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Section S1: Chemicals and characterizations

Chemicals and materials. 1-Vinylimidazole, bromoethane, bromopropionitrile,
bromobutyronitrile and poly(4-vinylpyridine) were was purchase purchased from
Aladdin Industrial Co (China). 1-Vinyl-3-benzyl imidazolium chlorine was purchased
from Watson International Ltd, Suzhou, Jiangsu, China. 2-(1-Imidazolyl)acetonitrile
was purchased from Lanzhou Kete Co. Ltd (China). Ammonium hydroxide (28 wt%),
Congo red (CR), tetrahydrofuran (THF), dimethylsulfoxide (DMSO), N, N-
dimethylformamide (DMF), EtOH, acetonitrile and N-methyl pyrrolidone (NMP) were
all purchased from Sinopharm Chemical Reagent Co. Ltd (China). Glass substrates
were purchased from Jiangsu Shitai Experimental Equipment Co. Ltd (China).
Bis(trifluoromethane)sulfonimide  lithium  salt  (Li-THEN,  99%),  sodium
tetrafluoroborate (NaBF,) and sodium hexafluorophosphate (NaPF¢) were purchased
from Zhengzhou Alpha Chemical Co. Ltd (China). Azodiisobutyronitrile (AIBN) was
purchased from Tianjing Fuchen Chemical Reagents Factory (China). Poly(vinylidene
fluoride) (PVDF, diameter = 50 mm, pore size = 0.22 um) membrane was bought from
Shanghai Zuofei Experimental Equipment Co. Ltd (China). All the materials were

analytical grade without further purification.

Characterizations. UV-Vis absorption spectra were performed with UV-Vis
spectrophotometer (UV-6100 METASH). 'H NMR (Nuclear Magnetic Resonance)
spectra were conducted in Bruker Avance III 400MHz. Membrane morphologies and
thickness were measured by atomic force microscope (AFM, SPM-9700, Shimadzu,
tapping mode). 13C CP-MAS NMR measurements were carried out on a 9.4 T wide-
bore Bruker Avance III solid-state NMR spectrometer, operating at a Larmor frequency
of 100.6 MHz. A 4.0 mm Bruker HX double resonance MAS probe was used. The
NMR experiments were acquired at 25 °C and a MAS frequency of 10 kHz. X-ray
photoelectron spectroscopy (XPS) of carbon element in nanomembrane was detected
by ThrmoFisher Escalab 250XI. The Attenuated Total Reflect Fourier-Transform
Infrared Spectroscopy (ATR FT-IR) images of polymers and membranes after NH;
treatment were performed in Bruker VERTEX 70.

p3



Section S2: Synthesis of PCMVImT{,N (P; polymer)!!-2!

Synthesis of MVImBr monomer (Figure S1a). 1-Vinylimidazole (10 g) and
bromoacetonitrile (15 g) were dissolved in 125 mL THF, heated in oil bath at 60 °C for
10 hours. The precipitates (MVImBr) were filtered, washed with THF for 3 times and
vacuum dried at 50 °C for 12 hours. Yield: 70 % - 80 %.

Synthesis of PCMVImBr. MVImBr monomer (10 g) and AIBN imitator (80 mg)
were dissolved in DMSO (100 mL), heated at 60 °C for 12 hours under nitrogen
atmosphere. Afterwards the solution was dropped into excessive THF (1 L), and the
precipitates (PCMVImBr) were collected, washed with THF three times and vacuum
dried at 60 °C for overnight.

Preparation of PCMVImT{,N (P;) by counter ion exchange of PCMVImBr. 10
mL of LiTf,N (1.4 g/mL) solution was added dropwise into PCMVImBr aqueous
solution (20 mg/mL, 300 mL) under stirring (600 rpm). Then PCMVImTE,N was
collected as precipitates, washed by deionized water three times and vacuum dried at

50 °C for 16 hours.

