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Calculation Method 

All the geometries of the ground states, radical cations, radical anions and triplet 

states were optimized by B3LYP functional and 6-31G* or 6-311+G** basis sets, 

and the frequency analysis was followed to assure that the optimized structures 

were stable states. Both basis sets give almost the same calculated 

reorganization energies and the same trend of HOMO and LUMO energy levels 

after introducing phosphorus atoms at different positions. In this work, we 

focused on discussing the calculation results by B3LYP/6-311+G** methods,[1,2] 

and the calculated results by B3LYP/6-31G* are summarized in Table S6. 

TDDFT calculation for the S0→Sn transitions using B3LYP/6-311+G** were then 

performed based on the optimized structures at ground states. The lowest 50 

singlet roots of the nonhermitian eigenvalue equations were obtained to 

determine the vertical excitation energies. All the calculations were carried out 

using Gaussian 09 package.[3] The normal-mode analysis and the Huang-Rhys 

factors, as well as the reorganization energies of normal modes for both neutral 

and charged molecules were obtained through the DUSHIN program developed 

by Reimers.[4] 

 



Table S1. Summary of the chemical structures and nomenclatures of the 
phosphapentacenes studied in this work, and pentacene is also shown for comparison. 

Number Nomenclature Chemical structure 

0 pentacene 
  

1 1-phosphapentacene 
P

  

2 2-phosphapentacene 
P

  

3 5-phosphapentacene 
P

  

4 6-phosphapentacene 
P

  

5 1,2-diphosphapentacene P
P

  

6 1,3-diphosphapentacene P

P

  

7 1,4-diphosphapentacene 
P

P

  

8 1,5-diphosphapentacene 
P

P   

9 1,6-diphosphapentacene 
P

P   

10 1,7-diphosphapentacene 
P

P   

11 1,8-diphosphapentacene 
P

P
 

12 1,9-diphosphapentacene 
P

P
 



13 1,10-diphosphapentacene 
P

P

 

14 1,11-diphosphapentacene 
P P

  

15 1,12-diphosphapentacene 
P P

  

16 1,13-diphosphapentacene 
P P

 

17 1,14-diphosphapentacene 
P P

  

18 2,3-diphosphapentacene 
P
P

  

19 2,5-diphosphapentacene 
P

P   

20 2,6-diphosphapentacene 
P

P   

21 2,7-diphosphapentacene P

P
 

22 2,9-diphosphapentacene 
P

P
  

23 2,10-diphosphapentacene 
P P

  

24 2,12-diphosphapentacene P
P

 

25 2,13-diphosphapentacene 
P

P

  

26 2,14-diphosphapentacene 
P

P

  

27 5,14-diphosphapentacene 
P

P

  



28 6,13-diphosphapentacene 
P

P

  

29 5,6-diphosphapentacene 
P P

 

30 5,7-diphosphapentacene 
P P

 

31 5,13-diphosphapentacene 
P

P   

32 5,12-diphosphapentacene 
P

P   

33 
5,7,12,14-

tetraphosphapentacene P

P

P

P

 

34 
1,4,6,8,11,13-

hexaphosphapentacene P

P

P

P

P

P

  

35 
1,4,5,6,7,8,11,12,13,14-

decaphosphapentacene P

P

P

P

P

P

P

P

P

P

 

 



 
Fig. S1 The optimized structures for pentacene and the phosphapentacene derivatives based 
on B3LYP/6-311+G** method. 



 
Fig. S2 The optimized cationic structures for pentacene and the phosphapentacene derivatives 
based on B3LYP/6-311+G** method. 



 
Fig. S3 The optimized anonic structures for pentacene and the phosphapentacene derivatives 
based on B3LYP/6-311+G** method. 



