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(A) Synthetic procedures and characterization
 
All chemicals were purchased from Acros, Alfa Aesar, Matrix, Merck, and Sigma-
Aldrich respectively. All reactions were carried out using conventional Schlenkware 
technique under nitrogen atmosphere. 1H and 13C NMR spectra were recorded with 
Bruker AV400, AV500 or AVⅢ-500 spectrometer. The proton and carbon chemical 
shifts () are reported in ppm relative to the residual signals for CDCl3 (1H- 7.24; 13C- 
77.00), CD2Cl2 (5.32), or d6-DMSO (2.50) ppm at room temperature, or CD2Cl4 (1H- 
6.00) at high temperature NMR (343K). Mass spectra were recorded by HR-FAB/HR-
EI method on a JMS-700 double focusing mass spectrometer (JEOL, Tokyo, Japan). 
MALDI mass spectrometry was recorded with Applied Biosystems 4800 Proteomics 
Analyzer (Applied Biosystem, Foster City) and HR ESI (Electrospray) spectra was 
recorded with dual ionization ESCi® (ESI/APCi) source options, Waters LCT Premier 
XE (Waters Corp., Manchester, UK).

Compound TBN

The same synthetic procedures from fluorenone derivatives to tetrabenzoacenes were 
used for TBN series of compounds. That for TBN are described in detail as an example. 
A solution containing 9-fluorenone (3 g, 16.6 mmol), zinc powder (17.4 g, 266 mmol) 
and zinc chloride (3.2 g, 23.3 mmol) in THF/ H2O (30 / 3 mL) was stirred at 25 °C for 
1 h. Then the solution was extracted with ethyl acetate. The organic layer was dried 
over anhydrous MgSO4. After separation of the drying agent, the solvent was 
evaporated, dried benzene (300 mL) and trifluoromethanesulfonic acid (30 mL) were 
added to the residue. The mixture was stirred at refluxing temperature under nitrogen 
for two days. The reaction was quenched by water, after which benzene was removed 
by rotary evaporator. The residue was washed by water and directly purified by vacuum 
sublimation (10-5 torr) to give the pure product as white solid (1.8 g, yield = 70%). 1H 
NMR (500M Hz, CDCl3, δ):8.70- 8.68 (m, 8H), 7.68- 7.60 (m, 8H); 13C NMR (125M 
Hz, CDCl3, δ): 130.87, 129.23, 128.89, 127.49, 126.53 (2), 123.58; HRMS (FAB) 
(m/z): [M]+ cal. for C26H16: 328.1252, found: 328.1245.

Compound TBT
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The procedures for preparing TBT were the same as that for TBN.
Orange solid, yield = 55%, 1H NMR (500M Hz, CDCl3, δ): 9.23 (d, J = 8.0 Hz, 4H); 
8.24 (d, J = 7.5 Hz, 4H), 8.13 (s, 4H), 8.06 (dd, J = 7.5, 8.0 Hz, 4H); 13C NMR (125M 
Hz, CDCl3, δ): 131.35, 128.96, 128.61, 127.40, 126.00, 125.64, 125.45, 124.91; HRMS 
(FAB) (m/z): [M]+ cal. for C30H16: 376.1252, found: 376.1252.

Compound TBH

The procedures for preparing TBH were the same as that for TBN.
Orange solid, yield = 62%, 1H NMR (500M Hz, CDCl3, δ): 9.12 (d, J = 7.5 Hz, 4H), 
8.95 (d, J = 7.5 Hz, 4H), 8.90 -8.89 (m, 4H), 8.05 (t, J = 7.5 Hz, 4H), 7.79 -7.77 (m, 
4H); 13C NMR (125M Hz, CDCl3, δ): 130.18, 129.29, 129.19, 128.14, 127.64, 127.11, 
125.83, 124.54, 123.75, 120.51; HRMS (MALDI) (m/z): [M]+ cal. for C38H20:476.1565 
, found: 476.1577.

Compound TBO

The procedures for preparing TBO were the same as that for TBN.
Orange solid, yield = 45%, 1H NMR (500M Hz, C2D2Cl4, 343K, δ): 9.39(s, 4H); 9.19-
9.15 (m, 8H); 8.26- 8.24 (m, 4H); 8.15 (t, J= 7.8 Hz, 4H,), 7.70- 7.68 (m, 4H); 
Compound TBO was sparingly soluble to give a 13C-NMR spectrum; HRMS (MALDI) 
(m/z): [M+H]+ cal. for C46H24: 576.1878, found: 576.1892.

Compound 3 

O

The 4, 5-phenanthrene dicarboxylic acid (5 g, 18.7 mmol) were treated with 2 N 
aqueous sodium hydroxide solution (20 mL) to form clear brown solution. Barium 
hydroxide octahydrate (6 g, 19mmol) was added and the light brown precipitates were 
filtered by suction and washed by water. The filtered cake was dried under vacuum, 
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then heated at 400°C under vacuum (0.3 torr) for 1 h. Yellow crystals formed during 
the pyrolysis. The solid was collected and purified by column chromatography on silica 
gel column using hexane: dichloromethane (1:1) as the eluent to give the target product 
as yellow solid (1.34 g, 35%).  1H NMR (500M Hz, CDCl3, δ): 7.85 (d, J = 8.0 Hz, 
2H), 7.75 (d, J = 7.0 Hz, 2H), 7.71 (s, 2H), 7.539 (t, J = 7.5 Hz, 2H); 13C NMR (125M 
Hz, CDCl3, δ): 193.52, 139.03, 132.99, 130.63, 129.07, 127.25, 125.28, 122.36; HRMS 
(FAB) (m/z): [M+H]+ cal. for C15H9O: 205.0653, found: 205.0657.

