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1. Experiment

The UV-Vis absorption spectra were measured in THF at room temperature. The concentration
of TRZ-A-TPA was prepared and measured at 10> M. Cyclic voltammetry (CV) measurements of
TRZ-A-TPA were carried out in dichloromethane at 10-> M for oxidation, using an Ag/AgCl reference
electrode. The reductive CV were carried out in dried DMF in the same concentration under deaerated
conditions. The supporting electrolyte was tetrabutylammonium perchlorate (TBAP, 0.1 M). The scan
rate was 100 mV s-!. After each measurement, the CV redox potential of the Fc*/Fc couple was used
to recalibrate the electrical potential, thereby eliminating experimental errors. The CV spectra were
realigned with respect to the Fc™/Fc couple.

The Epomo levels are estimated according to electrochemical oxidation potential, using the
Forrest approach. Assuming that the electrochemical behavior of our compounds follows the
correlation equation of Egomo = -(Eox®™**-Egc+/k.)-4.8 (V) in CH,Cl, versus an Ag/AgCl couple and
Efcire = 0.53V. The Erymo (optical) has been estimated by the equation Eymo = Enomo + E(optical

gap), and E(optical gap) was obtained by the equation: E(optical gap) = 1240.8/absorption Aqpset (nM).

2. Instrument

The UV-Vis was measured with a Hitachi U-3010 spectrophotometer. A nuclear magnetic
resonance (NMR) spectrum was measured on a Varian Unity Plus (400 MHz). The chemical shifts in
the proton nuclear magnetic resonance (1H NMR) and 13C nuclear magnetic resonance (13C NMR)
spectra are reported in ppm on the d scale, using CDCI3, acetone-d6, or DMSO-d6 as the solvent, as
mentioned. In 1H NMR in CDCl; and CHCI;, an impurity serves as the internal standard with a
chemical shift of 7.23 ppm. When 3C NMR was measured in CDCls, the chemical shift of CDCls,

used as the internal standard, was 77 ppm. In |H NMR measurements with DMSO-d6, CD,HS(O)CDs,



an impurity, serves as the internal standard with a chemical shift of 2.49 ppm. When *C NMR was
measured in DMSO-dg, the chemical shift’s internal standard is 39.7 ppm. The definitions of splitting
are listed: singlet (s); doublet (d), triplet (t), quartet (q), broad (br), and multiplet (m). The coupling
constant is expressed in J in Hz. Infrared spectroscopy was measured by Jasco FT/IR-480. The liquid
sample was measured by coating on KBr under neat conditions. The solid sample was measured in a
KBr pellet. The unit is wavenumber cm™!. Bruker, New UltrafleXtremeTM, Bremen, D.E., measured
MALDI-TOF mass spectrometry. TGA was measured with a TA2950 Thermogravimetric Analyzer.
Cyclic voltammetry was measured using the Squidstat Plus station. SEM (scanning electron

microscope) images were analyzed using a Hitachi SU8000.
Specific capacitance measurement

Specific capacitance of pTRZ-A-TPA was measured in three electrolyte systems with ITO (10
Q) as the working electrode. The polymer films were prepared by cyclic voltammetry for 100 cycles,
which is the same as in the glassy carbon system. The specific capacitance was measured by converting

the area current to weight current using an area mass of 0.62 mg cm.
Experiment of pTRZ-AA-TPA film area mass

The pTRZ-A-TPA films used for the mass measurement test were prepared by cyclic
voltammetry over 100 cycles. The active area of the pTRZ-A-TPA film used for mass measurement
was about 2.1 cm?. Mettler Toledo AG245 Analytical Balance tested the mass of pTRZ-A-TPA film,

and the average value of mass was about 0.61+0.02 mg, while the area mass is 0.29+0.01 mg cm

3. Synthetic Procedures
The detailed synthetic routes for pTRZ-A-TPA are summarized in Figure S1. TPA-NH, (2) was

prepared according to literature procedures [1, 2], and H3TATB (4) was synthesized through acid-
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catalyzed cyclization of p-tolunitrile, followed by Stork’s oxidation [3]. H3TATB was then converted
to the corresponding acyl chloride TATBCI (5) and coupled with TPA-NH, (2) to give TRZ-A-TPA.
The polymer pTRZ-A-TPA was prepared from TRZ-A-TPA via oxidative polymerization or
electrochemical deposition methods.[4] The procedures are attached on pp. S5-S10. The 'H NMR of
2-4, and 'H and 3C NMR of H3TATB, and MALDI-TOF mass spectrum of TRZ-A-TPA are attached

in Figures S2-S6.
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Figure S1. Comprehensive synthetic scheme of the TRZ-A-TPA monomer and the pTRZ-A-TPA polymer.
The route illustrates the synthesis of key intermediates (TPA-NH: and H3TATB), their coupling to form the

monomer (6), and the subsequent oxidative polymerization to construct the crosslinked network (7).