Table S2. Summary of the pz atomic orbital of the sp2-phosphorus in the frontier 
molecular orbitals (FMO) and natural bond orbital (NBO) charge distributions of the 
phosphapentacenes, and the calculated results for pentacene is also shown for 
comparison. 
 
   index HOMO/% LUMO/% Charge 

 

1 3 3 -0.165 
2 3 3 -0.210 
5 9 9 -0.178 
6 12 12 -0.218 

P

  
1 6 10 0.6745  

P

  
2 6 9 0.64546 

P

  
5 17 19 0.67571 

P

  
6 22 23 0.66942 

P
P

 

1 5 15 0.3023  
2 5 13 0.2784  

P

P

 

1 4 12 0.7482  
3 6 8 0.6847 

P

P

 

1 6 15 0.7008  

4 6 15 0.7008  
P

P  

1 7 9 0.6750  

5 17 19 0.6783  
P

P  

1 5 8 0.6764  

6 22 21 0.6732  
P

P  

1 5 8 0.6764  

7 18 17 0.6758  
P

P  

1 6 8 0.6743  

8 6 8 0.6743  

P

P  

1 16 5 0.6765  

9 6 8 0.6518  



P
P

 

1 6 8 0.6772  
10 6 8 0.6486  

P P

 

1 6 8 0.6777  
11 6 8 0.6777  

P P

 

1 5 7 0.6786  
12 17 17 0.6816  

P P

 

1 5 6 0.6830  
13 20 21 0.6732  

P P

 

1 6 6 0.7097  
14 14 19 0.7313  

P
P  

2 5 7 0.3269  
3 5 7 0.3269  

P

P  

2 6 6 0.6568  
5 15 19 0.6929  

P

P  

2 5 6 0.6518  
6 21 21 0.6647  

P

P  

2 4 7 0.6524  
7 17 16 0.6808  

P
P  

2 6 8 0.6519  
9 6 8 0.6519  

P P

 

2 5 7 0.6520  
10 5 7 0.6520  

P
P

 

2 5 8 0.6488  
12 18 17 0.6809  

P
P

 

2 6 9 0.6515  
13 22 22 0.6669  

P
P

 

2 6 11 0.6545  
14 17 21 0.6931  

P

P

 

5 17 25 0.7082  

14 17 25 0.7082  

P

P

 

6 20 27 0.6691  

13 20 27 0.6691  



P P

 

5 14 13 0.7198  
6 17 19 0.7087  

P P

 

5 14 15 0.6763  
7 14 15 0.6763  

P

P  

5 17 17 0.6663  

13 21 21 0.6713  
P

P  

5 16 16 0.6775  

12 16 16 0.6775  

P

P

P

P

 

5 13 16 0.7048  
7 13 16 0.7048  
12 13 16 0.7048  
14 13 16 0.7048  

P

P

P

P

P

P

 

1 5 5 0.7111  
4 5 5 0.7111  
6 17 23 0.7011  
8 5 5 0.7111  
11 5 5 0.7111  
13 17 23 0.7011  

P

P

P

P

P

P

P

P

P

P

 

1 4 3 0.7400  
4 4 3 0.7400  
5 9 11 0.7951  
6 11 16 0.8036  
7 9 11 0.7951  
8 4 3 0.7400  
11 4 3 0.7400  
12 9 11 0.7951  
13 11 16 0.8036  
14 9 11 0.7951  

 

 



 

Fig. S4 The contribution of pz atomic orbital in the HOMO of pentacene.



 

 

Fig. S5 Correlations between HOMO energy levels of monophosphapentacene (a) and 
diphosphapentacene derivatives (b) with the percentage of pz atomic orbital of the sp2-
phosphorus in the HOMO of the phosphapentacene derivatives.  

 



Table S3. Summary of the calculated HOMO, LUMO levels, vertical ionic potentials 
(IPs), electron affinities (EAs), S0→S1 gaps, singlet-triplet energy splitting (ΔES-T), hole 
(λh) and electron (λe) reorganization energies for pentacene and the phosphapentacene 
derivatives based on B3LYP/6-311+G** method. 