Compound 4

O

OMe

Methyl 2’-bromo-[1,1’-biphenyl]-2-carboxylate (1.96 g, 6.8 mmol), 2-
(trimethylsilyl)phenyl trifluoromethanesulfonate (4 g, 13.4 mmol) and tri(o-
tolyl)phosphine (0.1 g, 3.3 mmol) were placed in a 250 mL flask and dried under 
vacuum for one hour. Dried toluene (60 mL), dried acetonitrile (20 mL), 
tris(dibenzylideneacetone)dipalladium(0) (0.3 g, 3.2 mmol) and cesium fluoride (6.1 g, 
40 mmol) were added in order under nitrogen. The mixture was refluxed under nitrogen 
overnight and cooled to room temperature when starting material was all consumed as 
indicated by TLC check. The solvent was removed and the crude was purified by 
column chromatography on silica gel column using hexane: dichloromethane (2:1) as 
the eluent to give the target product as white solid (0.9 g, 47%). 1H NMR (500M Hz, 
CDCl3, δ): 8.71 (d, J = 8.5 Hz, 1H), 8.61 -8.57 (m, 3H), 8.04 (d, J = 8.0 Hz, 1H), 7.80 
(d, J = 7.0 Hz, 1H), 7.66 -7.63 (m, 4H), 7.52 (t, J = 7.0 Hz, 1H), 3.89 (s, 3H).; 13C NMR 
(125M Hz, CDCl3, δ): 172.62, 131.13, 131.03, 130.75, 130.15, 129.22, 128.68, 128.47, 
128.43, 127.79, 127.72, 127.68, 127.54, 126.32, 126.13, 125.39, 123.39(2), 123.27, 
52.61.; HRMS (FAB) (m/z): [M]+ cal. for C20H14O2: 286.0994 , found: 286.0994.

Compound 5

O

Compound 4 (2 g, 7 mmol) was hydrolyzed by 20% KOH in methanol solution (40 
mL), then the solution was acidified by HCl to give triphenylene-1-carboxylic acid. To 
the acid solution was added Eaton's reagent (30 mL) and heated at 80℃ for 3 h. The 
mixture was poured to crushed ice, and yellow solid was obtained. The precipitates 
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were filtered and washed by water. The filtered cake was purified by recrystallization 
from methanol to give the target product (5) as pure yellow solid (1.68 g, 95%). 1H 
NMR (500M Hz, CDCl3, δ): 8.54 -8.52 (m, 2H), 8.55 (d, J = 8.0 Hz, 2H), 7.78 (d, J = 
7.0 Hz, 2H), 7.73 -7.71 (m, 2H), 7.61 (t, J = 7.5 Hz, 2H).;13C NMR (125M Hz, CDCl3, 
δ): 193.75, 138.36, 132.77, 129.73, 129.39, 127.63, 127.38, 126.38, 124.22, 122.95.; 
HRMS (FAB) (m/z): [M+H]+ cal. for C19H11O: 255.0810, found: 255.0813.

Compound 7

O

The compound 6 (2.5g, 8.6 mmol) was dissolved in anhydrous THF and cooled to -
78℃. 2.5M n-BuLi (4.3 mL, 10.7 mmol) was added dropwise, then the solution was 
stirred at -78˚C for 1 h. The solution was purged with dry oxygen gas and slowly 
warmed up to room temperature for 3 h. The solvent was removed and the crude product 
was purified by washing with methanol, ethanol and diethyl ether. Yellow solid was 
obtained, yield = 80%, 1H NMR (400M Hz, CDCl3, δ): 8.79(s, 2H), 8.32 (d, J =8.0 Hz, 
2H), 8.05-8.02 (m, 2H), 7.69 (d, J= 7.2 Hz, 2H), 7.62-7.59 (m, 2H), 7.51 (t, J= 7.2 Hz, 
2H);13C NMR (100M Hz, CDCl3, δ): 193.63, 138.64, 132.63, 132.02, 129.47, 128.12, 
127.80, 127.47, 126.77, 126.66, 123.23, 123.14; HRMS (FAB) (m/z): [M+H]+ cal. for 
C23H13O: 3050966, found: 305.0974.
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(B) NMR spectra
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(C) Computational details
Density functional theory computation was used for determining the structures and 

the energies of molecules. The neutral and cationic calculations are with the (U)B3LYP 
functional and 6-31G* basis set.1,2 The optimized structures are listed in Tables S4, S6, 
S8, and S10. The inner reorganization energy (λin) is calculated with the four-point 
method:3,4

