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Equilibrium Geometries of Trimethylsilyl-Pentacene (TMS-Pc) Dimer Linked by
Thiophene Derivatives
For the Cartesian coordinates of equilibrium structures, please find the attached XYZ files. File names
follow the index used in the main text.

Fig. S1 The equilibrium geometries of trimethylsilyl-pentacene (TMS-Pc) dimer linked by thiophene
derivatives. Color scheme: hydrogen–white, carbon–gray, oxygen–red, silicon–sky blue, and
sulfur–yellow.
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Fig. S1 (continued) The equilibrium geometries of trimethylsilyl-pentacene (TMS-Pc) dimer linked by
thiophene derivatives. Color scheme: hydrogen–white, carbon–gray, oxygen–red, silicon–sky blue,
and sulfur–yellow.
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Fig. S1 (continued) The equilibrium geometries of trimethylsilyl-pentacene (TMS-Pc) dimer linked by
thiophene derivatives. Color scheme: hydrogen–white, carbon–gray, oxygen–red, silicon–sky blue,
and sulfur–yellow.
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Quantum Chemical Simulation Details

Restricted active space with spin-flip (RAS-SF) calculations

We obtained the ground state equilibrium geometries of trimethylsilyl-pentacene (TMS-Pc) dimers
linked via thiophene derivatives using density functional theory (DFT) calculations with the
CAM-B3LYP functional1 and 6-31G(d) basis sets2-5 in the gas phase. Dispersion interaction was added
through Grimme’s empirical approach.6 Restricted active space with double spin-flip (RAS-2SF)
calculations were performed to illustrate the energetics relevant to singlet fission (SF). We acquired
raw RAS-2SF energies based on the quintet reference state with four electrons in four active orbitals.
The derived RAS-2SF energies were refined to achieve the CAM-B3LYP-D/6-31G(d) quality according
to the previous report.7,8 Here is a brief summary of this procedure. First, we performed RAS-2SF
calculations and conducted the two-fragment wavefunction decomposition for the SF-relevant excited
states, which allows us to quantify the contributions of different diabatic configurations like ground
state (GS), local exciton (LE), charge resonance (CR), singlet-singlet (SS) state and triplet-triplet (TT)
states to the overall RAS-2SF wavefunctions.
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We executed constrained DFT (CDFT) calculations to obtain the charge transfer (CT) energy and
compared this to the average energy of the two (or one) lowest RAS-2SF CR adiabatic states to
determine the CR energy correction, EC[CR].9 Next, we computed the lowest quintet state energy with
RAS-2SF and compared it to unrestricted DFT quintet energy to determine the TT energy correction,
EC[TT]. Finally, we enforced the energy of RAS-2SF S2 to be equal to the excitation energy of
time-dependent DFT. This gives the LE energy correction, EC[LE]. Combining all the correction terms
(Eraw), weight factor ( ), and raw RAS-2SF energies (Eraw) provides corrected RAS-2SF energiesω
(Ecorr) which partially recovers dynamic correlation.
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However, two-fragmentation scheme is not able to fully capture the contribution of CT between the
linker and chromophores, as a portion of the linker and the chromophore are included within the same
fragment. To address this limitation and illustrate nonadiabatic coupling between respective states, we
have partitioned our model systems into three parts: TMS-Pc (left), linker, and TMS-Pc (right), and
performed restricted active space with three spin-flip (RAS-3SF) calculations for three fragments (Fig.
S2). We obtained raw RAS-3SF energies based on the septet reference state with six electrons in six
active orbitals. All electronic structure calculations were executed using Q-Chem 5.2.10

The SF kinetics is theoretically investigated using the three-state model suggested by Krylov et al.7

This simple scheme has been successfully employed to describe SF kinetics. We are interested in the
ME formation (MEF), whose rate could be approximated as below:

𝑟
1
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∆𝐸 )

2
𝑒

−αβ∆𝐸
𝑀𝐸𝐹

where NAC is nonadiabatic coupling estimated by the norm of one-particle transition density matrix
(||𝛾||) and energy difference between respective states (ΔE) calculated by RAS-3SF, 𝛼 is a parameter
in the free-energy relationship and was set to be 0.5 like in the previous reports.11,12 𝛽 is equal to 1/𝑘𝑏𝑇
(kb is the Boltzmann constant and T is the room temperature of 298 K, and ΔEMEF represents the
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difference of RAS-2SF corrected energy between the lowest optically allowed singlet excited state and
ME state.