 HOMO/eV LUMO/eV IPv/eV EAv/eV S0→S1/eV ΔES-

T/eV λh/meV λe/meV 

pentacene -4.94 -2.75 6.23 -1.47 1.90 0.78 95.25 134.11 

1 -5.07 -2.95 6.34 -1.70 1.82 0.78 95.71 124.89 

2 -5.11 -3.00 6.37 -1.75 1.82 0.76 92.59 118.61 

3 -5.00 -2.99 6.28 -1.73 1.75 0.64 89.34 126.89 

4 -4.97 -3.01 6.25 -1.74 1.73 0.56 83.86 129.98 

5 -5.27 -3.20 6.52 -1.97 1.74 0.80 96.15 105.40 

6 -5.23 -3.17 6.47 -1.95 1.73 0.76 96.42 114.37 

7 -5.21 -3.16 6.46 -1.93 1.71 0.78 95.80 113.35 

8 -5.13 -3.17 6.38 -1.93 1.69 0.64 91.35 120.84 

9 -5.10 -3.18 6.35 -1.94 1.67 0.56 87.03 123.10 

10 -5.13 -3.16 6.38 -1.93 1.70 0.64 90.26 119.38 

11 -5.20 -3.13 6.45 -1.90 1.77 0.77 95.49 118.18 

12 -5.24 -3.17 6.48 -1.95 1.77 0.76 93.83 112.25 

13 -5.24 -3.17 6.48 -1.95 1.77 0.76 92.90 112.96 

14 -5.21 -3.12 6.45 -1.90 1.78 0.77 96.44 117.74 

15 -5.13 -3.16 6.39 -1.92 1.70 0.65 88.39 117.73 

16 -5.10 -3.18 6.36 -1.93 1.68 0.56 83.48 121.49 

17 -5.13 -3.14 6.38 -1.90 1.71 0.65 94.25 124.93 

18 -5.27 -3.24 6.51 -2.03 1.70 0.71 86.28 114.75 

19 -5.17 -3.21 6.42 -1.98 1.69 0.63 87.73 118.06 

20 -5.13 -3.22 6.39 -1.98 1.67 0.55 80.44 116.75 



21 -5.16 -3.20 6.41 -1.98 1.69 0.63 85.81 112.26 

22 -5.27 -3.21 6.51 -2.01 1.76 0.74 90.06 106.85 

23 -5.27 -3.21 6.51 -2.01 1.77 0.75 90.93 107.87 

24 -5.16 -3.21 6.41 -1.98 1.69 0.63 87.14 114.79 

25 -5.13 -3.23 6.38 -2.00 1.67 0.54 83.31 118.30 

26 -5.16 -3.23 6.41 -1.99 1.67 0.62 88.62 111.97 

27 -5.05 -3.26 6.32 -1.99 1.56 0.43 82.49 120.97 

28 -5.00 -3.29 6.27 -2.01 1.53 0.31 69.80 128.20 

29 -5.02 -3.16 6.28 -1.90 1.63 0.52 82.47 120.66 

30 -5.07 -3.19 6.33 -1.94 1.62 0.58 83.45 114.55 

31 -5.03 -3.22 6.29 -1.96 1.61 0.45 76.36 126.75 

32 -5.06 -3.21 6.32 -1.96 1.62 0.55 82.85 122.34 

33 -5.17 -3.58 6.40 -2.36 1.35 0.39 71.68 95.74 

34 -5.47 -3.81 6.66 -2.63 1.42 0.39 75.97 98.37 

35 -5.52 -4.05 6.66 -2.89 1.21 0.33 88.72 211.32 

 



 

 

Fig. S6 Vertical S0→S1 gaps for pentacene and the phosphapentacene derivatives 
based on B3LYP/6-311+G** method. 

 



Table S4. Summary of the calculated hole and electron reorganization energies for the 
representative pentacene derivatives. 

Structure methods λh/meV λe/meV Refer 

pentance  

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

92 131 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

B3LYP/6-

31G** 
94 133 

Chao, et al. 

Chem. Eur. J. 