,𝜆𝑖𝑛 = (𝐸(𝑁,𝐶𝑜𝑝𝑡) ‒ 𝐸(𝑁,𝑁𝑜𝑝𝑡)) + (𝐸(𝐶,𝑁𝑜𝑝𝑡) ‒ 𝐸(𝐶,𝐶𝑜𝑝𝑡))
where E(A,B) is the energy obtained form state A at coordinate B, and Nopt(Copt) is the 
optimized structure of the neutral (cationic) molecule. 
The electronic coupling (V) for the charge hopping process was evaluated by the direct 
coupling (DC) scheme.5 The electronic coupling values were calculated by the LC-
ωPBE6,7 scheme (ω = 0.2) and the Dunning’s double-ζ basis sets (DZP)8. In DC 
calculations, we first obtained two charge-localized states for the reactant state Ψr and 
the product state Ψp. The electronic coupling was then evaluated by

,
𝑉 =

𝐻𝑟𝑝 ‒ (𝐸𝑟 + 𝐸𝑝) 2

1 ‒ 𝑆 2
𝑟𝑝

where Er and Ep are the energies for the reactant state and the product state, 
and Hrp and Srp are the off-diagonal matrix elements for the Hamiltonian and the 
overlap matrix, respectively. All the quantum chemistry calculations were performed 
with a developmental version of Q-Chem.9 The dimer configurations were obtained 
from the crystal structure, with the hydrogen coordinates optimized at the level of 
B3LYP/6-31G*. The calculated values are listed in Tables S5, S7, S9, and S11. 

To see the thermal fluctuation of the electronic coupling, we also sample the 
configurations from molecular dynamics (MD) simulations in the canonical ensemble 
(NVT) at 298 K. The MD simulation was performed using the Tinker program with the 
MM3 force field.10-12 The supercell was formed based on the crystal unit cell with the 
sizes as listed in Table S1. The simulation time step was 1 fs. The trajectories were 
recorded with time interval of 0.1 ps. We sampled the dimer configurations with 
neighbors of a central molecule after equilibrating the system for 100 ps. The 
distributions of coupling strengths, together with a multi-Gaussian fitting, are included 
in Figures S3, S6, S9 and S12. We note that the signs of the coupling is determined 
according to our computational results, as listed in Tables S5, S7, S9, S11, even though 
the absolute values are shown in the figures.

Based on the Einstein relation, the charge mobility (μE) can be estimated from the 
diffusion coefficient:13,14 
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𝜇𝐸 =

𝑒
𝑘𝐵𝑇

𝐷,

where e is the electronic charge, kB is the Boltzmann constant, T is temperature and D 
is the diffusion coefficient. The diffusion coefficient can be calculated as

,
𝐷 ≈

1
2𝑛∑

𝑖

𝑟2
𝑖𝑘𝑖𝑃𝑖

where n is the spatial dimensionality (1 in this calculation)[14], ri is the projection of 
the hopping pathway on the direction of electric field for pathway i, ki is the hopping 
rate and Pi is the hopping probability, which is proportional to the hopping rate:

, 

𝑃𝑖 =
𝑘𝑖

∑
𝑖

𝑘𝑖

and the ki can be evaluated by Marcus equation:

,
𝑘𝑖 =

𝑉2

ℏ
𝜋

4𝜆𝑘𝐵𝑇exp[ ‒ 𝜆
4𝑘𝐵𝑇]

where λ is the reorganization of the compound. The μE reported in the maintext were 
calculated with fixed coupling values derived from crystal structure.

Kinetic Monte Carlo (KMC) simulation was carried out on the lattice of 9600 molecules 
under the periodic boundary condition.15 The number of unit cells in axis, for different 
molecules, are included in Table S2. The charge mobility is calculated by 

,
𝜇𝐾𝑀𝐶 =

�⃑�
𝑡 ∙ �⃑�

where  is the drift distance of charge carrier after one million hopping steps, t is the �⃑�

total drift time and  is the applied electric field, which is 105 V/cm in the simulation. �⃑�

The hopping time for each step is calculated as

, 

𝑡𝑠 =
𝑟

∑
𝑖

𝑘𝑖

where ki is the rate for the hopping process to the neighbor site i and the r is a random 
number following an exponential distribution .  The total drift time t is the exp ( ‒ 𝑟)

sum of all ts.  For charge at each site, there are several possible hopping paths. The 
probability for each hopping path is proportional to their corresponding hopping rates

,

𝑃𝑖 =
𝑘𝑖

∑
𝑖

𝑘𝑖

where the inter-site hopping rate is calculated by the Marcus theory: 
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.
𝑘𝑖 =

𝑉2

ℏ
𝜋

4𝜆𝑘𝐵𝑇exp[ ‒ (Δ𝐺 + 𝜆)2

4𝜆𝑘𝐵𝑇 ] 

The electronic coupling (V) is randomly generated by the coupling distributions 
obtained via the MD simulations, as shown in Figures S3, S6, S9 and S12. The Free 
energy ΔG is calculated by

,
Δ𝐺 = 𝑞⇀

𝑟𝑖

⋅ ⇀
𝐸

+ Δ𝜀

where q is charge,  is the vector of hopping pathway,  is the electric field, and Δε is 
⇀
𝑟𝑖

⇀
𝐸

energy change from the site energy (εf ‒ εi). To simulate the system with disorder, the 
site energies εi and εf are randomly determined with a normal distribution ρ(ε) with 
standard derivation of 1 kBT,

.
𝜌(𝜀) =

1

2𝜋𝜎2
exp[ ‒

𝜀2

2𝜎2]
When the intersite coupling is larger than the reorganization energy by 1 kBT, we 
assume the charge is delocalized among these sites, forming a charge delocalized 
domain D. Therefore, we employed a delocalized model for the polaron.16 The 
delocalized state (ψi) is obtained by the linear recombination of the localized state ( )| �𝑎⟩�

,
�|𝜓𝑖�⟩ = ∑

𝑎 ∈ 𝐷

𝑐𝑖𝑎| �𝑎⟩�

which is the eigenstate of the Hamiltonian for the delocalized polaron:

,
𝐻 = ∑

𝑎 ∈ 𝐷

𝜀𝑎| �𝑎⟩��⟨𝑎�| + ∑
𝑎,𝑏 ∈ 𝐷,𝑎 > 𝑏

(𝑉𝑎𝑏| �𝑎⟩��⟨𝑏�| + ℎ.𝑐.)

and the corresponding eigenvalue is εi.  In the Hamiltonian, h.c. stands for Hermition 
conjugate.  In simulation, the diagonal single-site energies εa was sampled from a 
normal distribution with standard derivation of 1 kBT, and the coupling Vab was sampled 
with the distribution obtained from MD simulation.

The hopping rate between the delocalized states ψi and ψf is

.
𝑘𝑖𝑓 =

2𝜋
ℏ

|𝑉𝑖𝑓|2 1
4𝜋𝜆𝑖𝑓𝑘𝐵𝑇

𝑒𝑥𝑝[ ‒
(𝜆𝑖𝑓 + Δ𝐺𝑖𝑓)2

4𝜆𝑖𝑓𝑘𝐵𝑇 ]
The electronic coupling Vif is

,
𝑉𝑖𝑓 = ⟨𝜓𝑖│𝐻│𝜓𝑓⟩ = ∑

𝑎
∑

𝑏

𝑐𝑖𝑎𝑐𝑓𝑏𝑉𝑎𝑏

where the Vab is the intersite coupling between site a and site b
.𝑉𝑎𝑏 = ⟨𝑎│𝐻│𝑏⟩
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The change of free energy ΔGif is

,
Δ𝐺𝑖𝑓 = 𝑞⇀

𝑟𝑖𝑓

⋅ ⇀
𝐸

+ 𝜀𝑓 ‒ 𝜀𝑖

where the εi (εf) are the eigenenergy of delocalized state i (f),  is the hopping 
⇀
𝑟𝑖𝑓

distance given by

,
⇀
𝑟𝑖𝑓

= ⇀
𝑟𝑓

‒ ⇀
𝑟𝑖

where the  is the location of the state ψj, estimated by an weighted averaged value 
⇀
𝑟𝑗

with the probability of the charge at the site |cja|2 as the weighting factor: 

.
𝑟𝑗 = ∑

𝑎 ∈ 𝐷
|𝑐𝑗𝑎|2𝑟𝑎

The reorganization energy λ for the delocalized polaron is given by an averaged value 
of the initial and final state, with each λ calculated from as a weighted average of each 
molecule, with |cia|4 as the weighting factor which accounts for the participation ratio.16 

,
𝜆𝑖𝑓 =

1
2

(𝜆𝑖 + 𝜆𝑓) =
𝜆
2[ ∑

𝑎 ∈ 𝐷𝑖

|𝑐𝑖𝑎|4 + ∑
𝑏 ∈ 𝐷𝑓

|𝑐𝑓𝑏|4]
where Di and Df are the domains for the initial and final states, or the range of the donor 
and acceptor polarons, respectively.  The site energy εa and coupling Vab were 
randomly generated.  In our work we have generated 100 such disordered 
Hamiltonians. The charge mobility (μKMC) was evaluated by an averaged value of one 
thousand simulating results, with 10 trajectories obtained from each of the 100 
randomly generated Hamiltonians.

 Table S1. Periodic box size for molecular dynamic simulation

Compound a b c na nb nc

TBH 18.8657 7.6482 31.436 2 4 2

TBN 12.1404 7.5623 17.6416 4 2 2

TBO 31.9402 3.8977 23.9483 2 4 2

TBT 13.1759 7.4913 18.1519 4 2 2

 Table S2. Periodic box size for Monte Carlo simulation

Compound na nb nc Site

TBH 10 12 10 9600
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TBN 10 24 10 9600

TBO 10 24 10 9600

TBT 10 24 10 9600

 Table S3. Simulated charge mobilities of tetrabenzoacene derivatives (in the units of 
cm2 V-1 s-1)

Simulated 
mobility

TBN TBT TBH TBO

μKMC
0.72

(0.0005) a)

2.24
(0.0018)

1.24
(0.0007)

5.64
(0.0083)

μdeloc
0.72

(0.0005)
0.45

(0.0019)
1.24

(0.0007)
0.35

(0.0075)
a In parentheses are standard deviation for the Monte Carlo statistics.
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 Computational results of TBN
 Table S4. Optimized structures of TBN