The adiabatic wavefunction is decomposed into diabatic states according to the procedure
suggested by Casanova and Krylov.8 To quantify the contributions of local exciton, charge resonance,
and multiexciton states, the overall wavefunction is first expressed as a combination of neutral exciton
(NE) and CR configurations. The NE contribution is further split into single LE and simultaneous ME
based on whether one or more chromophores are excited. The weights of the LE and CR parts come
directly from the amplitudes of those configurations in the total wavefunction. To analyze the ME
contribution, spin correlators are employed to distinguish between TT and SS couplings. The trace of
the spin correlator matrix gives the overall TT weight, while the off-diagonal elements reveal the
specific TT couplings between pairs of chromophores. The remaining ME character is assigned as
SS.

Fig. S2 Example of three fragmentations for nf-2-C. The green dash lines correspond to the border
between the fragments.

Nonequilibrium green’s function calculations

We have performed nonequilibrium Green function (NEGF) calculations to describe transmission in
molecular junctions. The junctions were constructed using Au (001) lattice as the electrodes, with six
layers on each side, and each layer composed of a 3✕ 3 array of Au atoms. The equilibrium
structures of the f-3 linkers (f-3-TT, f-3-TC, and f-3-CC) were determined using the
CAM-B3LYP-D/6-311G(d,p) level of theory. These linkers were then inserted between the gold
electrodes, maintaining a distance of 2.75 Å between the linker and each gold layer (Supplementary
Fig. 8). The Perdew-Burke-Ernzerhof (PBE) functional was applied with a single-ζ polarized basis set
for gold atoms and a double-ζ polarized basis set for other light atoms. The Brillouin zone of the gold
electrodes was sampled using a Monkhorst-Pack k-point grid of 1✕ 1✕ 100, while the scattering
regions were sampled with a grid of 1✕ 1✕ 1. The energy cutoff for the real-space grid was set to
200 Ry. We calculated the transmission coefficients for the molecular junctions at zero bias voltage
using nonequilibrium Green's function (NEGF) methods, considering an energy range from -2 eV to +3
eV. All calculations relevant to transmission were performed with SIESTA13 and Gollum14.
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Fig. S3 The structures of molecular junctions consisting of six Au (001) layers on both sides, with the
linkers placed between the gold layers: (A) f-3-TT, (B) f-3-TC, (C) f-3-CC. Color scheme:
hydrogen–white, carbon–gray, sulfur–yellow, and gold–yellow brown.
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Singlet Fission Kinetics and Relevant Electronic Properties
Table. S1. Nonadiabatic coupling (NAC), energy difference between a multiexciton state and the
lowest optically allowed singlet excited state (ΔEMEF), and the logarithm of multiexciton formation rate
relative to 1 (log(r/r1)) for 6,6’-TMS-Pcs attached to thiophene-based linkers.

Index NAC (eV-1) ΔEMEF (eV) log(r/r1)

1 0.39 -0.44 0.00

nf-2-T 0.16 -0.47 -0.57

nf-2-C 0.17 -0.47 -0.53

f-2-T 0.39 -0.44 -0.07

f-2-C 0.094 -0.53 -0.48

nf-3-TT 0.064 -0.50 -1.12

nf-3-TC 0.055 -0.50 -1.21

nf-3-CC 0.053 -0.50 -1.25

f-3-TT 0.23 -0.46 -0.36

f-3-TC 0.052 -0.54 -0.92

f-3-CC 0.018 -0.55 -1.78

trans-BDT 0.092 -0.49 -0.89

cis-BDT 0.035 -0.54 -1.26

trans-BDTQ 0.026 -0.50 -1.90

cis-BDTQ 0.084 -0.42 -1.56
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Geometric Features and Correlation with Nonadiabatic Coupling
Table. S2 Distance between each terminal chromophore and linker (dPc1–L and dPc2–L), the total
distance between two terminal chromophores via a linker (dPc1–L–Pc2), the distance between two
terminal chromophores (dPc–Pc), in-plane angle (𝜃), and dihedral angle (𝜑). Distances were measured
between the centers of mass of each fragment. Graphical description of each geometric feature can
be found in Supplementary Fig. 2.

