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1. TCTA electropolymerization film morphology

Fig. S1 (a) Atomic force microscopy image and (b) Scanning electron microscopy image of the TCTA electropolymerization film.
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2. Electrochemistry of TCTA
2.1 Electropolymerization of TCTA

Fig. S2 CV curves of TCTA electropolymerization with various potential windows: -0.8 to (a) 0.90 V, (b) 1.00 V, (c) 1.05 V, (d) 1.07 V, (e).1.10 V, and (f) 1.15 V.

Fig. S3 AFM images of p-TCTA films prepared under different maximum applied potentials. The maximum potentials are: (a) 1.05 V, (b) 1.07 V, (c) 1.10 V, and (d) 1.15 V.

When the maximum applied potential exceeds 1 V, the CV curves of TCTA show a pronounced and continuous increase in current with 
successive voltammetric cycles, signaling ongoing material deposition and film growth. Finally, a clearly visible polymer film forms on the 
electrode. Conversely, at maximum applied potentials below 1 V, the electrode shows no significant deposits.

As shown in Fig. S3, the surface roughness of the films increases with the maximum applied potential. Although the film obtained at a 
maximum potential of 1.05 V exhibited the lowest RMS roughness, fine cracks were observed at the film edges. Taking all factors into 
account, the potential window of -0.80 to 1.07 V was selected as the optimal range for TCTA electropolymerization.
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Table S1 Comparison of surface roughness of electropolymerized films

Electropolymerized film Electrolyte Method Roughness/ nm Ref.

HClO4/H2O Chronoamperometry 3.5 1
Polythiophene

TBAPF6/ACN Chronoamperometry 21.0 2
LiClO4/H2O Chronoamperometry 156.7 3

Polypyrrole
LiClO4/ACN Chronoamperometry 200.0 4

Polycarbazole LiClO4/ACN Cyclic Voltammetry 100.0 5

Polyaniline H2SO4/H2O Chronoamperometry 58.0 6

PSSNa/H2O Galvanostatic 7.36 7
Poly(3,4-ethylenedioxythiophene)

TBAClO4/PC Chronoamperometry 36.00 8

Multifunctional "star-shaped" precursors

TCPC TBAPF6/ACN/DCM Cyclic Voltammetry 2.8 9

PFCzPO TBAPF6/ACN/DCM Cyclic Voltammetry 3.64 10

TCBzC TBAAsF6/ACN/DCM Cyclic Voltammetry 2.88 11

TCNzC TBAAsF6/ACN/DCM Cyclic Voltammetry 2.76 11

p-TCTA TBAPF6/DCM/ACN/PC Cyclic Voltammetry 8.67 This 
work

The literature survey indicates that electrochemically cross-linked polymer films derived from "star-shaped" precursors generally exhibit 
good surface smoothness (RMS < 10 nm) and possess very low doping levels, thereby exhibiting semiconducting behavior. In contrast, the 
electropolymerization of classical linear conducting polymers is typically carried out in either aqueous or organic solvent systems. Films 
prepared in organic solvents tend to show slightly higher surface roughness. In aqueous systems, the monomers usually require the 
assistance of surfactants or acids to dissolve. Some reports have shown that, with the aid of surfactants, the resulting films can achieve 
relatively high smoothness. However, polymer films fabricated under such conditions are typically in a doped state. Although they may 
exhibit good electrical conductivity, they do not possess intrinsic semiconducting properties.
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2.2 Electrical analysis of TCTA

Fig. S4 (a) CV curves of TCTA at scan rates ranging from 10 to 500 mV s-1. (b) The peak current of TCTA′s first oxidation peak plotted as a function of the square of the scan rate. (c) 
Sample voltammetric curve demonstrating TCTA′s electrochemical response. (d) Linear chronocoulometric plots of TCTA at 0.6 V.

The electroanalytical characterization of TCTA′s first electrochemical reaction is detailed in Fig. S4. In Fig. S4a, the first electrochemical 
process of TCTA is shown to exhibit thermodynamically reversible CV curves, with an oxidation peak (Epa) at 0.51 V and a reduction peak 
(Epc) at 0.44 V. The peak separation is 0.07 V, and the half-wave potential ((Epc + Epa)/2) is 0.47 V. The sample voltammetric curve (Fig. S4c) 
suggests that between 0.56 V and 0.6 V, TCTA undergoes its first electrochemical process governed by diffusion; the half-wave potential is 
0.46 V, consistent with the CV curves. Utilizing the Randles-Sevcik equation12 (1) and Anson’s equation13 (2), along with the fitting results 
from Fig. S4b and d, the electron transfer number, n, during this process is calculated to be 0.92. Consequently, the first electrochemical 
process of TCTA is identified as a thermodynamically reversible single-electron process.
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Fig. S5 Method of allowing the current of the first wave to decay before scanning the second wave. (a) Potential program with a scan rate of 100 mV s-1 and a decay period of 400 
seconds. (b) Resulting voltammogram for TCTA.