Optimized neutral structure Optimized cationic structure
X Y Z X Y Z

C 1.20628 -1.42972 0.31173 1.22847 -1.39103 0.34913
C 1.17595 -2.73958 0.85041 1.22057 -2.69822 0.90241
C 2.33237 -3.39368 1.23838 2.39511 -3.31361 1.30392
C 3.57369 -2.75399 1.11474 3.61033 -2.63196 1.17625
C 3.62803 -1.45680 0.63552 3.63834 -1.33174 0.67342
C 2.46403 -0.76641 0.23576 2.46650 -0.68437 0.26226
C 2.50570 0.61097 -0.23941 2.46646 0.68458 -0.26204
C 3.70853 1.22763 -0.64488 3.63828 1.33198 -0.67321
C 3.73305 2.52622 -1.12270 3.61021 2.63217 -1.17613
C 2.53383 3.24284 -1.24020 2.39496 3.31373 -1.30391
C 1.34075 2.66189 -0.84701 1.22044 2.69829 -0.90240
C 1.29197 1.35220 -0.30906 1.22839 1.39115 -0.34898
C 0.02245 0.69851 0.00317 -0.00004 0.71842 0.00009
C -1.20345 1.43122 0.31314 -1.22851 1.39107 0.34914
C -1.17041 2.74286 0.84752 -1.22064 2.69822 0.90253
C -2.32488 3.39860 1.23822 -2.39521 3.31362 1.30396
C -3.56699 2.75897 1.12164 -3.61043 2.63201 1.17611
C -3.62377 1.46025 0.64707 -3.63842 1.33182 0.67322
C -2.46164 0.76788 0.24504 -2.46654 0.68443 0.26217
C -2.50560 -0.61121 -0.22471 -2.46649 -0.68455 -0.26206
C -3.71059 -1.22988 -0.62078 -3.63830 -1.33205 -0.67311
C -3.73752 -2.53019 -1.09361 -3.61019 -2.63228 -1.17591
C -2.53872 -3.24684 -1.21580 -2.39492 -3.31382 -1.30365
C -1.34363 -2.66413 -0.83160 -1.22041 -2.69832 -0.90222
C -1.29215 -1.35253 -0.29842 -1.22840 -1.39111 -0.34896
C -0.02117 -0.69794 0.00525 0.00001 -0.71835 0.00008
H 0.22087 -3.22263 1.01557 0.27403 -3.19682 1.07250
H 2.26998 -4.39205 1.66289 2.36583 -4.30585 1.74249
H 4.48518 -3.25767 1.42465 4.53508 -3.10104 1.49816
H 4.58657 -0.95000 0.60294 4.58883 -0.81224 0.62999
H 4.63392 0.66223 -0.61814 4.58880 0.81253 -0.62973
H 4.67301 2.97193 -1.43645 4.53494 3.10128 -1.49805
H 2.53227 4.24318 -1.66454 2.36563 4.30592 -1.74258



S20

H 0.41628 3.20278 -1.00668 0.27388 3.19680 -1.07262
H -0.21439 3.22599 1.00704 -0.27411 3.19677 1.07279
H -2.26045 4.39827 1.65935 -2.36595 4.30582 1.74262
H -4.47706 3.26415 1.43329 -4.53520 3.10110 1.49793
H -4.58275 0.95398 0.61984 -4.58892 0.81235 0.62968
H -4.63612 -0.66490 -0.59045 -4.58884 -0.81265 -0.62963
H -4.67923 -2.97742 -1.39983 -4.53492 -3.10146 -1.49772
H -2.53931 -4.24862 -1.63673 -2.36557 -4.30606 -1.74221
H -0.41986 -3.20517 -0.99477 -0.27384 -3.19682 -1.07235

 Table S5. Distance and electronic coupling of charge hopping path in TBN
Type Distance (Å) Coupling (meV)

I 12.140 -0.75
II 4.815 -75.64
III 9.931 1.56
IV 10.207 -11.91
V 10.249 28.72
VI 8.893 -1.57
VII 10.159 1.76
VIII 11.472 -7.84



S21

Figure S1. Charge hopping paths of TBN.

Figure S2. Charge hopping paths in TBN lattice
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Figure S3. Distributions of the electronic coupling for the charge hopping paths in 
TBN.
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 Computational results of TBT
 Table S6. Optimized structures of TBT

