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1. Materials 

C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 powders were purchased from Tokyo Chemical Industry 

Co., Ltd. Single crystals of Si(C6H5)4 and Ge(C6H5)4 were prepared by recrystallization from 

toluene solutions. The commercially available C(C6H5)4 contained many impurities and did 

not form crystals well in recrystallization procedures. Therefore, single crystals of C(C6H5)4 

were obtained after purification by column chromatography using toluene/hexane and 

subsequent recrystallization from a toluene/hexane solution. 

 

2. Investigation of the rate constant of intersystem crossing from S1 to T1 using 

quantum chemical calculations 

The large Φisc(RT) of C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 crystals, which were estimated 

from Φisc(RT)=1−Φf(RT), were probably not caused by the crystalline-induced enhancement 

of Φisc(RT). kisc(T) is generally expressed as,
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where    ̅̅ ̅̅ ̅  is the Hamiltonian operator related to SOC between S1 and Tn,   
  is the 

wavefunction of S1,   
  is the wavefunction of a high-order triplet excited state (Tn), λ is the 

reorganization energy for the intersystem crossing (ISC) from S1 to Tn, ΔES1-Tn is the energy 

difference between Tn and S1, and k is the Boltzmann constant. |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  of the 

monomers and dimer 1–5 for C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 were separately calculated 

based on first-order perturbative SOC. Figure S3a–c shows the relationships between 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  and ΔETn-S1 for the monomers and dimer 1–5 of the three types of crystals. In 

equation S1, λ is generally between 0 and 0.5 eV.
[S1]

 Therefore, the term exp(−(λ+ΔETn-

S1)
2
/4λkT) in Equation S1 becomes large when ΔETn-S1 is from −0.5 to 0 eV and 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  at ΔETn-S1=−0.5–0 eV mainly contributes to kisc(RT). Therefore, investigation 
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of |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  at ΔETn-S1=−0.5–0 eV is important to discuss kisc(RT) before and after 

crystallization. For the C(C6H5)4 monomer, S1–T5 to S1–T14 transitions involve ISC at ΔETn-

S1=−0.5–0 eV, as shown in the yellow background of (i) in Figure S3a. The integration of 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  at ΔETn-S1=−0.5–0 eV was 2.85 cm
−2

 for the C(C6H5)4 monomer. For dimer 1, 

2, 3, 4, and 5 of the C(C6H5)4 single crystal, the integrated values of |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  at ΔETn-

S1=−0.5–0 eV were 2.87, 2.87, 2.75, 2.75, and 2.68 cm
−2

, respectively (yellow background in 

Figure S3a). Therefore, |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  at ΔETn-S1=−0.5–0 eV does not change much among 

the monomer and dimer 1–5. Small differences of |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  at ΔETn-S1=−0.5–0 eV 

among the monomer and dimer 1–5 were also observed for Si(C6H5)4 and Ge(C6H5)4 (yellow 

background in Figure S3b and c, respectively). These findings indicate that kisc(RT) of 

C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 are not affected by crystallization. 

 

3. Analysis of the transfer integrals between two dimers contained in crystalline 

structure 

It has been reported that a rubrene single crystal shows efficient anisotropic triplet exciton 

migration at RT of over 3 μm along the b-axis of the crystalline structure.
[59,67]

 Figure S7a(i) 

and (ii) depict the HOMO and LUMO in a rubrene monomer, respectively. The T1–S0 

transition of rubrene involves a HOMO–LUMO transition. In a rubrene monomer, both the 

HOMO and LUMO are delocalized over a tetracene moiety. Because the HOMO and LUMO 

over the tetracene moiety overlap considerably in the dimer along the b-axis of a rubrene 

crystal, the HOMO and LUMO are delocalized over two tetracene moieties in a dimer (Figure 

S7a, (i) and (ii)). This causes substantial overlap of HOMOs and LUMOs of the two dimers in 

a tetramer along the b-axis of a rubrene crystal as well (Figure S7a, (iii)). Therefore, the large 

transfer integrals of holes and electrons in the two dimers explain the large triplet exciton 
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migration distance along the b-axis of a rubrene crystal. The calculated absolute value of the 

transfer integrals using the two dimers in a tetramer of rubrene were 3.6×10
−2

 eV for holes 

and 2.2×10
−2

 eV for electrons. On the other hand, the absolute value of the hole transfer 

integral calculated using dimer 5 of Ge(C6H5)4 in a tetramer along the c-axis of a Ge(C6H5)4 

crystal was 1.7×10
−3

 eV. The small hole transfer integral in Ge(C6H5)4 can be explained using 

a model in which triplet excitons are not delocalized all over dimer 5. Because each HOMO 

of a Ge(C6H5)4 monomer is localized over two phenylene rings rather than four because of its 

highly symmetric structure, the HOMO of dimer 5 of Ge(C6H5)4 is also not delocalized over 

all four phenylene rings (Figure S7b, (i)). Therefore, the localization of the HOMO of each 

monomer induces the localization of the HOMOs in dimer 5 for the Ge(C6H5)4 structure. 