Index dPc1–L (Å) dPc2–L (Å) dPc1–L–Pc2 (Å) dPc–Pc (Å) 𝜃 (°) 𝜑 (°)

1 6.65 6.65 13.3 13.0 15.0 0.2

nf-2-T 8.55 8.55 17.1 17.1 14.3 8.7

nf-2-C 8.40 8.40 16.8 15.8 61.8 16.9

f-2-T 7.75 7.75 15.5 15.5 0.0 0.0

f-2-C 7.78 7.79 15.6 15.5 3.1 0.1

nf-3-TT 10.5 10.5 21.0 20.8 30.6 0.3

nf-3-TC 10.2 10.4 20.6 20.4 20.5 6.8

nf-3-CC 9.96 9.96 19.9 17.8 87.3 24.4

f-3-TT 8.63 8.63 17.3 16.9 30.8 0.3

f-3-TC 8.53 8.79 17.3 16.6 35.2 0.1

f-3-CC 8.71 8.71 17.4 15.6 57.3 3.7

Fig. S4 Graphical illustration of four geometric features mentioned in Table S2.
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Energy Level and Spatial Distribution of Frontier Molecular Orbital
Table. S3 HOMO energy (HOMO), LUMO energy (LUMO), HOMO and LUMO offset between the
linker and TMS-Pc chromophore (OffsetHOMO and OffsetLUMO), and the minimum of offsets (Offsetmin). All
energies are given in eV.

Index HOMO LUMO OffsetHOMO OffsetLUMO Offsetmin

1 -8.12 -0.87 2.13 1.15 1.15

nf-2-T -7.11 -0.26 1.12 1.75 1.12

nf-2-C -7.30 -0.05 1.31 1.97 1.31

f-2-T -7.51 0.33 1.52 2.34 1.52

f-2-C -7.64 0.63 1.65 2.64 1.65

nf-3-TT -6.84 -0.58 0.84 1.43 0.84

nf-3-TC -6.90 -0.52 0.91 1.50 0.91

nf-3-CC -6.92 -0.47 0.93 1.54 0.93

f-3-TT -7.23 -0.08 1.24 1.93 1.24

f-3-TC -7.31 0.30 1.31 2.31 1.31

f-3-CC -7.41 0.45 1.42 2.47 1.42

Index HOMO LUMO

1

nf-2-T

nf-2-C

f-2-T
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f-2-C

nf-3-TT

nf-3-TC

nf-3-CC

f-3-TT

f-3-TC

f-3-CC

Fig. S5 Spatial distribution of molecular orbitals from LUMO to HOMO of diverse thiophene-based
linkers. Isovalue of 0.02 Å-3.
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Extended Curly Arrow Rules
Curly arrow notation is a fundamental tool in organic chemistry used to depict electron movement
during chemical reactions. This notation was introduced in the 1920s and further developed in the
1930s, with different symbols for electron pairs and single electrons.15-18 Recent quantum chemical
descriptions have provided a rigorous foundation for curly arrows using dynamic Voronoi metropolis
sampling.19 Curly arrow rules (CARs) were developed to predict electron transmission in molecular
electronic devices.20,21 These rules state that for alternant hydrocarbons, electron transmission is
possible if electron displacement can be drawn using curly arrows in a resonance structure. The
theoretical foundation for CARs is related to the preferential flow of electrons through bonds with more
double bond character. Under certain conditions, the transmission probability near the Fermi level is
proportional to the square of the Pauling bond order.20,21 CARs provide a simple method for predicting
quantum interference effects without complex calculations. However, CARs have limitations,
particularly for molecules with cross-conjugation and heteroatoms.22 Examples of CARs breakdown
include anthraquinone isomers23 and methoxy-substituted meta-connected oligo(phenylene-ethylene)
wires24. To address these shortcomings, extended curly arrow rules (ECARs) were introduced.22