A specialized voltammetric protocol (Fig. S5a) is utilized to explore the second electrochemical process of TCTA.12 The procedure initiates 
at 0 V and progresses to 0.6 V at a scan rate of 100 mV s-1. Subsequently, the potential is maintained at 0.6 V for 400 seconds to facilitate 
the depletion of TCTA near the electrode while preserving a steady concentration of its monovalent cations. The scan then resumes at the 
same rate, extending from 0.6 V to 0.9 V. According to Fig. S5b, the ratio of the peak currents, ip2/ip1, is 1.016, indicating that the electron 
transfer number in the second process mirrors that of the first. This, coupled with the CV curves, confirms that the second electrochemical 
process is also a thermodynamically reversible single-electron process.
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3. Optical bandgap of p-TCTA

Fig. S6 Optical bandgap of p-TCTA.
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4. Electrochemistry of p-TCTA
4.1 Kinetic analysis of p-TCTA

Fig. S7 (a) CV curves of p-TCTA at scan rates ranging from 10 to 90 mV s-1. (b) Peak current of p-TCTA plotted as a function of scan rate.

4.2 Capacitive performance of p-TCTA and estimation of electrochemical doping charge

Fig. S8 (a) Galvanostatic charge/discharge profiles of p-TCTA at various current densities. (b) Specific capacitance and capacity of p-TCTA across different current densities.

According to Fig. S8, p-TCTA demonstrates a stable capacitance performance of approximately 350 F cm-3 under charge/discharge 
conditions across various current densities. This indicates that no polarization occurs during the doping process at these current densities, 
and the doping state of p-TCTA reflects the thermodynamic equilibrium at the corresponding measured potentials. Consequently, the 
doping charge at a given potential can be estimated from the constant-current charging curve, as shown in Fig. S9a. The doping charge is 
calculated as the Faradaic charge, obtained by subtracting the non-Faradaic charge from the total charge. Assuming all electrochemically 
doped charges in p-TCTA act as carriers, the carrier concentration at different doping potentials can be estimated as the ratio of the doping 
charge to the Faraday constant, as illustrated in Fig. S9b. This analysis further enables the estimation of the carrier mobility at various 
doping levels.
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Fig. S9 (a) Total, Faradaic, and non-Faradaic charges as a function of potential. (b) Estimated carrier concentration plotted against doping potential.

Table S2 Capacitive performance of electrochemically cross-linked polymer films reported in recent years

Electropolymerized film Current density Specific capacitance Ref.

P-PCu 5 A g-1 332 F g-1 14

P[Th3CNTT-TPA] 3 A g-1 235 F g-1 15

PolyMnPor 2 A g-1 250 F g-1 16

Poly[Ni(salphen)]/MWCNT 0.1 mA cm-2 200 F g-1 17

Poly-PNBTH 1 mA cm-2 413.2 F cm-3 18

Poly(Zn-mTCPP) 5 A g-1 142 F g-1 19

p(Py-co-Cz)/MnOx 5 A g-1 352 F g-1 20

p-TCTA 15.1 A g-1 347.8 F g-1 (349.8 F cm-3) This 
Work
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4.3 Electrochemical cycling stability of p-TCTA

Fig. S10 (a) Cycling stability test of p-TCTA film measured by the CV method. (b) Retention of CV response as a function of cycle number. (c) Comparison between the first-cycle 
and the 200th-cycle GCD curve of p-TCTA. (d) Variation of specific capacitance with the number of GCD cycles. CV conditions, 0.1 M TBAPF6 in DCM/ACN/PC (2.5:0.6:1.9, v/v/v), 
potential window: 0-0.85 V, scan rate: 0.1 V s-1. GCD conditions, 0.1 M TBAPF6 in DCM/ACN/PC (2.5:0.6:1.9, v/v/v), potential window: 0-0.85 V, current density: 15.1 A g-1.