4-Nitrotriphenylamine (1)

To a two-necked flask equipped with a reflux condenser was charged triphenylamine (500 mg,
2.04 mmol) in a mixture of glacial acetic acid (18 mL) and chloroform (6 mL). NaNO5(171.6 mg, 2.02
mmol) was then added. The reaction mixture was stirred and heated at 90° C for 2 h. After that, the
mixture was cooled to rt. The mixture was diluted with water (50 mL) and extracted with
dichloromethane (50 mL) several times. The organic extracts were combined and washed with brine
(25 mL) three times, treated with anhydrous MgSOQ,, filtered, and concentrated under reduced pressure
to give a crude oil, which was crystallized from ethanol:H,O (25 mL, 1:1) to afford 1 as an orange
crystalline solid (515.3 mg, 1.54 mmol, 87%). The 'H NMR data are consistent with those reported in

the references [1].

4-Aminotriphenylamine (2)

To the reflux apparatus was charged Pd/C (5.0 mg) in anhydrous ethanol (5.0 mL) followed by 1
(500 mg, 1.72 mmol). The mixture was stirred and heated at reflux. Hydrazine monohydrate (0.50 mL,
32 mmol) was added dropwise to the hot solution. The reaction was refluxed for an additional 2 h. The
hot reaction mixture was filtered over a celite pad and washed with dichloromethane several times.
The filtrate was dried over anhydrous MgSQO,, filtered, and concentrated under reduced pressure to
give a crude solid, which was further recrystallized from ethanol:H,O (3:1) to yield a grayish solid
(426 mg, 1.64 mmol, 95%). '"H NMR (400 MHz, d6-DMSO): & 7.19 (t, J = 8 Hz, 4H), 6.88 (m, 6H),

6.79 (d, J = 8 Hz, 2H), 6.55 (d, J = 8 Hz, 2H), 5.07(s, 2H).[1]

2,4,6-Tris(4',4",4"'-trimethylphenyl)-1,3,5-triazine (3)
A mixture of para-tolunitrile (10.00 g, 0.85 mol) and trifluoromethane sulfonic acid (34.0 g, 0.23
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mol) was stirred at 0 °C for 30 min. The mixture was further stirred at room temperature overnight.
Ice-water (20 ml) was added to quench the reaction. The mixture was then neutralized with NaOH (10
mL) to give a white precipitate. Compound 3 was obtained after filtration and recrystallization from
chloroform to give white needle-shaped crystals (8.43 g, 0.239 mol, 84.3%).'H and '*C NMR data are

consistent with those reported in the reference.[3]

2,4,6-Tris-(para-carboxyphenyl)-1,3,5-triazine (H3TATB)

To a two-necked flask (500 mL) was charged a mixture of acetic acid (72.64 g, 1.20 mmol) and
concentrated sulfuric acid (4.4 mL). Compound 3 (2.78 g, 7.9 mmol) was added, followed by
chromium (VI) oxide (7.2 g, 72 mmol) and acetic anhydride (5.18 g, 51 mmol), both added slowly.
The mixture was stirred and kept below 50 °C. Note that chromium(VI) oxide is potentially
carcinogenic and must be used with caution. The resulting dark brown slurry was stirred overnight and
subsequently quenched by pouring into 300 mL of ice-cold water. After thorough mixing, the
precipitate was collected via filtration, washed repeatedly with distilled water, and finally re-dissolved
in a 2 M NaOH aqueous solution (200 mL). The undissolved materials were removed by filtration.
The filtrate was acidified with hydrochloric acid to give a crude product. Recrystallization of the crude
material from DMF yielded the desired product, H3TATB, as a white solid (yield: 82%). '"H NMR

(400 MHz, d;-DMSO): & 8.82 (d, J = 8.0 Hz, 6H), 8.18 (d, /= 8 Hz, 6H).[3]

TATBCI (5)

TATBCI was prepared by refluxing H3TATB (1.00, 2.2 mmol) in a thionyl chloride solution (5
mL) with stirring. Note that thionyl chloride is poisonous and must be used carefully. Six drops of dry
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DMF were added as a catalyst. The reaction was carried out overnight under N, atmosphere. The
excess thionyl chloride was removed by vacuum distillation. TATBCI was collected and used directly

for the next step without purification.