2007, 13, 4750-

4758 

B3LYP/6-

31+G(d,p) 
108 129 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 

B3LYP/6-

31++G**// 

B3LYP/6-

31G** 

95 130 

Han, et al. J. 

Comput. Chem. 

2011, 32, 3218-

3225 

B3LYP/6-
311+G** 

95.25 134.11 This work 

P

P

 

B3LYP/6-
311+G** 

69.80 128.20 This work 

P
P  

B3LYP/6-
311+G** 

90.06 106.85 This work 

P

P

P

P

 

B3LYP/6-
311+G** 

71.68 95.74 This work 

P

P

P

P

P

P

 

B3LYP/6-
311+G** 

75.97 98.37 This work 

N

N

N

N

N

 

B3LYP/6-

311+G**// 
114 150 

Houk, et al. J. 

Am. Chem. Soc. 



B3LYP/6-

31G* 

2007, 129, 

1805-1815 

B3LYP/6-

31G** 
114 149 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

N N N N N

 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

128 165 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

B3LYP/6-

31G** 
126 162 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

N

N

N

N

N

N

N

N

N

N

 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

340 204 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

B3LYP/6-

31G** 
354 201 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

N

N

N

N

N
N

N

 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

- 178 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

- 197 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 



N

N N

N

N

 
5N-PENT-3 

B3LYP/6-

31G** 
120 167 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

N
N

N

N
N

 
5N-PENT-4 

B3LYP/6-

31G** 
131 157 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

N

N

N

N

NNC CN

 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

- 132 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

N

N

N

N

N

NC

CN

 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

- 134 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

N

N

N

N

N

NC CN  

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

- 138 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

NNNNN

NC CN

 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

- 135 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

NNNNNNC

CN

 

B3LYP/6-

311+G**// 

B3LYP/6-

31G* 

- 149 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 

1805-1815 

NNNNNNC CN  

B3LYP/6-

311+G**// 

B3LYP/6-

- 160 

Houk, et al. J. 

Am. Chem. Soc. 

2007, 129, 



31G* 1805-1815 

N

N

 

B3LYP/6-

31++G**// 

B3LYP/6-

31G** 

80 150 

Ren, et al. J. 

Phys. Chem. C 

2011, 115, 

21416-21428 

N

NCl

Cl

Cl

Cl  
4Cl2N-PENT 

B3LYP/6-

31G** 
113 154 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

N

N

N

N
O

O  
6-12 

B3LYP/6-

31++G**// 

B3LYP/6-

31G** 

370 130 

Ren, et al. J. 

Phys. Chem. C 

2011, 115, 

21416-21428 

N

N

N

N
O

O  
6-13 

B3LYP/6-

31++G**// 

B3LYP/6-

31G** 

390 150 

Ren, et al. J. 

Phys. Chem. C 

2011, 115, 

21416-21428 

F
F

F
F

F
F

F
F  

8F-PENT-1 

B3LYP/6-

31G** 
162 188 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

F

F

F

F

F

F

F

F  
8F-PENT 

B3LYP/6-

31+G(d,p) 
195 215 

Wang, et al, 

Comput. Theor. 

Chem.2015,  

1057, 67-73 

 B3LYP/6- 232 236 Wang, et al, 



 

 

 
F

F

F
F

F
F

F
F

F F F

F F F  
PF-PENT 

31+G(d,p) Comput. Theor. 

Chem. 2015,  

1057, 67-73 

B3LYP/6-

31G** 
222 225 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

B3LYP/6-

31G** 
222 225 

Chao, et al. 

Chem. Eur. J. 

2007, 13, 4750-

4758 

B3LYP/6-
31++G** 

//B3LYP/6-

31G** 

226 229 

Han, et al. J. 

Comput. Chem. 