Optimized neutral structure Optimized cationic structure
X Y Z X Y Z

C 1.29304 -2.72899 0.75935 1.27938 -2.72297 0.79157
H 0.36940 -3.25333 0.96767 0.35402 -3.23333 1.02911
C 2.50293 -3.36769 1.03475 2.49187 -3.36564 1.05218
H 2.49222 -4.38546 1.41543 2.48814 -4.37995 1.43827
C 3.71073 -2.71604 0.82560 3.69307 -2.70664 0.83606
H 4.65379 -3.22600 1.00633 4.63695 -3.21233 1.02015
C 4.95379 -0.66450 0.19957 4.93334 -0.65252 0.20555
H 5.88865 -1.19397 0.36730 5.87024 -1.17662 0.37148
C 4.95696 0.63238 -0.20933 4.93334 0.65228 -0.20565
H 5.89438 1.15642 -0.37980 5.87024 1.17637 -0.37160
C 3.72405 2.69128 -0.83134 3.69307 2.70649 -0.83589
H 4.66952 3.19577 -1.01481 4.63695 3.21219 -1.01997
C 2.51947 3.35005 -1.03671 2.49187 3.36557 -1.05176
H 2.51361 4.36801 -1.41699 2.48814 4.37996 -1.43765
C 1.30667 2.71839 -0.75792 1.27939 2.72291 -0.79113
H 0.38552 3.24821 -0.96330 0.35400 3.23336 -1.02841
C -1.29025 2.72436 0.76812 -1.27926 2.72297 0.79121
H -0.36598 3.24825 0.97472 -0.35384 3.23338 1.02848
C -2.49931 3.36262 1.04818 -2.49171 3.36569 1.05184
H -2.48745 4.37975 1.43054 -2.48792 4.38008 1.43773
C -3.70774 2.71138 0.84145 -3.69294 2.70667 0.83597
H -4.65026 3.22106 1.02572 -4.63680 3.21241 1.02005
C -4.95267 0.66092 0.21562 -4.93331 0.65252 0.20573
H -5.88703 1.19007 0.38709 -5.87018 1.17666 0.37168
C -4.95707 -0.63525 -0.19554 -4.93337 -0.65228 -0.20547
H -5.89500 -1.15899 -0.36411 -5.87029 -1.17634 -0.37140
C -3.72604 -2.69301 -0.82505 -3.69320 -2.70646 -0.83598
H -4.67207 -3.19715 -1.00658 -4.63711 -3.21211 -1.02007
C -2.52210 -3.35138 -1.03533 -2.49203 -3.36552 -1.05209
H -2.51739 -4.36863 -1.41753 -2.48835 -4.37983 -1.43818
C -1.30844 -2.72023 -0.75906 -1.27951 -2.72291 -0.79149
H -0.38794 -3.24964 -0.96834 -0.35418 -3.23332 -1.02903
C 3.72405 -1.37671 0.40484 3.70800 -1.35744 0.41215
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C 3.73080 1.35178 -0.41093 3.70801 1.35724 -0.41214
C 2.48633 -0.70134 0.17266 2.47233 -0.68769 0.18445
C 2.48982 0.68364 -0.17526 2.47234 0.68748 -0.18444
C 1.25027 -1.40880 0.27395 1.24009 -1.40064 0.29606
C 1.25759 1.39832 -0.27278 1.24012 1.40047 -0.29592
C -0.00178 -0.70182 0.00174 -0.00002 -0.71452 0.00004
C 0.00229 0.69857 0.00303 0.00002 0.71437 0.00004
C -1.25790 -1.40107 -0.27163 -1.24016 -1.40058 -0.29598
C -1.24894 1.40505 0.28024 -1.24005 1.40053 0.29599
C -2.48983 -0.68658 -0.16905 -2.47237 -0.68757 -0.18437
C -2.48531 0.69779 0.18133 -2.47231 0.68760 0.18451
C -3.73152 -1.35428 -0.40217 -3.70807 -1.35726 -0.41207
C -3.72233 1.37276 0.41843 -3.70794 1.35742 0.41222

Table S7. Distance and electronic coupling of charge hopping path in TBT
Type Distance (Å) Coupling (meV)

I 13.176 0.455
II 11.296 0.378
III 4.927 -84.0
IV 8.152 38.8
V 12.518 -1.527
VI 8.579 16.91
VII 13.503 3.441
VIII 10.159 5.25
IX 12.198 5.095
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Figure S4. Charge hopping paths of TBT.

Figure S5. Charge hopping paths in TBT lattice.



S26

Figure S6. Distributions of the electronic coupling for the charge hopping path in 
TBT.
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 Computational results of TBH
 Table S8. Optimized structures of TBH