Consequently, the HOMOs of the two dimer 5 in a tetramer of Ge(C6H5)4 do not overlap 

(Figure S7b, (iii)). This explains the small hole transfer integral of Ge(C6H5)4 crystals. 

Conversely, the symmetric delocalization of the LUMO of each monomer over all phenylene 

rings causes delocalization of the LUMOs over all phenylene rings of dimer 5 (Figure S7b, 

(ii)). This leads to a large overlap between the LUMOs of the two dimer 5 in a tetramer along 

the c-axis of a Ge(C6H5)4 crystal (Figure S7b, (iii)). Therefore, the large electron transfer 

integral of dimer 5 can be explained by a model in which triplet excitons are delocalized over 

two dimers. Indeed, the absolute value of the electron transfer integral calculated using dimer 

5 of Ge(C6H5)4 in a tetramer along the c-axis of a Ge(C6H5)4 crystal was 2.4×10
−2

 eV, which 

is comparable to that of rubrene. Similar overall characteristics were also observed in pairs of 

other dimers of Ge(C6H5)4 crystals and for the other two types of crystals. Therefore, the 

localization of HOMOs caused by the highly symmetric structures in C(C6H5)4, Si(C6H5)4, 

and Ge(C6H5)4 triggers inefficient hole transfer, which contributes to the suppressed triplet 

exciton diffusion and leads to the minimization of kq(RT). 
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4. Table S1-S10 

 

 

Table S1. Calculated photophysical parameters of isolated C(C6H5)4, Si(C6H5)4, and 

Ge(C6H5)4. Conformations were optimized using DFT (Gausian09/B3LYP/sdd) calculations. 

S1 and T1 energies and the oscillator strength for the S0–S1 transition (f) were determined by 

TD-DFT (Gausian09/B3LYP/sdd) calculations. 

Compound S1 T1 f 

 
[eV] [nm] [eV] [nm] 

 
C(C6H5)4 4.9793 249.03 3.5129 353.98 0.1490 

Si(C6H5)4 5.1952 238.68 3.6481 339.90 0.0029 

Ge(C6H5)4 5.2400 236.64 3.6632 338.50 0.0041 

 

 

 

 

Table S2. Calculated photophysical parameters of C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 in the 

crystalline state. Monomer configurations determined by single-crystal X-ray analyses were 

used to determine the S1 and T1 energies and oscillator strength (f) for the S0–S1 transition by 

TD-DFT (Gausian09/B3LYP/sdd) calculations. 

Crystal S1 T1 f 

 
[eV] [nm] [eV] [nm] 

 
C(C6H5)4 5.1386 241.31 3.8731 320.16 0.0136 

Si(C6H5)4 5.3742 230.73 3.9594 313.18 0.0006 

Ge(C6H5)4 5.4089 229.25 3.9639 312.82 0.0005 
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Table S3. kpn and ΔET1-Tn values of C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 crystals. 
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Table S4. Summary of |Hh| and |He| of dimer 1–5 of C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 

crystals. 
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Table S5. Spin–orbit matrix elements (|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  (cm
−2

)) for dimer 2 in (a) C(C6H5)4, 

(b) Si(C6H5)4, and (c) Ge(C6H5)4. Red values in (b) are |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩| >1.7 cm
−2

. Red values 

in (c) are |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩| >5.1 cm
−2

. 

 

 

 

 

 

 

(a) 

(b) 

(c) 
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Table S6. Spin–orbit matrix elements (|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|
 
 (cm

−2
)) for dimer 1–5 of C(C6H5)4. 

The relationship between triplet energy and i is shown in Table S3. 
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Table S7. Spin–orbit matrix elements (|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|
 
 (cm

−2
)) for dimer 1–5 of Si(C6H5)4. 

The relationship between triplet energy and i is shown in Table S3. Red values are 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩| >1.7 cm
−2

. 
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Table S8. Spin–orbit matrix elements (|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|
 
 (cm

−2
)) for dimer 1–5 of Ge(C6H5)4. 