2011, 32, 3218-

3225 
Cl

Cl  
DCP 

B3LYP/6-

31+G(d,p) 
108 141 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 

Cl

Cl  
2Cl-PENT 

B3LYP/6-

31+G(d,p) 
105 139 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 

Cl

Cl

Cl

Cl  
4Cl-PENT-1 

B3LYP/6-

31+G(d,p) 
117 143 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 



Cl

Cl

Cl

Cl  
4Cl-PENT-2 

B3LYP/6-

31+G(d,p) 
119 148 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 

Cl

Cl

Cl

Cl  
4Cl-PENT-3 

B3LYP/6-

31+G(d,p) 
124 148 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 

Cl

Cl

Cl

Cl

Cl

Cl  
6Cl-PENT-1 

B3LYP/6-

31+G(d,p) 
130 152 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 

Cl

Cl

Cl

Cl

Cl

Cl  
6Cl-PENT-2 

B3LYP/6-

31+G(d,p) 
132 152 

Wang, et al, 

Comput. Theor. 

Chem. 2015,  

1057, 67-73 

Cl
Cl

Cl
Cl

Cl
Cl

Cl
Cl  

8Cl-PENT-1 

B3LYP/6-

31G** 
132 151 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl  
8Cl-PENT 

B3LYP/6-

31+G(d,p) 
140 155 

Wang, et al, 

Comput. Theor. 

Chem. 2015, 

1057, 67-73 



Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl  
8Cl-PENT-2 

B3LYP/6-

31G** 
144 159 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

Cl
Cl

Cl
Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

Cl  
PCl-PENTnonplanar 

B3LYP/6-

31G** 
143 160 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

Cl
Cl

Cl
Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

Cl  
PCl-PENTplanar 

B3LYP/6-

31G** 
168 154 

Chao, et al., 

ChemPhysChem 

2006, 7, 2003-

2007 

CN

CN  
2CN-PENT-1 

B3LYP/6-

31G** 
71 135 

Chao, et al. 

Chem. Eur. J. 

2007, 13, 4750-

4758 
CN

CN  
2CN-PENT-2 

B3LYP/6-
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Fig. S7 Evolution of the calculated transfer integrals for hole (a, c, e) and electron 
transfer (b, d, f) in the dimer of pentacene and 6,13-diphosphapentacene as a function 
of the degree of translation of one molecule along the π-π stacking (a, b), long axis (c, d) 
and short axis (e, f) intermolecular distance. The inset in (a) shows the π-π stacking 
direction, the long axis (c) and short axis direction (e) is fixed with π-π stacking distance 
of 3.4 Ǻ during calculating the transfer integrals.  



 

Fig. S8 HOMO electron density distributions for pentacene and the phosphapentacene 
derivatives based on B3LYP/6-311+G** method. Red and green surfaces represent 
positive and negative phase, drawn as isosurface of 0.02 au, respectively. 



 

Fig. S9 LUMO electron density distributions for pentacene and the phosphapentacene 
derivatives based on B3LYP/6-311+G** method. Red and green surfaces represent 
positive and negative phase, drawn as isosurface of 0.02 au, respectively. 



Table S5. Comparison of the hole (λh) and electron (λe) reorganization energies for 
pentacene and the phosphapentacene derivatives from adiabatic potential (AP) energy 
surface methods and normal mode (NM) analysis methods (B3LYP/6-311+G**). 