Please note: PCMVIm-X (X denotes BF,-, PF4™ counter ions) polymers were prepared
by adding NaBF, and NaPFs aqueous solutions into PCMVIm-Br solution,
respectively. PCMVIm-X was collected, purified and dried in the same method

mentioned above.
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Figure S1. (a) Schematic synthesis of monomer (MVImBr) and polymer
(PCMVImTH,N, P;) by radical polymerization and counter ion exchange. (b, ¢) 'H
NMR of MVImBr monomer and P; polymer, respectively. Please note: For 'H NMR,

MVImBr (10 mg) and PCMVImTE,N (50 mg) were dissolved in 600 pL methyl
sulfoxide-dg, respectively.
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Section S3: Membrane Preparation and Characterizations (thickness and stability

in different solvents)

Membrane preparation. PCMVImTf,N was dissolved in DMF to prepare casting
solution with different concentrations. 4 pL of polymer solution was casted on glass
sheets (2 cm x 2 cm), dried at 80 °C for 2 hours. PCMVImTE,N coating together with
underlying glass slides were placed in NH; vapor (0.2 bar, 20 °C, 10 h), and then
immersed into deionized water (20 °C). Free-standing membranes spontaneously
peeled off from the glass slides. Please note: membranes from other polymers (P;-P>)

were prepared by a similar method described above, if not otherwise specified.
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Figure S2. Thickness of freestanding membranes prepared from (a) 0.1 wt%o, (b) 0.2
wt%o, (¢) 0.3 wt%o and (d) 0.4 wt%o of PCMVImT,N casting solution. Please note:
thickness of P; nanomembrane prepared from 0.05 wt%o PCMVImTEN casting
solution was shown in Figure 1f (main text).
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Figure S3. UV-Vis absorption (black line) of different supernatant solvents soaked
with a piece of Congo red-containing P; nanomembrane: (a) DMSO; (b) DMF; (c)
EtOH and (d) acetonitrile. Please note: UV-Vis absorption curves of Congo red solution
(20 ppm, red line) in corresponding solvents were measured as comparison. The
negligible Congo red absorbance in supernatant solvents indicates that the membranes

was not excessively swelled in corresponding solvents, which is due to the crosslinking.
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Section §4: Nanomembrane (P;) characterizations (chemical structures)
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Figure S4. ATR FT-IR spectra of membranes made from (a) PCMVImBr, (b)
PCMVImTEN, (¢) PCMVImMPF¢ and (d) PCMVImBF,. Black curve: ATR FT-IR of
pristine PCMVIm-X polymers; orange curve: ATR FT-IR of PCMVIm-X membranes;
cyan, blue, green curves: ATR FT-IR of PCMVIm-X membranes after being soaked in
EtOH, THF and DMSO solvents (25 °C, 24 h), respectively. Please note: X denotes
different counter ions.

In Figure S4, a new peak around 1695 cm'! revealed after NH; treatment (orange
curve) of all PCMVIM-X membranes, which indicates the formation of triazine groups.
This peak is maintained after treating the membranes with EtOH (cyan line), THF (blue
line), DMSO (green line), indicating that the formed structure is stable.
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Figure S5. Solid-state 3C NMR of (a) P; nanomembrane and (b) pristine P; polymer.
Please note: a new peak (g) at chemical shift 6= 168 was seen, which is attributed to

triazine ring formation in the nanomembrane.
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Figure S6. C 1s peaks of XPS profiles of P; nanomembrane after NH; treatment. Please
note: C 1s peak at 286.2 eV (green curve) belongs to carbon element in triazine ring,

which also verifies the successful cyclization of nitrile groups to triazine ring by NH3

vapor treatment!3],

Section S5: ATR FT-IR of different polymers (P;-P,, P,-P;) before and after NH;

vapor treatment.

Polymers P,/P,, Ps/P;, P,/Ps (Figure S7-S9, Figure 3, main text) were synthesized

according to literatures!*-3.
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(1) Synthesis of P; polymer (Figure S7a). 1-Vinylimidazole (5 g) and bromoethane
(7.5 g) were dissolved in 125 mL THF, heated in oil bath at 60 °C for 10 hours. 1-Viny-
3-ethylimidazole imidazole (VEImBr) monomer precipitates were filtered, washed
with THF 3 times and dried in vacuum at 50 °C overnight. VEImBr (2 g) and AIBN
initiator (20 mg) were dissolved in 50 mL DMSO, heated at 60 °C for 12 hours under
nitrogen atmosphere. The final solution was dropped into excessive THF (500 mL), and
the precipitates (P; polymer) were filtered, washed with THF 3 times and vacuum dried
at 50 °C for 12 hours.

