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1. Synthesis 

1-1. General Methods 

 THF was passed through activated alumina and copper catalysts in a Glass Contour solvent 

purification system. Toluene was distilled before use. Dehydrated Et2O and 1,4-dioxane were 

purchased from FUJIFILM Wako Chemicals. Other commercially available reagents were used as 

received. Pd(PPh3)4 was prepared following the reported procedure.1 

1H (500 or 400 MHz) and 13C (125 or 100 MHz) NMR spectra were measured on a JEOL 

ECA500, ECA400, or JNM-ECZ400S spectrometer. When chloroform-d was used as the solvent, the 

NMR spectra were referenced to a tetramethylsilane signal in the 1H and 13C NMR spectra (0.00 ppm). 

When acetone-d6, benzene-d6, and dichloromethane-d2 were used as the solvents, the 1H NMR spectra 

were referenced to residual solvent signals (2.05, 7.16, and 5.32 ppm). The 13C NMR spectra in 

dichloromethane-d2 were referenced to a residual solvent signal (53.84 ppm). Recycling HPLC 

separation was undertaken with a JAI LC-5060 recycling chromatograph using 600 mm × 20 mm 

JAIGEL-1HR and 2HR GPC columns with CHCl3 or CH2Cl2 as the eluent. Other spectra were 

recorded using the following instruments: IR spectra, JACSCO FT/IR-410; mass spectra, JMS-

T100GCV (TOF); melting point (m.p.), Stuart Scientific SMP3. Oil baths (Fine, FGO-180D) and UT-

106H (SHARP) were used as the heat and ultrasonic sources in the following procedures. 
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Scheme S1. Synthesis of biphenylene. 

 

Synthesis of Biphenylene. Under argon atmosphere, 2,2’-dibromobiphenyl (250 mg, 802 µmol) and 

THF (16.9 mL) were added to a dried two-necked flask (50 mL). n-BuLi (1.18 mL, 1.8 mmol, 1.5 M 

in n-hexane) was added dropwise to the mixture at −78 °C. After being stirred at −78 °C for 75 min, 

dried CuCl2 (332 mg, 2.47 mmol) was added to the mixture in one portion. The resulting mixture was 

allowed to warm naturally to room temperature with continuous stirring overnight. The reaction was 

quenched by the addition of NH4Cl aq., and the products were extracted with ethyl acetate. The organic 

phase was washed with water and brine, and dried over MgSO4. After evaporation of the solvents, the 

residue was subjected to the silica gel column chromatography (hexane) and recycling HPLC 

separations (CHCl3) to give biphenylene as a white solid (65.4 mg, 54% yield). The 1H spectrum of 

biphenylene in CDCl3 agreed with that in a previous report.2 1H NMR (500 MHz, CDCl3, 25 °C) δ 

6.77−6.69 (m, 4H), 6.66−6.59 (m, 4H). 

 

Scheme S2. Synthesis of cBCT. 
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Synthesis of 3-Bromo-4-(2-bromophenyl)thiophene (2). Under argon atmosphere, 3,4-

dibromothiophene (1a, 1.30 mL, 11.9 mmol), (2-bromophenyl)boronic acid (1.58 g, 7.87 mmol), 

Pd(PPh3)4 (744 mg, 644 µmol), and Na2CO3 (1.63 g, 15.4 mmol) were added to a Schlenk tube (200 

mL). Then, 1,4-dioxane (16.0 mL) and H2O (5.0 mL) were added to the mixture. The mixture was 

refluxed for 6 d. After cooling naturally down to room temperature, the products were extracted with 

tBuOMe. The organic phase was washed with water and brine, and dried over MgSO4. After 

evaporation of the solvents, the residue was subjected to the column chromatography on silica gel 

(hexane). Compound 2 was obtained as colorless oil (1.65 g, 66% yield). The 1H NMR spectrum of 2 

in CDCl3 agreed with that in a previous report.3 1H NMR (500 MHz, CDCl3, 26 °C) δ 7.67 (d, J = 8.0 

Hz, 1H), 7.39−7.33 (m, 2H), 7.32−7.22 (m, 3H). 