ECARs take into account electron-withdrawing groups (EWGs) and electron-donating groups (EDGs)
in molecular structures. These extended rules provide guidelines that predict constructive quantum
interference (CQI), destructive quantum interference (DQI), or shifted destructive quantum
interference (SDQI) (see below). ECARs successfully predict behavior in cases where CARs fail, such
as anthraquinone isomers and methoxy-substituted OPE wires. The extended rules have been applied
to diverse molecular systems, including polycyclic aromatics with heteroatoms,25 odd-membered
rings,26 and non-alternant hydrocarbons.27 ECARs have successfully explained conductance behavior
in benzodithiophene derivatives28 and diketopyrrolopyrrole-based molecular switches.29 The rules can
be applied to acyclic pathways30 and fulvenes,31 demonstrating their versatility. The extended rules
have shown effectiveness in predicting quantum interference behavior in cross-conjugated molecules
and polycyclic aromatic with heteroatoms. Overall, ECARs represent an improvement over CARs,
offering a more comprehensive approach to predicting electron transmission in diverse molecular
structures.

The rules are summarized below:

1. Replace one chromophore moiety with a donor group (D) and the other with an acceptor
group (A). If you can draw curly arrows to transfer the D lone pair onto A, CQI is expected. If
not, DQI is expected.

2. If DQI is expected in rule 1, check if the molecule contains electron withdrawing groups
(EWGs) or electron donating groups (EDGs).

3. If EWGs, replace chromophore moieties with D groups. If a lone pair from each D can be
independently transferred to the same EWG, SDQI is expected.

4. If EDGs, replace chromophore moieties with A groups. If a lone pair from the same EDG can
be independently transferred to each A group, SDQI is expected.

5. Otherwise, DQI is expected.
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Inspection of an Expanded Array of Thiophene Derivatives

Fig. S6 Applications of extended curly arrow rules to (A) trans-BDT, (B) cis-BDT, (C) trans-BDTQ, and
(D) cis-BDTQ.
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Results for 6,6’-TMS-Tetracene and 2,2’-TMS-Pentacene

6,6’-TMS-Tc 2,2’-TMS-Pc

Fig. S7 (A,B) Logarithm of multiexciton formation rates relative to 1, (C,D) thermodynamic driving
force for multiexciton formation (ΔEMEF), (E,F) nonadiabatic coupling (NAC) of chromophores having
nonfused thiophene chains (triangles) and fused thiophene derivatives (circles) as a function of the
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number of repeating units. Color scheme: Monomer (red), dimer (orange), and trimer (green). (A,C,E)
for 6,6’-TMS-Tc and (B,D,F) for 2,2’-TMS-Pc dimers.

Table. S4 Nonadiabatic coupling (NAC), energy difference between a multiexciton state and the
lowest optically allowed singlet excited state (ΔEMEF), and the logarithm of multiexciton formation rate
relative to 1 for 6,6’-TMS-Tcs attached to thiophene-based linkers.

Index NAC (eV-1) ΔEMEF (eV) log(r/r1)

1 0.753 0.055 0.00

nf-2-T 0.399 0.048 -0.49

nf-2-C 0.324 0.025 -0.48

f-2-T 0.893 0.047 0.21

f-2-C 0.178 -0.080 -0.11

nf-3-TT 0.086 0.067 -1.98

nf-3-TC 0.114 -0.011 -1.08

nf-3-CC 0.107 -0.016 -1.09

f-3-TT 0.537 0.037 -0.14

f-3-TC 0.105 -0.084 -0.53

f-3-CC 0.027 -0.103 -1.54

Table. S5 Nonadiabatic coupling (NAC), energy difference between a multiexciton state and the
lowest optically allowed singlet excited state (ΔEMEF), and the logarithm of multiexciton formation rate
relative to 1 for 2,2’-TMS-Pcs attached to thiophene-based linkers.