(2) Synthesis of P, polymer (Figure S7b). 1-Vinyl-3-benzyl imidazolium chlorine
(VBImMCI, 2 g) and AIBN initiator (20 mg) were dissolved in 50 mL DMSO, heated at
60 °C for 12 hours under nitrogen atmosphere. The final solution was dropped into
excessive THF (500 mL) and the precipitates (P, polymer) were filtered, washed with

THF 3 times and vacuum dried at 50 °C for 12 hours.
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Figure S7. Synthesis schemes of polyelectrolyte polymer (a) P; and (b) P,. ATR FT-
IR spectra of (¢) P; and (d) P, before and after being treated in NH; atmosphere. Please
note: ATR FT-IR of P;, P, polymers are identical before and after NH;3 vapor treatment.
This indicates that no chemical reaction occurred during the NH; treatment.

(3) Synthesis of P4 polymer. 1-Vinylimidazole (2 g) and bromopropionitrile (3 g)
were dissolved in 50 mL THF, heated in oil bath at 55 °C for 14 hours. 1-Viny-3-

nitrilepropyl imidazole (VNPImBr) monomer was produced as precipitates, which were
pl0



filtered, washed with THF 3 times and dried in vacuum at 50 °C for overnight.
VNPImBr (1 g) and AIBN initiator (10 mg) were dissolved in 30 mL DMSO, heated at
70 °C for 16 hours under nitrogen atmosphere. The final solution was dropped into
excessive THF (300 mL), and the precipitates (Ps polymer) were filtered, washed with
THF 3 times and vacuum dried at 50 °C for 12 hours.

(4) Synthesis of P; polymer. 1-Vinylimidazole (2 g) and bromobutyronitrile (3 g)
were dissolved in 50 mL THF, heated in oil bath at 55 °C for 14 hours. 1-Viny-3-
nitrilebutyl imidazole (VNBImBr) monomer was produced as precipitates, which were
filtered, washed with THF 3 times and dried in vacuum at 50 °C for overnight.
VNBImBr (1 g) and AIBN initiator (10 mg) were dissolved in 30 mL DMSO, heated
at 70 °C for 16 hours under nitrogen atmosphere. The final solution was dropped into
excessive THF (300 mL), and the precipitates (P; polymer) were filtered, washed with

THF 3 times and vacuum dried at 50 °C for 12 hours.

g B ( o

N o <
a ( Br\/\/CN ij AIBN @ﬁj b (BF\/\/\CN N—{l AIBN @i\\IJ
i THF, 56 °C.14h { 5,© DMSO0,70 °C.i6h iy i THF, 55°C.14h  \B" DWS070°C 1sh gBrd
2 \ <
N N N’ Nc>
VNPImBr P VNBImBr P,
c Before NH, treated d Before NH, treated
e £
& &
8 3
5 5
£ After NH, treated) i After NH, treated
: %
2y z
= \ J =
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Wavenumber (cm™) Wavenumber (cm™)

Figure S8. (a, b) Synthesis of Ps; and P; polymer, respectively. (¢, d) ATR FT-IR
spectra of Ps andP; before and after being treated in NH; atmosphere, respectively.
Please note: ATR FT-IR of P4, P; polymers are identical before and after NH; vapor
treatment. This indicates that no chemical reaction occurred during the NH; treatment.

(5) Synthesis of P, polymer. Poly(4-vinylpyridine) (PVP, MW: 2000, 2 g) and
bromoacetonitrile (3 g) were dissolved in 100 mL NMP, heated in oil bath at 70 °C for
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3 days. The precipitates (P,) were vacuum filtered, washed with THF 3 times and dried
in vacuum at 50 °C for overnight.

