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1. Experimental section
1.1 Materials

Pentafluorobenzaldehyde (98%), N-methyl-4-piperidone (98%), indole-2,3-dione ( isatin,
98%), p-terphenyl (98%), trifluoromethanesulfonic acid (99%), trifluoroacetic acid (99%), and
iodomethane (99.5%) were purchased from Anhui Zesheng Technology Co. Ltd. Vanadyl
sulfate (VOSOy, 98 %) was provided by Shanghai Yuanfan Biotechnology Co. Ltd. Anhydrous
magnesium sulfate (MgSOy,, 98 %) and anhydrous potassium carbonate (K,COs, 98 %) were
obtained from Tianjin Komiou Chemical Reagent Co. Ltd. Dichloromethane (DCM) and
dimethyl sulfoxide (DMSO) were used after water removal.

1.2 Synthesis of fluorinated poly(triphenyl piperidine) (PFMP-x)

Copolymers of PFMP-x (where x denotes the molar percentage content of N-methyl-4-
piperidone structural unit) in different proportions were prepared by the same method. A
typical synthesis of PFMP-60 was performed as follows (the first step in Fig. S1):
Pentafluorobenzaldehyde (10 mmol, 1.9610 g), N -methyl-4-piperidone (15 mmol, 1.6975 g)
and p-terphenyl (20.833 mmol, 4.7981 g) were added to a 100 mL double-port glass reactor.
Subsequently, 32 mL of CH,Cl, was added to the reactor as the solvent and stirred with a
mechanical stirrer. Then 3.2 mL of trifluoromethanesulfonic acid (dark green solution at this
time) was slowly added and the reaction was carried out at room temperature for 8-12 h. The
dark blue viscous reaction product was poured into 500 ml of deionized water and precipitated
and cut into small pieces, and washed repeatedly with deionized water to neutral PH. Finally,
it was dried under vacuum at 80 °C for 24 h to obtain white PFMP-60 with a yield of 92.5%.
1.3 Synthesis of fluorinated poly(triphenyl piperidinium) (PFDP-x)

For this preparation as shown in the second step of Fig. S1, PFMP-60 (5.0 g, 14 mmol)
was completely dissolved in DMSO (100 mL) on a 250 mL single-necked flask with a magnetic
stirrer. Subsequently, K,CO; (3.8679 g, 28 mmol) and iodomethane (5.9615 g, 42 mmol) were
added to the polymer solution and the reaction was carried out at 40 °C under completely light-
proof conditions for 24 h. The polymer solution was precipitated in ethyl acetate, filtered, and

washed several times with deionized water to remove the residual iodomethane and salt. The



flocculated polymer was dried in an oven at 80 °C for 24 h to obtain light yellow PFDP-60 in
89% yield.
1.4 Preparation of anion exchange membranes

Briefly, 2 g poly(triphenyl piperidinium) (PFDP-x) containing pentafluorophenyl was
dissolved in 40 mL DMSO solution and prepared as 5 % of the cast membrane solution. After
filtration, the solution was poured onto a clean glass plate, dried at 80 °C for 24 h, and then
dried under vacuum at 100 °C for another 12 h to completely remove the solvent. Eventually,

large-size membranes (40+5 um) were obtained after being peeled off from the glass plates

(Figure 1b).
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Fig. S1 Synthetic route of fluorinated poly(triphenyl piperidinium) (PFDP-x).
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Fig. S2 Synthesis of polymer precursor PIMP-90 and ionic polymer PIDP-90.

1.5 Synthesis of poly(isatin- methyl piperidine-terphenyl) (PIMP-90).

Poly(isatin-methyl piperidine-terphenyl) (PIMP-90) copolymer was synthesized by
superacid-catalyzed Friedel-Crafts alkylation reaction, where 90 is the feed ratio of piperidine
in the total carbonyl compound. The specific steps were as follows (Fig. S2 first step): the
monomer of isatin (0.7365 g, 5 mmol), N-methyl-4-piperidone (5.0921 g, 45 mmol), and p-
terphenyl (10.4686 g, 45.5 mmol) was added to the double-mouth flask, and 8.73 mL of
dichloromethane was added to the reactor with mechanical stirring. Subsequently, the
trifluoromethanesulfonic acid (7.2 mL) and trifluoroacetic acid (0.74 mL) were slowly added
to the reactor under an ice bath, and the reaction solution was dark green at this time, and the
reaction was removed after 24 h in an ice water bath and washed repeatedly with deionized
water and sodium bicarbonate until neutral. The reaction solution was dried under vacuum at
100°C for 24 h to obtain a yellow copolymer with a yield of 92.1%.