Synthesis of Benzo[3,4]cyclobuta[1,2-c]thiophene (cBCT). Under argon atmosphere, 3-bromo-4-

(2-bromophenyl)thiophene (2, 619 mg, 1.95 mmol) and THF (40.4 mL) were added to a dried Schlenk 

tube (200 mL). n-BuLi (3.11 mL, 4.7 mmol, 1.5 M in n-hexane) was added dropwise at −78 °C. After 

being stirred at −78 °C for 1 h, dried CuCl2 (807 mg, 6.00 mmol) was added to the mixture in one 

portion. After being stirred at −78 °C for 1 h, the resulting mixture was allowed to warm naturally to 

room temperature with continuous stirring overnight. The reaction was quenched by the addition of 

NH4Cl aq., and the products were extracted with ethyl acetate. The organic phase was washed with 

water and brine, and dried over MgSO4. After evaporation of the solvents, the residue was subjected 

to the silica gel column chromatography (hexane) and recycling HPLC separations (CHCl3) to give 

cBCT as a white solid (88.3 mg, 29% yield). The 1H and 13C NMR spectra of cBCT in CDCl3 agreed 

with those in previous reports.4,5 1H NMR (500 MHz, CDCl3, 26 °C) δ 6.95−6.90 (m, 2H), 6.89−6.83 

(m, 2H), 6.53 (s, 2H); 1H NMR (500 MHz, acetone-d6, 25 °C) δ 7.02–6.90 (m, 4H), 6.75 (s, 2H); 

13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ 146.6, 145.5, 128.4, 118.1, 112.6. 
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Scheme S3. Synthesis of Compound 3. 

 

Synthesis of 1,2-Dibromo-2,5-diiodobenzene (3). 1,4-Dibromobenzene (15.0 g, 63.6 mmol), iodine 

(35.4 g, 139 mmol), and conc. H2SO4 (120 mL) were added to a round-bottom flask (300 mL) equipped 

with a reflux condenser. The mixture was stirred at 135 °C for 40 h. After naturally cooling the mixture 

to room temperature, the mixture was poured into ice-cold water. The precipitate was collected by 

filtration. The solid materials left at the bottom of the flask were also collected. The combined solid 

materials were dissolved in CHCl3, and the product was recrystallized by the addition of MeOH. 

Compound 3 was isolated as a white solid (21.3 g, 69% yield). The 1H NMR spectrum of 3 in CDCl3 

agreed with that in a previous report.6 1H NMR (500 MHz, CDCl3, 25 °C) δ 8.05 (s, 2H). 

 

Scheme S4. Synthesis of BBCT. 

 

Synthesis of 1,4-Dibromo-2,5-bis(4-bromothiophen-3-yl)benzene (4a). Under argon atmosphere, 

3,4-dibromothiophene (1a, 0.660 mL, 6.00 mmol) and dehydrated Et2O (6.0 mL) were added to a dried 

two-necked flask (100 mL) equipped with a reflux condenser. To the mixture with continuous stirring 

at −78 °C, n-BuLi (3.95 mL, 5.9 mmol, 1.5 M in n-hexane) was added dropwise over 5 min. After 

being stirred at −78 °C for 1 h, a solution of ZnCl2 (3.0 mL, 6.0 mmol, 2.0 M in 2-

methyltetrahydrofuran) was added. The mixture was further stirred for 1 h at 0 °C. 1,4-Dibromo-2,5-
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diiodobenzene (3, 975 mg, 2.00 mmol), Pd(PPh3)4 (43.6 mg, 37.7 μmol), and THF (18 mL) were added 

to the mixture. After being stirred at 75 °C for 18 h, the reaction was terminated by the addition of 

NH4Cl aq. The products were extracted with ethyl acetate. The organic phase was washed with brine, 

and dried over MgSO4. After evaporation of the solvents, CH2Cl2 was added to the crude mixture, and 

the supernatant was removed from the suspension. After repeating this washing treatment twice, 

toluene and EtOH were added, and the ultrasonic was irradiated to the mixture. The resulting solid 

materials were filtered and washed with hexane. The compound 4a was obtained as a white solid (406 

mg, 36% yield). m.p. 203.1–203.7 °C; 1H NMR (500 MHz, CDCl3, 25 °C) δ 7.61 (s, 2H), 7.39 (d, J = 

3.5 Hz, 2H), 7.35 (d, J = 3.5 Hz, 2H); 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ 139.6, 137.8, 135.4, 

125.5, 123.6, 122.7, 111.9; IR (KBr) 3115, 3093, 1766, 1603, 1538, 1458, 1406, 1389, 1358, 1304, 

1207, 1096, 1050, 919, 887, 856, 797, 732, 722, 669, 640 cm–1; HRMS (FD) m/z calcd for 

C14H6
79Br4S2 (M+): 553.6644, found 553.6629. 