Optimized neutral structure Optimized cationic structure
X Y Z X Y Z

C 5.00135 0.61299 0.20424 4.97077 0.66795 0.23347
C 6.25107 1.23607 0.41872 6.21273 1.30469 0.45797
H 6.29080 2.25489 0.78567 6.24536 2.32600 0.81699
C 7.44465 0.58369 0.16703 7.40973 0.65470 0.22756
H 8.38835 1.09338 0.34103 8.34856 1.16916 0.40845
C 7.42707 -0.73145 -0.31598 7.40799 -0.66885 -0.24084
H 8.35699 -1.25447 -0.52177 8.34546 -1.18474 -0.42467
C 6.21635 -1.36524 -0.53012 6.20927 -1.31688 -0.46778
H 6.22867 -2.38194 -0.90471 6.23916 -2.33802 -0.82754
C 4.98372 -0.72384 -0.27447 4.96902 -0.67817 -0.23947
C 3.70471 -1.41396 -0.47225 3.70060 -1.36605 -0.45788
C 3.64043 -2.74232 -0.91631 3.64442 -2.70141 -0.91580
H 4.54703 -3.29361 -1.13427 4.55801 -3.23879 -1.13629
C 2.41744 -3.37386 -1.10987 2.43412 -3.34709 -1.13020
H 2.38855 -4.38393 -1.50945 2.42206 -4.35124 -1.54190
C 1.23134 -2.72445 -0.79538 1.23795 -2.70477 -0.83288
H 0.28985 -3.22282 -0.98700 0.29892 -3.19487 -1.05814
C 1.23553 -1.41182 -0.28751 1.23553 -1.39234 -0.31153
C 2.48613 -0.72550 -0.19976 2.47746 -0.69190 -0.20154
C 2.50336 0.66195 0.17937 2.47916 0.68644 0.20023
C 3.73968 1.32382 0.43798 3.70405 1.35797 0.45523
C 3.70827 2.64733 0.89977 3.65113 2.69287 0.91490
H 4.62868 3.17600 1.11611 4.56607 3.22798 1.13533
C 2.50104 3.30157 1.11647 2.44242 3.34081 1.13143
H 2.49808 4.30654 1.52966 2.43290 4.34446 1.54442
C 1.29804 2.68153 0.80661 1.24458 2.70140 0.83449
H 0.36902 3.19737 1.01243 0.30679 3.19327 1.06104
C 1.26922 1.37418 0.28625 1.23888 1.38947 0.31200
C 0.00882 0.69255 -0.00037 0.00082 0.71064 0.00032
C -0.00740 -0.69998 0.00156 -0.00082 -0.71056 0.00033
C -1.26789 -1.38075 0.28993 -1.23888 -1.38939 0.31201
C -1.29692 -2.68679 0.81354 -1.24456 -2.70134 0.83448
H -0.36802 -3.20226 1.02077 -0.30675 -3.19321 1.06100
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C -2.50003 -3.30601 1.12468 -2.44239 -3.34075 1.13146
H -2.49722 -4.31008 1.54004 -2.43287 -4.34439 1.54445
C -3.70717 -2.65211 0.90647 -3.65111 -2.69281 0.91495
H -4.62768 -3.18025 1.12365 -4.56604 -3.22791 1.13541
C -3.73835 -1.32961 0.44183 -3.70403 -1.35791 0.45526
C -2.50197 -0.66865 0.18124 -2.47916 -0.68638 0.20025
C -2.48465 0.71768 -0.20196 -2.47747 0.69196 -0.20154
C -1.23402 1.40363 -0.29172 -1.23554 1.39240 -0.31156
C -1.22958 2.71463 -0.80374 -1.23798 2.70481 -0.83297
H -0.28801 3.21239 -0.99652 -0.29896 3.19490 -1.05830
C -2.41555 3.36298 -1.12089 -2.43415 3.34712 -1.13028
H -2.38652 4.37166 -1.52393 -2.42210 4.35126 -1.54201
C -3.63863 2.73212 -0.92563 -3.64444 2.70145 -0.91583
H -4.54511 3.28262 -1.14601 -4.55803 3.23883 -1.13630
C -3.70316 1.40534 -0.47685 -3.70062 1.36609 -0.45788
C -4.98226 0.71616 -0.27617 -4.96904 0.67819 -0.23947
C -4.99993 -0.61903 0.20707 -4.97076 -0.66793 0.23348
C -6.24963 -1.24083 0.42524 -6.21269 -1.30473 0.45794
H -6.28933 -2.25814 0.79638 -6.24528 -2.32605 0.81694
C -7.44323 -0.58895 0.17234 -7.40971 -0.65478 0.22751
H -8.38694 -1.09762 0.34931 -8.34852 -1.16928 0.40838
C -7.42566 0.72437 -0.31557 -7.40801 0.66877 -0.24088
H -8.35560 1.24695 -0.52236 -8.34550 1.18463 -0.42472
C -6.21493 1.35703 -0.53304 -6.20932 1.31685 -0.46780
H -6.22727 2.37245 -0.91109 -6.23924 2.33798 -0.82757

 Table S9. Distance and electronic coupling of charge hopping path in TBH
Type Distance (Å) Coupling (meV)

I 7.648 -29.276
II 10.116 4.204
III 12.261 2.302
IV 6.491 41.438
V 10.553 50.570
VI 9.374 -13.201
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Figure S7. Charge hopping paths of TBH.

Figure S8. Charge hopping paths in TBH lattice.
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Figure S9. Distributions of the electronic coupling for the charge hopping path in 
TBH.
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 Computational results of TBO
 Table S10. Optimized structures of TBO