1.6 Quaternization of poly(isatin- methyl piperidine-terphenyl) (PIDP-90).

The quaternization reaction was performed as the second step in Fig. S2, and the
quaternized polymer synthesized in this experiment was named PIDP-90. The specific steps
were referred to as the synthesis of fluorinated poly(triphenyl piperidinium) (PFDP-x). A light-
yellow PIDP-90 flocculent product was finally obtained at a yield of 88%.

1.7 Membrane preparation.

The preparation process of PIDP-90 AEM was the same as the anion exchange membranes

preparation process in part 1.4 above.



2. Results and Discussion

Fig. S3 Photograph of a vanadium flow battery in the fully charged state. The cathode

electrolyte is orange VO, " and the anode electrolyte is purple V2*.
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Fig. S4 'TH-NMR spectrum of PFMP-60. DMSO-d¢ was utilized as the NMR solvent and 5

vol% TFA was employed as a co-solvent to remove the effect of H,O.
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Fig. S5 "H-NMR spectrum of PFMP-70. DMSO-d¢ was utilized as the NMR solvent and 5

vol% TFA was employed as a co-solvent to remove the effect of H,O.
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Fig. S6 '"H-NMR spectrum of PFMP-80. DMSO-ds was utilized as the NMR solvent and 5

vol% TFA was employed as a co-solvent to remove the effect of H,O.
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Fig. S7 '"H-NMR spectrum of PFMP-90. DMSO-d¢ was utilized as the NMR solvent and 5

vol% TFA was employed as a co-solvent to remove the effect of H,O.
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Fig. S8 'TH-NMR spectrum of PFMP-100. DMSO-d¢ was utilized as the NMR solvent and 5

vol% TFA was employed as a co-solvent to remove the effect of H,O.
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Fig. S9 'H-NMR spectrum of PIMP-90. DMSO-ds was utilized as the NMR solvent and 5 vol%
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TFA was employed as a co-solvent to remove the effect of H,O.



Table S1. Percentage of fluorinated units, intrinsic viscosity (1), quaternization conditions

and yield of PFDP-x? and PIDP-90 AEMs.

AEMs P.ercentag(.e of 0 (dL g) Quaterr.ﬂ-zation Yield (%)
fluorinated units (%) conditions
PFDP-60 40 4.29 40°C +48h 91.7
PFDP-70 30 4.12 40°C +48h 90.3
PFDP-80 18 4.66 40°C +48h 92.5
PFDP-90 10 4.07 40°C +48h 94.1
PFDP-100 0 4.81 40°C +48h 94.5
PIDP-90 0 4.76 40°C +48h 91.9

2 X is a molar ratio (percentage) of N-methyl-4 piperidone to aryl monomers.



Table S2. Solubility of different polymers in common solvents.

Polymers DMF DMAc NMP DMSO Methanol Isopropanol

PFDP-60 ++ ++ ++ ++ - -
PFDP-70 ++ ++ ++ ++ - -
PFDP-80 ++ ++ ++ ++ - -
PFDP-90 ++ ++ ++ ++ - -
PFDP-100 ++ ++ ++ ++ - -
PIDP-90 ++ ++ ++ ++ - -

++: dissolves well; -: did not dissolve.

‘_1;_12‘ T

Fig. S10 Pictures of the solubility of a) PFDP-90, b) PFDP-100, c¢) PIDP-90 in various
solvents (the solvent corresponding to the number, 1: DMF, 2: DMAc, 3: NMP, 4: DMSO, 5:
Methanol, 6: Isopropanol).



Fig. S11 a) Photographs of PFDP-90 membrane in 20x24 cm. Particle analysis of AFM phase
diagram: b) PFDP-60, ¢) PFDP-70, d) PFDP-80, e) PFDP-90, f) PFDP-100.
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Fig. S12 Three-dimensional model structures of ionic polymers. (a) PFDP-100 (without
fluorine structural unit), (b) PFDP-90 (with the fluorine-containing structural unit). Color

codes: white for hydrogen, gray for carbon, blue for nitrogen, and sulfur for fluorine.
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Fig. S13 a-e) SAXS profiles of dry PFDP-x AEMs in the I- form.
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Fig. S14 a-g) Nyquist plots of PFDP, PIDP and Nafion 115 membranes in 3 M H,SO4
solution at room temperature were determined using EIS.