TRZ-A-TPA (6)

TATBCI (1.0 mmol) in dried dichloromethane (5 mL), N, N-dimethylaminopyridine (DMAP)
(6.23 mg, 0.051 mmol) in dried dichloromethane (5 mL), triethylamine (1.1 mL), and 2 (0.90g, 3.45
mmol) were mixed under argon. The mixture was refluxed for 24 h. The mixture was quenched by
adding water. The product was extracted with DCM several times. The organic extracts were dried
over MgSO,. After removal of the solvent under vacuum, the crude product was purified by
recrystallization from DCM/MeOH to give TRZ-A-TPA (81%). 'H-NMR (400 MHz, d¢-DMSO): &
10.49 (s, 3H), 8.88 (d, J=8 Hz, 6H), 8.21 (d, J=12 Hz, 6H), 7.77 (d, J=8 Hz, 6H), 7.29 (t, J=6 Hz, 12H),
7.06-6.98 (m, 24H); *C-NMR (400 MHz, d6-DMSO): & 171.19, 165.15, 147.85, 143.54, 139.42,
138.24, 135.08, 129.96, 129.32, 128.79, 125.33, 123.64, 123.02, 122.38 (14 sets of aromatic carbon

NMR signal were recorded). MALDI-TOF m/z calcd for M C73Hs57NgO3 1167.4584 found 1167.4610

pTRZ-A-TPA (7) by oxidation polymerization

FeCl; (34.0 mg, 0.214 mmol) and chloroform (0.17 ml) were added to TRZ-A-TPA (6) (100 mg,
0.086 mmol). The solution was stirred at 55 °C in an inert atmosphere for 22 h and quenched by pouring
into a mixture (4:1) of methanol and hydrochloric acid (1 M). The precipitate was collected and washed
thoroughly with aqueous NH4,OH, and then with methanol and deionized water 3 times to afford

pTRZ-A-TPA.
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Figure S5. 3C NMR analysis of TRZ-A-TPA
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Figure S7. Calculated energy level diagram and spatial electron density distributions of the frontier

molecular orbitals (ranging from HOMO-3 to LUMO+3) for the TRZ-A-TPA monomer. The results
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were obtained from Density Functional Theory (DFT) calculations utilizing the B3LYP-D3

functional basis set.
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Figure S8. 'H NMR of TRZ-A-TPA in CDCl;

12



(a) (b)

p— 1" cycle sm—3" cycle
0.4 - 10" cycle 20" cycle
0.3 e 30™ cycle smm—40" cycle
Jummm 50™ cycle smm—60" cycle

~
w th th
&
§
E .
O -0.11
-0.2 1
-0.3 1
-0.4
0.0 02 04 006 08 1.0 1.2 14 1.6
(©) Potential (V vs Ag/AgCl) (d)
0.8 0.8
— 1 cycle | — 1" cycle
100" cycle 0.6 —100" cycle
—250" cycle 1 250" cycle
- 500" cycle 0.4+ 500" cycle
‘:E —750" cycle g 02 1 — 750" cycle
s —_—1000"cycle | & U] —1000" cycle
§ —1500" cycle § 0.0 4 —1500" cycle
g —2000" cycle 5 ] —2000" cycle
Q —2500" cycle Q0.2 —2500" cycle
w3000 cycle 1 —3000" cycle
-0.4
-0.6
-0l8 T T T T T T T _058 T T T T T T T
© 04 06 08 10 12 14 16 18 04 06 08 10 12 14 16 18
€
Poftential(V) Voltage(V)
100
el T ERHE,
S 90 ] ]
= ]
§ 80 [ ] u
; 70 - ] n
§ 60 ]
% S04 m o0412vVev multi-cycle scan |
~ 40 B 0.4-1.0V CV multi-cycle scan -
3
= 30
=
£ 20
Z 10
0

0 500 1000 1500 2000 2500 3000
CV Cycle counts

Figure S9. Electrochemical synthesis and voltage-dependent long-term cycling stability of the pTRZ-
A-TPA film. (a) Continuous cyclic voltammograms (100 cycles) during the in-situ
electropolymerization of the TRZ-A-TPA monomer on an ITO working electrode. (b) Optical
photographs of the resulting uniform pTRZ-A-TPA film deposited on the ITO substrate at 20 cycle
sweep CV scan. Evolution of the CV curves over 3,000 continuous cycles tested in a monomer-free

0.1 M TBAPF«/DCM electrolyte under different potential windows: (¢) 0.4 to 1.2 V and (d) 0.4 to 1.0
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V. (e) Comparison of the capacitance retention (normalized CV curve area) over 3,000 cycles,

explicitly demonstrating that restricting the upper anodic potential limit to 1.0 V significantly mitigates

structural degradation and enhances the operational stability compared to the 1.2 V window.
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Figure S10. Alkaline-induced deprotonation effect on TRZ-A-TPA. (a) UV-vis titration spectra of

