quantity of the membrane sample after initial drying.

Ion conductivity
The ion conductivity of the membranes was recorded using an electrochemical
workstation (Chen Hua CHI 660E, Shanghai). The samples were evaluated from 30 to
80°C, and the ion conductivity (¢) was calculated by the following equation (7):
d

o= S_R (7)
where d is the thickness of the membrane (cm), S is the contact area (cm?), and R is the
membrane resistance ().

Current efficiency (1)) and energy consumption ratio (W)
The current efficiency and energy consumption ratio could be calculated by the
following equations (8) and (9):

ZFc V.
n(%)=———x100% ()
Jo Ldt
t
U [, Idt
W(W-lfrmol']):L 9)

where Z is the ionic valence, and F is the Faraday constant with a value of 96,485 C
mol™!, c. (mol L) is the concentration of the target ion in the concentration chamber,
V. is the volume of the solution in the concentration chamber, / is the current in amperes
(A), U is the voltage in volts (V), and N is the mole number of target ions in the
concentration chamber.



Supplementary figures
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Supplementary Fig. 1 Fourier transform infrared (FT-IR) spectra of the DMB
monomer, TB, and QA-TB polymers.

Note: FT-IR indicated absence of the N-H absorption peak of DMB within the range of
3400-3500 cm™! after the formation of the TB group.
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Supplementary Fig. 2 '"H Nuclear magnetic resonance (\H NMR) hydrogen spectra of
the TB polymer (600 MHz, DMSO-d6 was used as solvent).
Note: '"H NMR revealed that H, near 2.4 ppm is the methyl group, Hp in the region of
4.0-4.7 ppm is the methylene group that constitutes the V structure of the TB unit, and
Hc between 6.8 and 7.2 ppm is the C-H of the benzene ring. These findings are
consistent with the FT-IR results and confirm the successful synthesis of the TB

polymer from DMB and DMM.
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Supplementary Fig. 3 '"H Nuclear magnetic resonance (\H NMR) hydrogen spectra of
the QA-TB polymer (600 MHz, DMSO-d6 was used as solvent).

Note: The new peak near 3.3 ppm is attributed to an additional methyl group attached
to N, a consequence of the quaternization process.
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Supplementary Fig. 4 X-ray photoelectron spectroscopy (XPS) spectra of QA-TB
membrane.

Note: The appearance of the C-N" peak confirms successful quaternization of the TB
membrane. Comparing the peak areas of C-N" and C-N revealed that the degree of
quaternization of TB is approximately 30%. This degree of quaternization avoids
excessive hydrophilic quaternary ammonium groups that increase membrane brittleness
and reduce mechanical strength, while ensuring sufficient adsorption sites in the ionized
sub-nanochannels to promote ion migration.



Supplementary Fig. 5 Surface morphologies of (a) TB and (b) QA-TB membranes.
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Supplementary Fig. 6 Tensile stress-strain of TB and QA-TB membranes.
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Supplementary Fig. 7 Energy consumption of the QA-TB membrane in different
systems.
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Supplementary Fig. 8 Ion concentrations of CO3>" and HCOs" in the dilution chamber.
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Supplementary Fig. 9 Separation performance of C1/SO4* over 1 hour.
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Supplementary Fig. 10 CI" flux and selectivity in the C1/SO4* separation system.
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Supplementary Fig.11 Ion concentration in the concentration chamber.
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Supplementary Fig. 12 Normalized positron annihilation lifetime spectra (PALS) of
the TB and QA-TB membranes.

Note: PALS reflects the membrane microstructure based on the time for positrons to be
generated from a radioactive source and annihilate electrons upon entering the material.
The intrinsic microporosity size, distribution, and free volume of the membranes were
determined by analyzing the peak-normalized positron lifetime spectra using the
CONTIN and PATFIT programs.

17



Adsorption (TB)
12 Desorption (TB)
—s— Adsorption (QA-TB)
—s— Desorption (QA-TB)

V (cm*g’' STP)

34

a1

=

0.0 0.2 0.4

Relative Pressure (p/p°)

Supplementary Fig. 13 (a) N2 and (b) CO; adsorption/desorption curve of the TB/QA-

TB membrane.

Note: CO; is primarily used to probe microporous pores smaller than 2 nm, while N2 is
mainly used to test mesopores or macropores. Due to its smaller size and faster diffusion
rate compared to Nz, CO; more easily reaches saturated adsorption. PALS results
indicate that the TB and QA-TB in this work have pore sizes less than 1 nm, classifying
them as microporous structures. Consequently, N> adsorption is lower than that of CO».
Additionally, compared to the TB membrane, the reduced adsorption on the QA-TB
membrane is due to the quaternary ammonium modification, which strengthens
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ion/polar chain interactions, resulting in narrower membrane pores.
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Supplementary Fig. 14 a Structural optimization and b electrostatic potential map for
the QA-TB model.