(6) Synthesis of P; polymer. 1-Vinytriazole (12 g), bromoacetonitrile (3.78 g) and
2,6-di-tert-butyl-4-methylphenol stabilizer (18 mg) were dissolved in 30 mL THEF,
heated at 55 °C for 3 days. 1-Vinyl-3-cyanomethyl imidazolium bromide (CMVTBr)
monomer was produced as precipitates, which were vacuum filtered, washed with
diethyl ether 3 times and dried in vacuum at 50 °C for overnight. CMVTBr (3 g) and
AIBN initiator (10 mg) were dissolved in 30 mL DMSO, heated at 70 °C for 16 hours
under nitrogen atmosphere. The final solution was dropped into excessive THF (300
mL), and the precipitates (Ps polymer) were filtered, washed with THF 3 times and

vacuum dried at 50 °C for 12 hours.
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Figure S9. (a, b) Synthesis schemes P, and Ps polymer, respectively. (¢, d) ATR FT-
IR spectra of P, and Ps before and after being treated in NH;3 atmosphere. Please note:
Compared to pristine polymers (red lines), new peaks at 1383 cm™! and 1573 cm™! (black
line) in P,and new peaks at 1401cm™! and 1695 cm™! (black line) in Ps were seen after

NHj; vapor treatment.

Section S6: Solvent stability of membranes (P;-P;) treated by ammonia vapor

Congo red dye was added into different casting solution of different polymers (P;-
P>) to prepare colored membranes, which were all treated in ammonia vapor (0.2 bar,

14 h, 20 °C). The membranes made from P, and Ps polymer remain insoluble with good
pl2



integrity (Figure S10), due to the “polycationitrile” crosslinking (Figure S9). By
contrast, polymer membranes (P;, P, Ps, P7) dissolved in DMSO solvent, because these

polymers could not undergo “polycationitrile” crosslinking (Figure S7, Figure S8).
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Figure S10. Stability of different polymer membranes immersed in DMSO (25 °C, 24
h). Please note: These membranes were all treated with ammonia vapor (0.2 bar, 14 h,
20 °C).

Section S7: Fabrication of PCMVImT{,N/CNT/UiO-66-COOH hybrid membrane

and property of solar steam evaporation

Fabrication of the PCMVImTL,N/CNT/UiO-66-COOH hybrid membrane:
UiO-66-COOH (20 mg) and CNTs (3.2 mg) were dispersed in 20 ml of PCMVImTH,N
DMF (0.43 mg/mL) by stirring and ultrasound. Then the dispersion was filtrated onto
PVDF substrate membrane, treated in NH; vapor (0.2 bar, 14 h, 20 °C). Finally, the
PCMVIMTEN/CNT/UIO-66-COOH  membrane was  utilized for solar steam

evaporation under one sunlight (1kW-m2) irradiation.
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Figure S11. Mass loss of water under 1kW-m irradiation on different materials.
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Figure S12. Enthalpy values of different materials (black columns) calculated from the
water evaporation rate in dark (red columns). Please note: the calculation is based on
0,= O(E,/E,). In this equation, Q,, is the evaporation enthalpy of water in hybrid
membrane, Q,, is the evaporation enthalpy of bulk water, E,, is the dark evaporation rate
of bulk water and E,, is the water evaporation rate of hybrid membrane in dark). The
enthalpy values of bulk water, hybrid membrane, P;/UiO-66-COOH and P;/CNT are
24kJ-g!, 1.33kJ-g!, 1.3kJ-g"and 1.7 kJ-g'!, respectively.
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Figure S13. Solar steam performance (under one sun irradiation) of
PCMVImTH,N/CNT/UiO-66-COOH membrane in this work compared with state-of-
the-art carbon-based materials in 2017-2019[6-37], Refs 6-37 were listed at the end of the
supporting information.
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Figure S14 (a, b) Detailed location where the seawater was collected (South Sea
China). (c) Images of seawater before and after being treated by solar thermal
desalination using PCMVImTEN/CNT/UiO-66-COOH  hybrid membrane. The
seawater after purification is clear and transparent. (d) lons concentration of seawater
and condensed water after solar desalination.
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