Index NAC (eV-1) ΔEMEF (eV) log(r/r1)

1 0.022 -0.443 0.00

nf-2-T 0.008 -0.444 -0.86

nf-2-C 0.006 -0.425 -1.31

f-2-T 0.022 -0.443 0.01

f-2-C 0.004 -0.452 -1.34

nf-3-TT 0.003 -0.447 -1.71

nf-3-TC 0.002 -0.423 -2.05

nf-3-CC 0.003 -0.428 -1.92

f-3-TT 0.015 -0.419 -0.52

f-3-TC 0.003 -0.416 -2.02
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f-3-CC 0.001 -0.361 -3.61
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Impact of Linkage Site Shifting

Table. S6 Nonadiabatic coupling (NAC), energy difference between a multiexciton state and the
lowest optically allowed singlet excited state (ΔEMEF), and logarithm of multiexciton formation rate
relative to 1 (log(r/r1)) upon shifting chromophore attachment sites.

Before shifting After shifting

Index NAC (eV-1) ΔEMEF (eV) log(r/r1) NAC (eV-1) ΔEMEF (eV) log(r/r1)

nf-2-T 0.16 -0.466 -0.57 0.03 -0.546 -1.28

nf-2-C 0.17 -0.467 -0.53 0.02 -0.550 -1.81

f-2-T 0.39 -0.438 -0.07 0.05 -0.533 -1.08
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Wavefunction Decomposition Analysis
Table. S7 Excitation energies, oscillator strength, and adiabatic wavefunction composition of the
lowest optically allowed singlet excited state.

Index Eraw (eV) f (a.u.) GS (%) LE (%) CR (%) SS (%) TT (%)
ME for 3
fragment
s (%)

1 3.05 2.25 0.0 15.2 35.8 47.7 0.8 0.6

nf-2-T 3.24 1.52 0.0 18.2 23.1 35.2 23.1 0.4

nf-2-C 3.22 1.02 0.0 9.9 24.7 36.3 28.4 0.6

f-2-T 3.00 2.98 0.0 14.4 37.5 46.6 0.4 1.1

f-2-C 3.33 1.90 0.0 30.9 14.3 53.2 1.0 0.7

nf-3-TT 3.35 2.38 0.0 21.5 10.0 67.2 0.1 1.3

nf-3-TC 3.38 2.22 0.0 21.6 8.4 68.7 0.0 1.2

nf-3-CC 3.39 1.38 0.0 21.3 8.0 69.5 0.0 1.2

f-3-TT 3.13 2.64 0.0 26.1 26.8 46.3 0.5 0.5

f-3-TC 3.30 1.70 0.0 33.8 14.1 51.2 0.4 0.5

f-3-CC 3.47 1.40 0.0 24.3 5.0 69.0 0.0 1.6

Eraw: Uncorrected RAS-3SF excitation energies, f: oscillator strength, GS: ground state, LE: local
exciton, CR: charge resonance, SS: singlet-singlet multiexciton, TT: triplet-triplet multiexciton, ME for 3
fragments: multiexcitons for the whole fragments

Table. S8 Excitation energies, oscillator strength, and adiabatic wavefunction composition of the
adiabatic state with a dominant multiexciton triplet-triplet character.

Index Eraw (eV) f (a.u.) GS (%) LE (%) CR (%) SS (%) TT (%)
ME for 3
fragment
s (%)

1 2.02 0.00 0.0 0.2 19.3 -1.2 80.7 1.1

nf-2-T 2.15 0.00 0.0 0.8 8.3 -0.6 90.0 1.5

nf-2-C 2.16 0.00 0.0 0.1 7.5 -0.5 91.4 1.5

f-2-T 2.04 0.00 0.0 0.2 17.9 -1.2 81.2 1.9

f-2-C 2.18 0.00 0.0 0.0 5.6 -0.2 92.2 2.4

nf-3-TT 2.20 0.00 0.0 0.0 2.2 -0.1 96.3 1.6

nf-3-TC 2.20 0.00 0.0 0.0 2.0 -0.1 96.4 1.7

nf-3-CC 2.20 0.00 0.0 0.0 1.9 0.0 96.4 1.8
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f-3-TT 2.13 0.00 0.0 1.0 10.4 -0.7 87.8 1.5

f-3-TC 2.18 0.00 0.0 0.0 5.4 -0.3 93.2 1.7

f-3-CC 2.19 0.00 0.0 0.0 2.9 -0.1 93.8 3.4

Eraw: Uncorrected RAS-3SF excitation energies, f: oscillator strength, GS: ground state, LE: local
exciton, CR: charge resonance, SS: singlet-singlet multiexciton, TT: triplet-triplet multiexciton, ME for 3
fragments: multiexcitons for the whole fragments

Table. S9 Excitation energies, oscillator strength, and adiabatic wavefunction composition of the
adiabatic state with a dominant charge resonance character.