 
AP NM 

λh/meV λe/meV λh/meV λe/meV 
pentacene 95.25 134.11 94.97 133.77 

1 95.71 124.89 95.34 124.60 

2 92.59 118.61 92.24 118.40 

3 89.34 126.89 89.02 126.83 

4 83.86 129.98 83.56 129.81 

5 96.15 105.40 95.59 105.01 

6 96.42 114.37 96.21 114.43 

7 95.80 113.35 95.34 112.95 

8 91.35 120.84 90.75 120.51 

9 87.03 123.10 86.54 122.86 

10 90.26 119.38 89.89 119.14 

11 95.49 118.18 95.09 117.91 

12 93.83 112.25 93.36 111.83 

13 92.90 112.96 92.49 112.82 

14 96.44 117.74 96.08 117.53 

15 88.39 117.73 87.90 117.53 

16 83.48 121.49 83.07 121.13 

17 94.25 124.93 93.36 124.72 

18 86.28 114.75 86.17 114.43 

19 87.73 118.06 87.28 117.91 



20 80.44 116.75 79.97 116.42 

21 85.81 112.26 85.42 111.95 

22 90.06 106.85 89.64 106.50 

23 90.93 107.87 90.51 107.61 

24 87.14 114.79 86.66 114.56 

25 83.31 118.30 82.82 118.03 

26 88.62 111.97 88.15 111.83 

27 82.49 120.97 81.83 120.63 

28 69.80 128.20 69.18 127.95 

29 82.47 120.66 81.95 120.26 

30 83.45 114.55 83.07 114.31 

31 76.36 126.75 75.75 126.58 

32 82.85 122.34 82.32 122.12 

33 71.68 95.74 70.67 95.34 

34 75.97 98.37 75.26 97.94 

35 88.72 211.32 89.64 257.63 

 

 



Table S6. Summary of the calculated HOMO, LUMO levels, vertical ionic potentials 
(IPs), electron affinities (EAs), S0→S1 gaps, singlet-triplet energy splitting (ΔES-T), hole 
(λh) and electron (λe) reorganization energies for pentacene and the phosphapentacene 
derivatives based on B3LYP/6-31G* method. 