The relationship between triplet energy and i is shown in Table S3. Red values are 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩| >5.1 cm
−2

. 
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Table S9. Relationships between       
2
 (D

2
) and m of dimer 1–5 in C(C6H5)4, Si(C6H5)4, 

and Ge(C6H5)4. 
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Table S10. Summary of Sm-S0 energies and ΔET1-Sm of dimer 2 of C(C6H5)4, Si(C6H5)4, and 

Ge(C6H5)4. 
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5. Figure S1–S11 

 

 

 

 

 

  
 

Figure S1. Phosphorescence spectra of C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 in 2-methyl-

tetrahydrofuran at 77 K. Spectra were measured soon after ceasing excitation at 280 nm. 
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Figure S2. Dependence of RTP intensity change of C(C6H5)4, Si(C6H5)4, and Ge(C6H5)4 

crystals on excitation intensity at 280 nm. 
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Figure S3. Relationships between  |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  and ΔETn-S1 of monomers and dimer 1–5 

of (a) C(C6H5)4, (b) Si(C6H5)4, and (c) Ge(C6H5)4. 
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Figure S4. Structures of MOs causing small |Hh| and large |He| of Si(C6H5)4 and C(C6H5)4 

crystals. (a) Electronic structures causing small |Hh| of dimer 5 of Si(C6H5)4. (b) Electronic 

structures causing small |Hh| of dimer 5 of C(C6H5)4. (c) Electronic structures causing large 

|He| of dimer 5 of Si(C6H5)4. (d) Electronic structures causing large |He| of dimer 5 of 

C(C6H5)4. 

 

 

  

(a) (c) 

(b) (d) 
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Figure S5. Molecular, electronic, and crystalline structures of (tert-

butyldimethylsilyl)triphenylsilane. (a) Chemical structure. (b) HOMO and LUMO of a 

monomer. (c) Crystalline structure and molecular orbitals related to the hole transfer integral 

of a dimer in the crystal. 
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Figure S6. Molecular, electronic, and crystalline structures of coronene. (a) Chemical 

structure. (b) HOMO and LUMO of a monomer. (c) Crystalline structure and molecular 

orbitals related to hole transfer integral of a dimer in the crystal. 
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Figure S7. Dependence of the HOMOs and LUMOs of rubrene and Ge(C6H5)4 on molecular 

stacking. (a) (i) Change of HOMO caused by dimerization of two rubrene monomers along 

the b-axis of a rubrene crystal. (ii) Change of LUMO caused by dimerization of two rubrene 

monomers along the b-axis of a rubrene crystal. (iii) Overlap of the HOMOs and LUMOs of 

each rubrene dimer in a tetramer along the b-axis of a rubrene crystal and hole and electron 

transfer integrals between the two dimers in the tetramer. (b) (i) Change of HOMO caused by 

dimerization of two Ge(C6H5)4 monomers along the c-axis of a Ge(C6H5)4 crystal. (ii) Change 

of LUMO caused by dimerization of two Ge(C6H5)4 monomers along the c-axis of a 

Ge(C6H5)4 crystal. (iii) Overlap of HOMOs and LUMOs of each Ge(C6H5)4 dimer in a 

tetramer along the c-axis of a Ge(C6H5)4 crystal and hole and electron transfer integrals 

between the two dimers in the tetramer. 
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Figure S8. (a) RTP spectrum and (b) decay characteristics of a 1 wt% Si(C6H5)4-doped 

Zeonex film under vacuum conditions. Excitation wavelength is 280 nm. 
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Figure S9. MOs related to the Sm–S0 and Tn–S0 transitions contributing to the large 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  of dimer 2 of Ge(C6H5)4. (a) MOs related to the S9–S0 and T1–S0 transitions 

and value of |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩| . (b) MOs related to the S9–S0 and T8–S0 transitions and value of 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩| . (c) MOs related to the S10–S0 and T7–S0 transitions and value of 

|⟨   
 |   ̅̅ ̅̅ ̅|  

 ⟩| . (d) MOs related to the S10–S0 and T8–S0 transitions and value of 

|⟨   
 |   ̅̅ ̅̅ ̅|  

 ⟩| . 
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Figure S10. MOs related to the Sm–S0 and Tn–S0 transitions contributing to small 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩| . (a) MOs related to the S9–S0 and T3–S0 transitions and value of 

|⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  for dimer 2 of Ge(C6H5)4. (b) MOs related to the S9–S0 and T5–S0 transitions 

and value of |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  for dimer 2 of Ge(C6H5)4. (c) MOs related to the S9–S0 and T6–

S0 transitions and value of |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  for dimer 2 of Ge(C6H5)4. (d) MOs related to the 

S4–S0 and T7–S0 transitions and value of |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|  for dimer 2 of Si(C6H5)4. 
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Figure S11. Relationships between photophysical parameters related to kp and m for C(C6H5)4, 

Si(C6H5)4, and Ge(C6H5)4 crystals. (a) Relationship between m and       
2
 averaged for i=1–

40 of dimer 1–5. (b) Relationship between m and |⟨  
 |   ̅̅ ̅̅ ̅|  

 ⟩|
 
 averaged for i=1–40 of 

dimer 1–5. (c) Relationship between m and λm
2
 averaged for i=1–40 of dimer 1–5. (d) 

Relationship between m and       
   

 
 averaged for i=1–40 of dimer 1–5. 
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