TRZ-A-TPA upon adding varying equivalents of TMAH in THF, showing a new absorption band

and macroscopic color change (inset). (b) Proposed mechanism depicting the deprotonation of the

amide N-H bond and the subsequent resonance stabilization of the anion, which rationalizes the

observed optical changes and the disruption of hydrogen-bonded nano-aggregates.
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Figure S11. In-situ UV-Vis-NIR spectra of the pTRZ-A-TPA film tested in a 0.1mM TBAPF4
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solution under applied potentials from 0 to 1.2 V. The emergence of absorption bands at ~490 nm and
> 1300 nm (at 0.8-0.9 V) indicates the formation of the TPB radical cation. The subsequent dominant
peak at ~900 nm (at > 1.0 V) corresponds to the TPB dication. These characteristic spectral shifts

directly confirm the para-to-para benzidine coupling pathway.
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Figure S12. (a) GCD profiles of the pTRZ-A-TPA film at various current densities in TABPF¢DCM.
(b) Calculated gravimetric specific capacitance plotted against current density, expressed in both mAh
g ' and F g'. (¢c) Schematic setup for electropolymerization and photographic demonstration of the
thermal peeling process (80 °C) to obtain a free-standing pTRZ-A-TPA polymer film from the ITO
working electrode. (d) Cross-sectional SEM image of the free-standing pTRZ-A-TPA film after 100
CV cycles, revealing a substantial macro-scale thickness of ~20 pum while maintaining an

interconnected porous architecture.
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Figure S15. (a)TEM Sample preparation procedure (b)(c)TEM results of TRZ-A-TPA at 0.5 mM in
DCM (d)(e)TEM results of TRZ-A-TPA at 0.05 mM in DCM
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Figure S16. Interfacial adsorption and morphological evolution of TRZ-A-TPA. (a) Schematic of the

dipping and washing process on an ITO electrode. (b) CV curves of the half CV cycle (black) measured
ina 0.1 M TBAPF¢/DCM solution, and the dip-coated ITO tested in a 0.1 M TBAPF¢/DCM e solution
(blue, the inset shows magnified peaks). SEM images of (c) bare ITO, (d) dip-coated ITO showing
adsorbed nano-aggregates, and (e) the electrode surface after a half CV cycle, observed at three

different magnifications.
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free electrode fabrication. Stage 1: Pre-assembly

of TRZ-A-TPA monomers into nano-aggregates driven by hydrogen bonding and n-n stacking. Stage

2: Spontaneous physical adsorption and seeding of aggregates onto the ITO surface. Stage 3: In-situ

electropolymerization welding the pre-adsorbed seeds via para-para benzidine coupling. Stage 4:

Formation of a hierarchically porous network enabling fast ion diffusion and high pseudocapacitive

performance.
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Table S1. Electrochemical performance comparison of TPA-based materials in organic electrolytes

TPA based Working Specific Capacitance Cycling stability
Electrolyte . . Reference
polymer Electrode (Current Density) (Cycles/Retention%)

P1 ITO LiClO4/PC 21.59 mF ¢cm2(0.075 mA cm?) 100 cycles 60.0% [5]
pTTPACB ITO TBAPF¢/DCM 6.64 mF cm2(0.05 mA cm?) 1000/2000 cycles 84%/77% [6]
PTPAP-BY ITO TPAPF¢/Tol:ACN 7 mF ¢cm?2(0.06 mA cm2) 60 cycle 70% [7]

PETOME ITO LiClO4 ACN 36.2 mF cm?2(0.10 mA cm2) 5000 cycles 80.6% [8]

TPPA-Me-TB ITO TBABF4/MeCN 1653F g (1A g™ 500 cycles 86.6% [9]
. 170 mF cm~2or 788.9 F g!

p-HPB-6TPA Glassy carbon LiClO4 ACN 1000/1500 cycles 90%/85% [10]

(0.10 mA cm?)

7.52 mF cm?2or 117.5 Fg!

LPA ITO TBABF,/MeCN 20 cycles 20% [11]

(1L.OA g
pPh-4TPA ITO TBAPF¢/ACN 423 Fg ' (20A g™ 500 cycles 65.4 % [12]
PHHTPA ITO TBABF4/MeCN 3.17 mF cm?2(0.08 mA c¢cm2) 200 cycles 90% [13]
Glassy carbon TBAPF¢/DCM 218 mF cm™? or 599.5 F g 1.2V 1000/3000 cycles 87%/40% '
pTRZ-A-TPA this work
or ITO TBAPF6/ACN (0.05 mA cm™) 1.0V 1000/3000 cycles 94%/70%
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Table S2. Electrochemical performance comparison of TPA-based materials in aqueous electrolytes

TPA based Working Specific Capacitance Cycling stability
Electrolyte ) ] Reference
polymer Electrode (Current Density) (Cycles/Retention%)
TPA-TBP-CMP Glassy carbon KOH solution 356 Fgl(1Agh 1000/2000 cycles 97%/90% [14]
TPA-IM-AQ Graphite foil H,SO4 solution 275712 F g (0.5 A g™ 5000 cycles 88.4% [15]
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