 HOMO/eV LUMO/eV IPv/eV EAv/eV S0→S1/eVa ΔES-

T/eV λh/meV λe/meV 

pentacene -4.60 -2.39 5.93 -1.06 2.31 0.78 91.71 131.30 

1 -4.89 -2.81 6.06 -1.32 2.24 0.77 92.92 122.48 

2 -4.80 -2.67 6.10 -1.38 2.24 0.76 90.63 117.65 

3 -4.69 -2.67 6.01 -1.35 2.11 0.64 86.97 126.60 

4 -4.66 -2.69 5.98 -1.36 2.06 0.56 81.63 129.18 

5 -4.97 -2.91 6.26 -1.63 2.19 0.79 94.60 101.83 

6 -4.89 -2.87 6.21 -1.60 2.17 0.75 93.34 114.66 

7 -4.83 -2.87 6.18 -1.58 2.14 0.76 92.63 111.64 

8 -4.81 -2.89 6.13 -1.58 2.05 0.63 87.40 119.57 

9 -4.83 -2.86 6.10 -1.59 2.02 0.55 83.48 121.76 

10 -4.94 -2.86 6.12 -1.58 2.08 0.64 86.58 118.18 

11 -4.89 -2.81 6.18 -1.54 2.20 0.76 91.68 115.63 

12 -4.94 -2.86 6.22 -1.60 2.20 0.75 90.61 111.10 

13 -4.90 -2.81 6.22 -1.60 2.20 0.75 89.70 111.53 

14 -4.81 -2.88 6.18 -1.54 2.21 0.76 93.06 115.49 

15 -4.84 -2.86 6.13 -1.57 2.09 0.64 84.32 116.75 

16 -4.83 -2.84 6.11 -1.59 2.03 0.56 80.12 120.22 

17 -4.99 -2.95 6.12 -1.54 2.08 0.64 90.85 123.69 

18 -4.93 -2.87 6.26 -1.68 2.13 0.71 85.27 112.40 

19 -4.88 -2.92 6.17 -1.63 2.06 0.62 84.53 118.30 

20 -4.86 -2.93 6.15 -1.64 2.02 0.55 77.54 116.53 



21 -4.88 -2.90 6.17 -1.63 2.08 0.63 82.65 112.56 

22 -4.99 -2.92 6.26 -1.66 2.19 0.74 87.34 105.76 

23 -4.99 -2.91 6.26 -1.66 2.20 0.74 88.05 107.29 

24 -4.88 -2.91 6.16 -1.64 2.07 0.63 83.70 114.50 

25 -4.85 -2.94 6.14 -1.66 2.01 0.54 80.16 117.71 

26 -4.88 -2.94 6.16 -1.66 2.04 0.61 85.90 111.15 

27 -4.77 -2.98 6.07 -1.66 1.86 0.42 79.74 122.75 

28 -4.72 -3.02 6.03 -1.68 1.77 0.30 67.43 129.69 

29 -4.74 -2.87 6.04 -1.56 1.94 0.52 79.57 120.72 

30 -4.78 -2.89 6.08 -1.60 1.98 0.58 80.23 145.31 

31 -4.75 -2.93 6.05 -1.62 1.90 0.46 72.74 126.36 

32 -4.78 -2.91 6.07 -1.61 1.97 0.55 78.90 122.14 

33 -4.92 -3.35 6.19 -2.08 1.65 0.37 67.30 95.13 

34 -5.23 -3.59 6.46 -2.37 1.75 0.36 71.23 96.08 

35 -5.33 -3.87 6.50 -2.69 1.50 0.32 79.13 176.23 

a Time-dependent DFT (TDDFT) calculation for the S0→Sn transitions using CAM-
B3LYP/6-31G* were performed based on the optimized structures at ground states 
(B3LYP/6-31G*). The lowest 50 singlet roots of the nonhermitian eigenvalue 
equations were obtained to determine the vertical excitation energies. 

 



Table S7. Comparison of the calculated HOMO and LUMO energy levels based on 
different functional and basis sets. 

 Pentacene HOMO/eV 
Relative 

error/% 
LUMO/eV 

Relative 

error/% 
Eg/eV 

Relative 

error/% 

Experimenta -4.91   -3.00   1.91   

B3LYP/6-

31G* 
-4.60 -6.31 -2.39 -20.33 2.21 15.71 

B3LYP/6-

311+G** 
-4.94 0.65 -2.75 -8.33 2.19 14.66 

CAM-

B3LYP/6-

311+G* 

-6.04 22.85 -1.70 -43.19 4.33 126.94 

M06-2X/6-

311+G** 
-5.96 17.44 -2.04 -32.08 3.93 105.54 

wB97XD/6-

311+G** 
-6.57 27.89 -1.14 -62.02 5.43 184.51 

a The experimental data for pentacene is adapted from Seongil Im et al. (Adv. Funct. 
Mater. 2014, 24, 1109-1116). 

 



Singlet-triplet energy splitting for phosphapentacene derivatives 

In order to investigate the stabilities of these phosphapentacene derivatives, the singlet-
triplet energy splitting (ΔES-T) are then calculated (Fig. S9). The ΔES-T decreases 
significantly from 0.78 eV for pentacene to 0.39 eV for 5,7,12,14-
tetraphosphapentacene (33) and 1,4,6,8,11,13-hexaphosphapentacene (34), and even 
0.31 eV for 6,13-diphosphapentacene (28). While 1,4-diphosphapentacene (7) shows a 
slightly increased ΔES-T of 0.80 eV, and others mainly exhibit decreased value for ΔES-T. 
Although the values of ΔES-T are decreased with different numbers and positions of 
phosphorus atoms, however, these values are still higher than the benchmark for the 
open-shell singlet diradicals,[5] further indicating that these phosphapentacenes still 
exhibit the close-shell singlet ground states. 

 

Fig. S10 Singlet-triplet energy splitting (ΔES-T) for pentacene and the 
phosphapentacene derivatives based on B3LYP/6-311+G** method. 

 



 

Fig. S11 Vertical electron affinities (EAs) for pentacene and the phosphapentacene 
derivatives based on B3LYP/6-311+G** method. 

 

Fig. S12 Vertical ionic potentials (IPs) for pentacene and the phosphapentacene 
derivatives based on B3LYP/6-311+G** method. 

. 



Fig. S13 Electron surface potentials (ESPs) for pentacene and the 
phosphapentacene derivatives based on B3LYP/6-311+G** method. 
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