The cycling stability of p-TCTA films deposited on carbon paper was examined using both CV and GCD methods. As shown in Fig. S10, the 
film retained 72.3% of its initial CV response after 200 cycles. Similarly, after 200 charge-discharge cycles, the specific capacitance 
decreased to 74.2% of its initial value. These results indicate that the p-TCTA film exhibits moderate electrochemical cycling stability.
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4.4 p-TCTA|PBFDO supercapacitor

Fig. S11 (a) CV curves of p-TCTA and PBFDO electrodes. Electrochemical performance of the p-TCTA|PBFDO supercapacitor: (b) CV curves of the assembled device with a voltage 
window of 0-1.6 V; (c) GCD profiles of the device at various current densities; (d) specific capacitance of the device as a function of current density; (e) comparison between the 
first-cycle CV and the 100th-cycle GCD curve of the supercapacitor; (f) variation of the specific capacitance with GCD cycle number.

A p-TCTA|PBFDO asymmetric supercapacitor was fabricated to further characterize the capacitive performance of p-TCTA.21,22 The 
positive electrode was prepared by depositing p-TCTA onto carbon paper, with an active material loading of approximately 0.007 mg cm-2. 
For the negative electrode, a dimethylacetamide solution of PBFDO was diluted to 2 mg mL-1 and uniformly drop-cast (43 μL) onto pre-
treated carbon paper (2 × 2 cm). The coated electrode was then dried under vacuum at 80 °C for 12 hours, resulting in a PBFDO-loaded 
electrode with an active material loading of 0.032 mg cm-2.

The mass ratio of active materials for the positive and negative electrodes was matched based on charge balance calculations. The same 
electrolyte used in the three-electrode tests was employed here, and the two electrodes were assembled into an asymmetric 
supercapacitor. As shown in Fig. S11a and b, the CV curves of the individual electrodes and the assembled p-TCTA|PBFDO device 
demonstrate that the operating voltage window can reach up to 1.6 V. The GCD profiles of the p-TCTA|PBFDO device revealed a maximum 
discharge-specific capacitance of 52.7 F g-1 and a maximum charge-specific capacitance of 58 F g-1. Multi-cycle GCD tests showed that after 
100 charge-discharge cycles, the device retained 41.7% of its initial discharge capacitance and 39.0% of its charge capacitance.
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5. SCLC measurements of p-TCTA

Fig. S12 (a) CV curves of TCTA electropolymerization on ITO/PEDOT:PSS, compared with CV curves of ITO/PEDOT:PSS in a monomer-free electrolyte, demonstrating the feasibility 
of TCTA electrodeposition on ITO/PEDOT:PSS. (b) Comparison of CV curves for TCTA electropolymerization on ITO and ITO/PEDOT:PSS substrates. (c) Detailed SCLC fitting 
corresponding to Fig. 3a. (d) Detailed SCLC fitting corresponding to Fig. 3b.
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6. Spectroelectrochemistry of p-TCTA

Fig. S13 Spectroelectrochemistry of p-TCTA.
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7. Spectral characteristics of transitions between two species
Consider a reaction system involving only the interconversion between two species, α and β (e.g., the oxidation of species β to species 

α). The total concentration of the two species in the system remains constant, as described by Equation (3):

𝑐𝛼 + 𝑐𝛽 = 𝑐0#(3)

Now, consider the absorbance  at a given wavelength . By applying the Beer-Lambert law in conjunction with Equation (3), we 𝐴(𝜆1) 𝜆1

obtain:

𝐴(𝜆1) = 𝜀1,  𝛼𝑐𝛼𝑙 + 𝜀1,𝛽𝑐𝛽𝑙 = 𝜀1,𝛽𝑐0𝑙 + (𝜀1,  𝛼−𝜀1,𝛽)𝑐𝛼𝑙#(4)

Here,  and  denote the molar extinction coefficients of species α and β at wavelength , respectively, and  represents the 𝜀1,  𝛼 𝜀1,𝛽 𝜆1 𝑙
optical path length. A straightforward rearrangement of Equation (4) yields:

Δ𝐴(𝜆1) = 𝐴(𝜆1)−𝜀1,𝛽𝑐0𝑙 = (𝜀1,  𝛼−𝜀1,𝛽)𝑐𝛼𝑙#(5)

If the spectrum of the system containing only species β is used as the initial reference spectrum,  represents the difference Δ𝐴(𝜆1)
between the absorbance at wavelength  in a specific state of the system and the initial spectrum. Similarly, for another wavelength , 𝜆1 𝜆2

Equations (6) and (7) hold:

𝐴(𝜆2) = 𝜀2,  𝛼𝑐𝛼𝑙 + 𝜀2,𝛽𝑐𝛽𝑙 = 𝜀2,𝛽𝑐0𝑙 + (𝜀2,  𝛼−𝜀2,𝛽)𝑐𝛼𝑙#(6)