Synthesis of Benzo[1”,2”:3,4;4”,5”:3’,4’]bis(cyclobuta[1,2-c])thiophene (BBCT). Under argon 

atmosphere, THF (50.0 mL) was added to a dried Schlenk tube (200 mL). To the mixture at −78 °C, 

sec-BuLi (9.0 mL, 11 mmol, 1.23 M in cyclohexane) was added dropwise. After being stirred at −78 °C 

for 17 min, compound 4a (837 mg, 1.50 mmol) was added over 3 min. To the mixture being stirred at 

−78 °C for 22 min, dried CuCl2 (2.12 g, 15.8 mmol) was added in one portion. The resulting mixture 

was allowed to warm naturally to room temperature. The reaction was quenched with NH4Cl aq., and 

the products were extracted with ethyl acetate. The organic phase was washed with water and brine, 

and dried over MgSO4. The solvents were removed under vacuum. The residue was subjected to the 

column chromatography on silica gel (hexane/toluene = 4/1). Further purification by the 

recrystallization from MeOH and recycling HPLC separation (CH2Cl2) gave BBCT as a yellow solid 

(13.0 mg, 4%). m.p. over 260 °C (decomposed); 1H NMR (500 MHz, CD2Cl2, 25 °C) δ 6.60 (s, 2H), 

6.45 (s, 4H); 1H NMR (500 MHz, acetone-d6, 25 °C) δ 6.73 (s, 2H), 6.65 (s, 4H); 13C{1H} NMR (126 
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MHz, CD2Cl2, 25 °C) δ 147.2, 145.4, 112.2, 111.2; IR (KBr) 3089, 1767, 1618, 1563, 1521, 1294, 

1248, 1143, 1078, 878, 855, 785, 767, 731 cm–1; HRMS (FD) m/z calcd for C14H6S2 (M+): 237.9911, 

found 237.9900. 

 

Scheme S5. Synthesis of BBCT-Me. 

 

Synthesis of 4b. Under argon atmosphere, 3,4-dibromo-2,5-dimethylthiophene (1b, 5.76 g, 21.3 

mmol), THF (42.6 mL), and N,N,N’,N’-tetramethylethylenediamine (TMEDA, 3.18 mL, 21.3 mmol) 

were added to a dried two-necked flask (300 mL) equipped with a reflux condenser. n-BuLi (3.95 mL, 

5.9 mmol, 1.5 M in n-hexane) was added dropwise over 10 min to the mixture at −78 °C. After being 

stirred at −78 °C for 1 h, a solution of ZnCl2 (11 mL, 22 mmol, 2.0 M in 2-methyltetrahydrofuran) was 

added. The mixture was stirred at 0 °C for 1 h, and then 1,4-dibromo-2,5-diiodobenzene (3, 3.46 g, 

7.09 mmol), Pd(PPh3)4 (348 mg, 301 µmol), and THF (21.3 mL) were added. The mixture was 

continuously stirred at 75 °C for 22 h. The reaction was quenched with NH4Cl aq., and the products 

were extracted with ethyl acetate. The organic phase was washed with brine, and dried over MgSO4. 

After evaporation of the solvents, the residue was subjected to the silica gel column chromatography 

(hexane). After evaporation of the solvents, toluene and EtOH were added to the mixture. The solid 

materials were filtered and washed with acetone to give 4b as a white solid (2.04 g, 47%). The 

characterization was performed for the inseparable mixture of two stereoisomers. m.p. 235.4–

236.0 °C; 1H NMR (500 MHz, CDCl3, 25 °C) δ 7.49 (s, 2H), 2.41 (s, 6H), 2.29–2.24 (m, 6H); 13C{1H} 

NMR (126 MHz, CDCl3, 25 °C) δ 138.4, 136.3, 136.2, 135.5, 134.1, 133.8, 130.8, 123.4, 110.3, 110.1, 
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15.0, 14.5; IR (KBr) 2917, 2852, 1772, 1567, 1507, 1436, 1362, 1296, 1201, 1144, 1068, 1028, 995, 

896, 845, 778, 757, 743 cm–1; HRMS (FD) m/z calcd for C18H14
79Br4S2 (M+): 609.7270, found 

609.7290. 