13



70
a | = PFDP-60
—e— PFDP-70
60 _aPrDP-80
S [ — PFDP-90 -
o
< 50 —* PFDP-100 g
% | —&— PIDP-90
T 40}
pu
E 30 -
[ L
E
20 -
10 ? | | | 1 | |
20 30 40 50 60 70 80
Temperature (°C)
4.5
c o o PFDP-60
5 o PFDP-70
40} A PFDP-80
X & PFDP-90
_ % PFDP-100
a5l PIDP-90
5
7))
Eap}
o]
£
25+
20 1 Il 1 1 Il

3i1 3?2
1000/T (K™

28 29 30

33 34

o

Swelling ratio (%)

Q

Conductivity (mS cm™)

=%
\S]
T

—=— PFDP-60
| —e—PFDP-70
—A— PFDP-80
—4— PFDP-90
| —*— PFDP-100
—e— PIDP-90

-
2]
T

[o,]
T

S
T

0 1 I 1

40

50

60 70 80

Temperature (°C)

N
[¢)]

N
o
T

-
(%))
T

-
(=]
T

(4]
T

0 T T T T T T T
prOP ’GSFDP‘TSFDP’BSFDP

L T 2 T ) T
.3%0‘; AOOP\DP'ggﬁ'\ o A\5

Fig. S15 a) Water uptake and b) swelling ratio of PFDP and PIDP membranes in deionized

water at different temperatures. Error bars are based on standard deviations derived from

three measurements of three different samples. ¢) Temperature dependence of 1onic

conductivity in the range of 20-80 °C for PFDP, PIDP and Nafion 115 membranes measured

in deionized water. d) The ionic conductivity of PFDP, PIDP and Nafion 115 membranes

under 3 M H,SO, solution at room temperature.
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Fig. S16 a) Equal gradient dilutions of standard VO?* ion solutions in 50 mL volumetric
flasks. b) The standard curve for VO?* solution. Percolation diffusion test of VOSO, through
different ionic membranes. The UV-Vis spectra of VOSO, on the permeate side were
investigated with ¢) PFDP-60; d) PFDP-70; e) PFDP-80; f) PFDP-90; g) PFDP-100; h) PIDP-

90 and 1) Nafion 115 membrane assembly tests over time.
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Fig S17 Photographs showing the color change at the beginning (0 h) to the end (156 h) of
the permeate solution are displayed in the figure, and samples are taken at certain intervals
for testing and photographic documentation. The electrolyte is 3 M H,SO,4 aqueous solution
on the feed and permeate side. The MgSO, solution that remains colorless on the permeate
side indicates that VO?" permeates at a slower rate in the PFDP-x membrane, whereas in the
same Nafion 115 H cell a significant color change is observed on the permeate side even
within 24 h. Thus, VO?* permeates at least one order of magnitude faster in the Nafion 115

membrane.
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Table S3. Comparison of swelling ratio, area resistance and vanadium permeability of AEMs
with different molecular designs and Nafion membranes.

. : _ Vanadium
Membranes Swelling ratio Area resistance permeability (cm? Ref.
(%) (Q cm?) i)
PFDP-60 1.59 0.78 1.32x10° This work
PFDP-70 2.86 0.40 1.95%10-° This work
PFDP-80 4.30 0.25 2.88x10° This work
PFDP-90 5.85 0.19 1.02x108 This work
PFDP-100 7.66 0.17 1.44x108 This work
PyPEKK30 1.80 0.40 3.4x107 1]
PyPEKKS50 7.10 0.28 6.8x10”7 [1]
PyPEKK90 28.60 0.15 1.74x106 1]
p-TPN1 - 0.29 0.74x107 [2]
m-TPN1 - 0.27 1.26%10”7 [2]
BPN1-100 - 0.22 2.38x10 [2]
FAP-450 - 0.72 7.09%x107 [2]
Nafion 212 - 0.23 4.12x106 [2]
Nafion 117 - 0.89 3.21x10 [2]
PTMIm - 0.61 1.1x107 [3]
PTMIm-C3-QA - 0.75 9.5x10° [3]
PBI >10 0.78 2.0x107 [4]
PBI-9%EPTMA >13 0.62 1.0x107 [4]
PBI-21%EPTMA >40 0.41 5.1x107 [4]
PBI-42%EPTMA >50 0.31 9.9x107 [4]
PSf-Im-1.2 9.1 0.90 8.52x107 [5]
PSf-Mim-1.2 19.8 0.80 18.12x107 [5]
PSf-Phim-1.2 8.5 1.40 7.50x10”7 [5]
PSf-PhBIm-1.2 6.3 1.80 0.50x107 [5]
Nafion 115 3.9 1.00 12.95x10”7 [5]