Optimized neutral structure Optimized cationic structure
X Y Z X Y Z

C -0.00360 -0.69598 -0.00469 -0.00038 -0.71050 -0.00136
C -1.25891 -1.38476 -0.29536 -1.23721 -1.38930 -0.31692
C -1.27403 -2.69220 -0.81957 -1.23652 -2.70051 -0.84413
H -0.33947 -3.20003 -1.02049 -0.29615 -3.18938 -1.06622
C -2.46926 -3.31930 -1.13874 -2.43098 -3.33874 -1.15053
H -2.45787 -4.32333 -1.55404 -2.41943 -4.34063 -1.56786
C -3.68247 -2.67161 -0.92922 -3.64170 -2.69154 -0.93704
H -4.59818 -3.20617 -1.15135 -4.55525 -3.22680 -1.16329
C -3.72612 -1.35082 -0.46551 -3.69975 -1.36051 -0.47134
C -2.49768 -0.68180 -0.19360 -2.47823 -0.68876 -0.20656
C -2.48992 0.70664 0.19541 -2.47742 0.69126 0.20524
C -1.24383 1.39830 0.28732 -1.23563 1.39070 0.31427
C -1.24405 2.70838 0.80515 -1.23340 2.70234 0.84046
H -0.30396 3.20880 0.99858 -0.29245 3.19051 1.06164
C -2.43157 3.34849 1.12710 -2.42706 3.34205 1.14682
H -2.40843 4.35509 1.53567 -2.41431 4.34442 1.56296
C -3.65185 2.71051 0.92954 -3.63852 2.69574 0.93485
H -4.56124 3.25501 1.15333 -4.55142 3.23223 1.16077
C -3.71030 1.38728 0.47445 -3.69811 1.36419 0.47083
C -4.99200 0.69584 0.26680 -4.97286 0.67946 0.25099
C -5.00009 -0.65078 -0.23983 -4.97370 -0.67519 -0.24878
C -6.22485 -1.26780 -0.47694 -6.19576 -1.30064 -0.48526
H -6.26068 -2.27946 -0.86591 -6.22981 -2.31549 -0.86491
C -7.45801 -0.63693 -0.22760 -7.42885 -0.66888 -0.24911
C -7.44983 0.69644 0.29434 -7.42800 0.67398 0.25732
C -6.20913 1.31990 0.52412 -6.19413 1.30528 0.49058
H -6.23274 2.33061 0.91651 -6.22692 2.31989 0.87096
C -8.69227 1.34160 0.55751 -8.67328 1.32070 0.50412
H -8.68223 2.35377 0.95529 -8.67060 2.33708 0.88916
C -9.88139 0.69815 0.31351 -9.85605 0.66850 0.25871
H -10.82421 1.19883 0.51672 -10.80218 1.16692 0.44800
C -9.88950 -0.62493 -0.20583 -9.85689 -0.66263 -0.24443
H -10.83841 -1.12031 -0.39312 -10.80365 -1.16074 -0.43138
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C -8.70830 -1.27511 -0.46976 -8.67495 -1.31521 -0.49277
H -8.71061 -2.28734 -0.86760 -8.67357 -2.33160 -0.87780
C 0.00360 0.69598 -0.00469 0.00038 0.71050 -0.00136
C 1.25891 1.38476 -0.29536 1.23721 1.38930 -0.31692
C 1.27403 2.69220 -0.81957 1.23652 2.70051 -0.84413
H 0.33947 3.20003 -1.02049 0.29615 3.18938 -1.06622
C 2.46926 3.31930 -1.13874 2.43098 3.33874 -1.15053
H 2.45787 4.32333 -1.55404 2.41943 4.34063 -1.56786
C 3.68247 2.67161 -0.92922 3.64170 2.69154 -0.93704
H 4.59818 3.20617 -1.15135 4.55525 3.22680 -1.16329
C 3.72612 1.35082 -0.46551 3.69975 1.36051 -0.47134
C 2.49768 0.68180 -0.19360 2.47823 0.68876 -0.20656
C 2.48992 -0.70664 0.19541 2.47742 -0.69126 0.20524
C 1.24383 -1.39830 0.28732 1.23563 -1.39070 0.31427
C 1.24405 -2.70838 0.80515 1.23340 -2.70234 0.84046
H 0.30396 -3.20880 0.99858 0.29245 -3.19051 1.06164
C 2.43157 -3.34849 1.12710 2.42706 -3.34205 1.14682
H 2.40843 -4.35509 1.53567 2.41431 -4.34442 1.56296
C 3.65185 -2.71051 0.92954 3.63852 -2.69574 0.93485
H 4.56124 -3.25501 1.15333 4.55142 -3.23223 1.16077
C 3.71030 -1.38728 0.47445 3.69811 -1.36419 0.47083
C 4.99200 -0.69584 0.26680 4.97286 -0.67946 0.25099
C 5.00009 0.65078 -0.23983 4.97370 0.67519 -0.24878
C 6.22485 1.26780 -0.47694 6.19576 1.30064 -0.48526
H 6.26068 2.27946 -0.86591 6.22981 2.31549 -0.86491
C 7.45801 0.63693 -0.22760 7.42885 0.66888 -0.24911
C 7.44983 -0.69644 0.29434 7.42800 -0.67398 0.25732
C 6.20913 -1.31990 0.52412 6.19413 -1.30528 0.49058
H 6.23274 -2.33061 0.91651 6.22692 -2.31989 0.87096
C 8.69227 -1.34160 0.55751 8.67328 -1.32070 0.50412
H 8.68223 -2.35377 0.95529 8.67060 -2.33708 0.88916
C 9.88139 -0.69815 0.31351 9.85605 -0.66850 0.25871
H 10.82421 -1.19883 0.51672 10.80218 -1.16692 0.44800
C 9.88950 0.62493 -0.20583 9.85689 0.66263 -0.24443
H 10.83841 1.12031 -0.39312 10.80365 1.16074 -0.43138
C 8.70830 1.27511 -0.46976 8.67495 1.31521 -0.49277
H 8.71061 2.28734 -0.86760 8.67357 2.33160 -0.87780
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Table S11. Distance and electronic coupling of charge hopping path in TBO
Type Distance (Å) Coupling (meV)

I 3.898 178.5
II 16.089 2.75
III 12.778 0.174
IV 11.987 13.74
V 23.968 -0.148
VI 23.877 0.209

Figure S10. Charge hopping paths of TBO.

Figure S11. Charge hopping paths in TBO lattice.
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Figure S12. Distributions of the electronic coupling for the charge hopping path in 
TBO.
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(D) Optic microscope images of Crystals

(E) Device picture, output characteristics and transfer         
characteristics of SCFET devices

Figure S13. Device picture (scale bar, 100 μm), output characteristics and transfer 
characteristics of TBN. (Values in red in picture are channel length and width)
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Figure S14. Device picture (scale bar, 100 μm), output characteristics and transfer 
characteristics of TBT. (Values in red in picture are channel length and width)

Figure S15. Device picture (scale bar, 100 μm), output characteristics and transfer 
characteristics of TBH. (Values in red in picture are channel length and width).
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Figure S16. Device picture (scale bar, 100 μm), output characteristics and transfer 
characteristics of TBO
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