Index Eraw (eV) f (a.u.) GS (%) LE (%) CR (%) SS (%) TT (%)
ME for 3
fragment
s (%)

1 4.08 0.00 0.0 5.4 68.5 22.6 3.0 0.6

nf-2-T
4.31 0.18 0.0 27.0 48.5 22.4 1.3 0.8

4.62 0.00 0.0 17.8 49.0 -8.2 40.8 0.5

nf-2-C
4.32 0.16 0.0 3.4 51.1 42.3 1.4 1.7

4.61 0.00 0.0 2.8 59.4 -2.2 39.5 0.5

f-2-T 4.05 0.00 0.0 6.8 63.5 25.6 3.0 1.1

f-2-C
4.45 0.00 0.0 2.7 80.9 13.3 1.4 1.7

4.73 0.09 0.0 2.8 70.8 8.9 17.0 0.4

nf-3-TT N/Aa

nf-3-TC
4.49 0.89 0.0 6.0 41.9 46.2 0.4 5.5

4.80 0.00 0.0 0.5 48.8 -19.6 69.6 0.7

nf-3-CC
4.52 0.82 0.0 5.3 47.4 41.7 0.5 5.2

4.79 0.00 0.0 0.5 65.5 -10.2 43.5 0.7

f-3-TT 4.18 0.14 0.0 17.5 58.9 21.0 1.8 0.8

f-3-TC
4.54 0.08 0.0 1.0 89.8 6.4 1.1 1.6

4.68 0.13 0.0 1.0 83.1 10.2 5.2 0.5

f-3-CC
4.77 0.00 0.0 0.2 93.4 1.2 2.7 2.6

4.85 0.00 0.0 0.5 90.0 0.9 8.0 0.6

Eraw: Uncorrected RAS-3SF excitation energies, f: oscillator strength, GS: ground state, LE: local
exciton, CR: charge resonance, SS: singlet-singlet multiexciton, TT: triplet-triplet multiexciton, ME for 3
fragments: multiexcitons for the whole fragments
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a) After examining the first ten excited states of the system, which span an excitation energy
range of 4.21 eV, we were unable to identify any electronic state exhibiting a dominant charge
resonance character. This suggests that the charge resonance states, if present, may lie at
higher excitation energies.
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Electron-Hole Correlation Diagram
To quantify the contribution of CT character in the S1 state, we employed a sophisticated
fragment-based excited state analysis using time-dependent density functional theory (TDDFT),
focusing on the one-electron transition (1TDM) between the ground and S1 state. 1TDM can be
expressed as

γ
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where the hole is confined to fragment A of the system and the electron to another fragment B. The
resulting -matrix, comprised of all calculated values, can be visualized as a pseudocolor matrixΩ Ω

𝐴𝐵

plot, commonly referred to as an -plot or electron-hole correlation plot. These plots depict theΩ
electron-hole correlation for the lowest optically allowed singlet state of the TMS-Pc dimers connected
by thiophene-based linkers investigated in this study. Time-dependent density functional theory
calculations with CAM-B3LYP-D functional and 6-31G(d) basis sets were conducted. Rectangular
boxes represent electron-hole correlation between three fragments: TMS-Pc, linker, and TMS-Pc
(from left to right, and from bottom to top). To better highlight the variations of CT between the
chromophores and linkers, the color scale in the plots has been intentionally limited to a range of 0.0
to 0.1. This choice of scale leads to a uniform appearance of the LE contribution on each part of the
TMS-Pc chromophores, despite the difference in their actual LE contributions. By focusing on this
narrower color range, the plots effectively emphasize the relative changes in CT contributions across
the different linkers. These plots clearly reveal an increase CT contributions between the
chromophores and the linkers as the number of trans S atoms in the linker increases.

Electron-hole correlation diagram was generated using TheoDORE.32

Fig. S8 Electron-hole correlation diagrams within the lowest optically allowed singlet state for the
TMS-Pc dimers connected via thiophene-based linkers investigated in this work.
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