Note: Swelling ratio and area resistance were measured at RT in 3.0 M H,SO, solution. The
permeation test cell was filled with 1.5 M VOSSO, in 3.0 M H,SO, solution and 1.5 M MgSO,
in 3.0 M H,SOj, solution, respectively.
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Fig. S18 Stress-strain curves of PFDP and PIDP AEMs. a) mechanical properties of the
membrane after absorbing water, b) mechanical properties of the membrane after absorbing

acid.
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Table S4. Tensile strength (TS), elongation at break (EB) and Young’s modulus (YM) of

AEMs at room temperature

AEMs TS® EB® YM® | TS® EB®  YMP | TS¢ EB°  YM® Ref.
PFDP-60 6199 1863 175 | 4884 324 106 | 5618 176  0.96 | Thiswork
PFDP-70 6268 11.14 1.84 | 4126 4027 103 | 49.82 2513  1.23 | This work
PFDP-80 4721 1378 137 | 4323 3075 098 | 4594 2083  1.31 | This work
PFDP-90 4516 1539 1.03 | 4255 46.99 094 | 4327 3075 0.98 | This work
PFDP-100 4981 2513 123 | 4615 5301 1.05 | 4479 3836  1.22 | This work
PIDP-90 4928 1212 093 | 4277 4476 093 | 4884 324  1.05 | This work
PTP-TFA - - - - - - 364 7.2 - 6]
PTP-Me - - - - - - 335  10.3 - 6]

PTP-CHPTMA - - - - - - 327 146 - 6]
PTMIm - - - - - - 352  17.2 - 3]
PTMIm-C3 - - - - - - 331 174 - 3]
PTMIm-C3 -QA - - - - - - 317 11.3 - 3]
PTMIm-C3-OH-QA - - - - - - 234 112 - 3]
PSf-Im 1.2 - - - 173 183 - - - - 5]
PSf-Mim 1.2 - - - 108 364 - - - - 5]
PSf-Phim 1.2 - - - 206 175 - - - - 5]
PSf-PhBIm 1.2 - - - 3.3 11.0 - - - - 5]

* Mechanical properties of the membrane in the dry state.

® Mechanical properties of the membrane after absorbing water.
¢ Mechanical properties of the membrane after absorbing acid.
-: Not mentioned.
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Fig. S19 Digital photographs of seven ion exchange membranes immersed in 0.1 M VO," + 3
M H,SOy solution with time (from left to right, blanks, PFDP-60, PFDP-70, PFDP-80,
PFDP-90, PFDP-100, PFDP-90, Nafion 115 membranes).
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Fig. S20 PFDP-x, PIDP-90 and Nafion 115 membranes were immersed in 0.1 M VO, +3 M

H,SOy, solution for 28 days, and the UV-Vis spectrum (VO?*) of the immersion solution was

measured.
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Fig. S21 EIS curves of VFB single cells assembled with PFDP-90, PIDP-90 and Nafion 115
membrane under different conditions: (a) Nyquist plot after the electrolyte was introduced

into the cell and stand for 30 minutes; (b) Nyquist plot after 50 cycles at 120 mA cm2.
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Table SS. Comparison of recently reported unmodified polymeric ion exchange membranes

for VFB single cells.

Current density

Sample EE (%) Ref.
(mA cm?)
60 86.75
PFDP-90 This work
120 83.14
100 ~82
QPPP-2 [7]
120 ~80
p-TPN1 100 ~84 2]
PBI-21%EPTMA 100 ~81 [4]
40 86.5
PAES-8mPip-25 60 85.44 8]
80 84.3
40 ~83
DQA-TAPFE-20 60 ~81 [9]
80 ~79
80 ~80
PTMIm-C3-QA [3]
120 ~72
100 ~80
TM-OPBI-12 [10]
120 ~76
40 90.2
HSPAEK [11]
120 76
20 ~85
6F-SPI-50 [12]
60 ~74
40 ~83
6F-s-bSPI [13]
80 ~73
100 ~80
sPBPSP-8 [14]
120 ~77
100 82.5
SPI50 [15]
120 ~80
100 83.43
S-L-PPO-51% [16]
120 81.85
100 ~81
SISMA-SN-0.5 [17]
120 ~80
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