Synthesis of BBCT-Me. Under argon atmosphere, THF (60.0 mL) and TMEDA (2.98 mL, 20.0 mmol) 

were added to a dried Schlenk tube (200 mL). sec-BuLi (13.0 mL, 16 mmol, 1.23 M in cyclohexane) 

was added dropwise to the mixture at −78 °C. After being stirred at −78 °C for 40 min, 1,4-dibromo-

2,5-bis(4-bromo-2,5-dimethylthiophen-3-yl)benzene (4b, 1.22 g, 2.00 mmol) was added over 3 min. 

After being stirred at −78 °C for 26 min, dried CuCl2 (2.46 g, 18.3 mmol) was added in one portion to 

the mixture at −78 °C. The resulting mixture was stirred at −78 °C for 40 min, and then allowed to 

warm naturally to room temperature. After being stirred for 2 h, the reaction was terminated with brine 

and the products were extracted with toluene. The organic phase was washed with brine, and dried 

over Na2SO4. The solvents were removed under vacuum. The residue was subjected to the column 

chromatography on silica gel (hexane/Et3N = 100/1) and recycling HPLC separation (CH2Cl2). 

Recrystallization from toluene afforded BBCT-Me as a yellow solid (4.9 mg, 0.8%). m.p. over 275 °C 

(decomposed); 1H NMR (500 MHz, CD2Cl2, 25 °C) δ 6.52 (s, 2H), 2.17 (s, 12H); 1H NMR (500 MHz, 

acetone-d6, 25 °C) δ 6.70 (s, 2H), 2.16 (s, 12H); 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C) δ 145.8, 

140.6, 125.7, 110.3, 13.4; IR (KBr) 3058, 2965, 2912, 2848, 1731, 1672, 1428, 1372, 1287, 1237, 

1184, 1168, 1126, 863, 737 cm–1; HRMS (FD) m/z calcd for C18H14S2 (M+): 294.0537, found 294.0528. 
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Scheme S6. Synthesis of [3]phenylene. 

 

Synthesis of 2,2’,2’’,5’-Tetrabromo-1,1’:4’,1’’-terphenyl (S1). Under argon atmosphere, 1,4-

dibromo-2,5-diiodobenzene (3, 1.95 g, 4.00 mmol), (2-bromophenyl)boronic acid (1.94 g, 9.66 mmol), 

Pd(PPh3)4 (144 mg, 125 µmol), and K2CO3 (3.36 g, 24.3 mmol) were added to a two-necked flask 

(200 mL) equipped with a reflux condenser. Toluene (32 mL), EtOH (10 mL), and H2O (15 mL) were 

added to the mixture. After being stirred at 90 °C for 8 h, (2-bromophenyl)boronic acid (485 mg, 2.42 

mmol) was added. Further stirring at 90 °C for 13 h, the mixture was naturally cooled to room 

temperature. The products were extracted with CH2Cl2. The organic phase was washed with water and 

brine, and dried over MgSO4. When the solvents were evaporated to a small volume, the precipitate 

was generated. The precipitate was collected by filtration and washed with hexane. Compound S1 was 

isolated as a white solid (1.72 g, 79%). The 1H NMR spectrum of S1 agreed with that in a previous 

report.7 1H NMR (500 MHz, acetone-d6, 25 °C) δ 7.78 (dd, J = 8.0 Hz, 1.0 Hz, 2H), 7.67 (s, 1H), 7.64 

(s, 1H), 7.57−7.50 (m, 2H), 7.46−7.38 (m, 4H). 

Synthesis of [3]Phenylene. Under argon atmosphere, THF (50.0 mL) was added to a dried Schlenk 

tube (200 mL). After the addition of sec-BuLi (11.0 mL, 13.5 mmol, 1.23 M in cyclohexane) at –78 °C, 

2,2’,2’’,5’-tetrabromo-1,1’:4,’1’’-terphenyl (S1, 765 mg, 1.40 mmol) was added over 3 min to the 

mixture at –78 °C. After being stirred at −78 °C for 30 min, dried CuCl2 (1.93 g, 14.4 mmol) was 

added to the mixture in one portion. The reaction mixture was allowed to warm naturally to room 

temperature with continues stirring overnight. The reaction was terminated by the addition of brine. 