Note: Structural optimization of QA-TB shows three distinct active sites conducive to
ion adsorption. Site 1 and site 2 are located at the center of the benzene ring, and site 3
is the N-N bridge position. The electrostatic potential diagram of QA-TB was then
calculated to observe the charge distribution. The blue atom represents nitrogen in the
TB group, and the purple atom signifies iodine introduced during quaternization. The
electrostatic potential map of QA-TB reveals that the positive charge of the QA group
enhances the electrophilic nature of the system. Meanwhile, anion neutralization (site
3) within the system attenuates the interaction between QA-TB and anions, facilitating
anion desorption.
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Supplementary Fig. 15 Optimal adsorption configurations and electrostatic potential
maps of anions on the QA-TB surface. a, d QA-TB-CI'; b, e QA-TB-S04>; ¢, f QA-
TB-COs™.
Note: The adsorption properties of C1/SO4>/CO3* ions at different sites on the QA-TB
were calculated by constructing optimal adsorption configurations (Supplementary
Table 6). All three ions preferentially adsorb at site 3 due to the electrostatic interactions
with the quaternary ammonium groups.
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Supplementary Table 1 Comparison of water uptake and swelling ratios of TB and

QA-TB membranes with other membranes in the literature.

Type of
WU (%) SR (%) Reference
membrane
QAPIB 23.7+1.0 4.2+0.2 8
QC-AEM-1 16.2 5.8 9
B0 16+£2.5 5.7 10
PVC-Im-4C 16.07 3.62 11
IM-PAES-sIM 15.2+1.0 7.5+0.5 12
Im-AP-2 14.54+1.5 2.67+0.9 13
QAPCE-10C 6.3+0.56 3.8+0.26 14
c-PPO-Im-65 5.6 24 15
TB 4.05+0.35 0.89+0.13 This work
QA-TB 1.75+0.30 1.01£0.02 This work
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Supplementary Table 2 Properties of the prepared TB and QA-TB membranes.

Type of membrane B QA-TB
Water Uptake (%) 4.05+0.35 1.75+0.30
Swelling Ratio (%) 0.89+0.13 1.01+0.02
Tensile strength (MPa) 58.15 58.53
Storage modulus (MPa) 1267 1629
Glass transition temperature (°C) 410 338
Zeta potential (mV) -14 -31
Conductivity (mS cm™) 7.63 12.23
Jo (x10* mol m2 s) 4.07 16.13
Mw (g mol™!) 74826 76108
Intrinsic viscosity (dL g™) 0.81 1.06

Note: The basic properties of the polymer membranes are summarized. Both
membranes show low swelling in addition to remarkable thermal and mechanical
stabilities.
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Supplementary Table 3 Comparison of monovalent and divalent anion separation

performance of QA-TB membrane with previously reported membranes.

Type of Separation Monovalent anion flux  permeation
Reference
membranes system (%10 mol m? s™) selectivity
PAES-UI0-66- Cl/SO4* 1.4 54.26 16
Pyr
QDPAB-C7 Cl/SO4* 10.56 15.7 17
HPABP- e 2
CC3(15) Cl/SO4 6.22 12.67 18
QP-P3-1 Cl/SO4* 4.2 6.7 19
QP-P6-1 CI/SO4* 43 9.3 19
QP-P11-1 CI/SO4* 3 13.07 19
PPO-0.100- a2
LmPS Cl/SO4 16.2 16.12 20
sCOF/aAEM3 Cl/SO4* 3.35 18.92 21
Blend-15AIEM  Cl/SO4* 3.25 21.8 22
Blend-10 AIEM Cl/SO4* 2.4 14 22
Blend-0 AIEM Cl/SO4* 3.25 11.3 22
PAES-im-2.5¢ o o
ATEM Cl/SO4 3.7 12.5 23
Neosepta ACS CI/SO4* 2.1 5.27 23
MQ18 C1/S04* 14.5 16.7 24
AF1-HNN5-50 Cl/SO4* 29.2 62.2 25
P DSA-
QCZfé S C1/S04* 5 10.38 26
PAES-UIO-66-
5-UIO-66 NO;/SO4* 2.19 55.9 16
Py
QA-TB Cl/SO4* 20.37 82 This work
QA-TB Cl/COs* 16.13 106 This work
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Supplementary Table 4 Comparison of the fractional free volume (FFV) of TB and
QA-TB membranes with other membranes in the literature.

Type of Fractional free volume
Polymer structure Reference
membrane (FFV)
PIM-Trip-TB ,0050 . 0.28 27
! St
Bio-TBPI-2 0.212 28
PI-TB-P 0.208 29
CA-PIM-2 0.171 30
iPEEK-TB OO\?;@O% 0.103 31
G O
iPEEK-TB- to . o
%} 0.080 31
p-DBX B/ o
%O/Q;T\,j@/
iPEEK-TB- {Kj@ﬁj
EOEE 0.078 31
oDBX L O
TB .O O )ﬁ 0.145 This work
QA-TB 'O O ﬁ 0.085 This work
P
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Supplementary Table 5 Thermodynamic and physical characteristics of ions.

Diameter (nm)

Hydration
fon Crystal Stokes Hydrate free energy
diameter (nm) diameter (nm)*>3*  diameter (nm) (KJ/mol)
-340°8
0.334%
0.648°7 -355%
Cr 0.362% 0.242
0.6643° 3633
0.388%
-371%
0.430%
-1035%
SO+ 0.460% 0.460 0.758%
-1145%
0.580%
0.144%? 13144
COs* 0.532 0.788%2
0.177% -139532
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Supplementary Table 6 Adsorption and desorption energies of different anions on the
QA-TB.

QA-TB Adsorption energy (eV) Desorption energy (eV)
Site 1 Site 2 Site 3 Site 3
Cr -0.39 -0.48 -0.66 0.23
SO4* -0.63 -0.65 -0.88 0.41
COs* -0.75 -0.87 -0.91 0.45
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