Δ𝐴(𝜆2) = 𝐴(𝜆2)−𝜀2,𝛽𝑐0𝑙 = (𝜀2,  𝛼−𝜀2,𝛽)𝑐𝛼𝑙#(7)

Combining Equations (5) and (7) results in:

Δ𝐴(𝜆1) =
(𝜀1,  𝛼−𝜀1,𝛽)
(𝜀2,  𝛼−𝜀2,𝛽)

× Δ𝐴(𝜆2)#(8)

The coefficients in Equation (8) are constants derived from the molar extinction coefficients of the two species. Consequently, for a 
system involving only the interconversion between two species, a key characteristic is that ΔA values at any two wavelengths exhibit a 
proportional relationship. While the above analysis is based on solution systems, the same conclusion holds true for film systems.



14

8. Refractive index and molecular number density
The correlation between film density and refractive index can be qualitatively evaluated using the Lorentz-Lorentz equation23,24

𝑛2 = 1 + 4𝜋𝜒#(9)

𝜒 =
𝑁𝛼'

1−(4𝜋
3 )𝑁𝛼'

#(10)

Here, n represents the refractive index of the film, N denotes the molecular number density (the number of molecules per unit volume), 
which reflects the film′s compactness, and α′ is the molecular polarizability volume. For a given material, the polarizability volume remains 
constant, establishing a positive correlation between N and n. Thus, the density of the film is positively correlated with its refractive index.

p-TCTA, as a crosslinked network of conjugated oligomeric segments linked by non-conjugated connections, exhibits decoupling 
between its conjugated segments. It is reasonable to assume that the polarizability volume of these segments is similar to that of the TCTA 
precursor. Under this assumption, the density of TCTA films produced via electrodeposition can be qualitatively compared to those 
produced by vapor deposition. Based on Fig. 4d, it can be concluded that the density of electrodeposited TCTA films is lower than that of 
vapor-deposited films.
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9. The effect of torsional angles on charge transfer integrals between conjugated segments

Fig. S14. (a) Optimized structure of p-TCTA dimeric model. (b) Calculated charge transfer integral (CTI) for dimeric model of p-TCTA as a function of inter-monomer torsion angle. 
This value provides an approximate quantitative measure of the electronic coupling between neighboring units.

ğIn p-TCTA films, the charge transfer integral (CTI) between two coupled TCTA units reflects the strength of electronic coupling 
between conjugated segments and serves as an indicator of charge transfer capability. A dimeric model of p-TCTA was built to investigate 
the influence of inter-monomer torsion angles on the CTI. Geometric optimizations of ground states (DFT) was performed using PBE0-D3(BJ) 
functional.25,26 The standard 6-311G(d,p) basis set27,28 was used for all atoms. Harmonic vibration frequency calculations were performed 
for all stationary points to confirm them as a local minima. Geometric optimizations were carried out using Gaussian 16 programs.29 The 
CTI between neighboring monomer can be defined as30:

|𝐶𝑇𝐼| =
1
2

(𝐸𝐻𝑂𝑀𝑂−1,𝑓𝑢𝑙𝑙−𝐸𝐻𝑂𝑀𝑂,𝑓𝑢𝑙𝑙)2−(𝐸𝐻𝑂𝑀𝑂,1−𝐸𝐻𝑂𝑀𝑂,2)2 #(11)

where EHOMO-1,full and EHOMO,full are the orbital energies of the dimeric molecular model, and EHOMO,1 and EHOMO,2 are the HOMO energies of 
two H-atom-capping monomers at infinite separation. The optimized dimeric structure was visualized by CYLView program.31 

Fig. S14a shows the optimized structure of the p-TCTA dimeric model, while Fig. S14b presents the calculated CTI of the p-TCTA dimer as 
a function of the inter-monomer torsion angle.It can be observed that the CTI reaches its maximum when the torsion angle is zero. As the 
torsion angle increases, the CTI gradually decreases, indicating reduced electronic coupling between the two TCTA units and a diminished 
degree of conjugation in the dimer. When the torsion angle reaches 90°, meaning the two units are oriented perpendicularly, the CTI 
attains its minimum value. These theoretical calculations clearly demonstrate that increased torsion between conjugated segments in p-
TCTA reduces the film′s charge transport capability.
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10. Reaction schemes for charge transfer

Fig. S15 Reaction schemes for charge transfer between conjugated fragments in (a) p-TCTA at low doping levels and (b) p-TCTA at high doping levels.
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