The products were extracted with toluene. The organic phase was washed with water and brine, and 
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dried over MgSO4. After removal of the solvents under vacuum, hexane was added to the crude 

mixture. Insoluble solid material was washed with hexane, and the supernatant was removed from the 

suspension. After repeating this treatment twice, the residue was recrystallized from toluene. 

Additional purification by recycling HPLC separation (CHCl3) gave [3]phenylene as a red solid (42.6 

mg, 13%). The 1H NMR spectrum of [3]phenylene in benzene-d6 agreed with that in a previous report.2 

1H NMR (500 MHz, benzene-d6, 25 °C) δ 6.49−6.41 (m, 4H), 6.23−6.16 (m, 4H), 5.93 (s, 2H); 1H 

NMR (500 MHz, acetone-d6, 25 °C) δ 6.69–6.63 (m, 4H), 6.52–6.46 (m, 4H), 6.41 (s, 2H). 

 

 

2. Additional Information of the UV-vis Absorption Spectra 

Table S1. The absorption maxima and molar absorbabilities of BBCT, BBCT-Me, cBCT, and 

[3]phenylene. 

compound wavelength (nm)  ε × 104 (L·mol–1·cm–1) 

BBCT 

423 3.00 

403 1.80 

285 5.65 

217 1.64 

BBCT-Me 

427 2.76 

406 1.83 

304 5.35 

260 2.09 

cBCT 

348 1.13 

331 0.97 

249 4.48 

[3]phenylene 

433 2.98 

408 1.76 

287 10.26 

276 7.21 
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3. Electrochemical Measurements 

The electrochemical measurements were performed on a HOKUTO DENKO HZ-7000 

voltammetric analyzer under an argon atmosphere. The counter electrode was a platinum wire, the 

working electrode was glassy carbon, and the reference electrode was an Ag/Ag+ electrode, 

respectively. The CH2Cl2 was degassed by argon prior to use. Recrystallized [n-Bu4N][ClO4] from hot 

EtOH was used as the supporting electrolyte. Ferrocene purified by sublimation was used as an internal 

standard. Cyclic voltammetry (CV) mode at a scan rate of 100 mV/s was used. The potential (V) was 

corrected against the ferrocene/ferrocenium (Fc/Fc+) redox couple.  

 We estimated the half-wave potential of the Fc/Fc+ redox couple E1/2 (Fc/Fc+) using the 

following equation.8,9 

 

E1/2 (Fc/Fc+) = (Eap + Ecp)/2  

 

Eap and Ecp represent the anodic and cathodic peak potentials, respectively. In our 

electrochemical setup, Eap and Ecp values are 0.50 V and −0.08 V, 0.53 V and −0.01 V, 0.30 V and 0.10 

V, and 0.38 V and 0.07 V for BBCT, BBCT-Me, cBCT, and [3]phenylene, respectively. The E1/2 

(Fc/Fc+) values are 0.29 V, 0.27 V, 0.10 V, and 0.16 V relative to the Ag/Ag+ reference electrode, 

respectively. The voltammograms were then calibrated based on these E1/2 (Fc/Fc+) values. 

Based on the energy level of the ferrocene/ferrocenium (Fc/Fc+) couple (–4.8 eV) in 

vacuum,8,9 we estimated the HOMO energy levels of the molecules using the following equation. 

 

EHOMO = –(4.8 + Eoxi,onset) eV 

 

Eoxi,onset is the onset potential of the first oxidation wave relative to the Fc/Fc+ couple. The 

calculated EHOMO values are –5.2 eV and –5.0 eV for BBCT and BBCT-Me, respectively. 
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4. Computational Details 

4–1. General 

All quantum chemical calculations were performed using the Gaussian 16 program package 

(Revision A.03) under vacuum unless otherwise noted.10 All molecular geometries were optimized at 

B3LYP11–13/6-311+G(d,p)14–16 level of theory at the singlet ground state. Note that this basis set level 

is higher than that used in our previous work.17 Vibrational-frequency calculations confirmed the 

absence of imaginary frequencies for all optimized geometries. All molecules adopt planar geometries 

with a D2h symmetry group, except for cBCT (C2v symmetry group). 

4–2. Energy Estimation of the 4MR Formation 

 We estimated the energies of the 4MR formation using the zero-point-corrected total 

energies of simple model compounds. All molecules are optimized by DFT calculations at B3LYP/6-

311+G(d,p) level of theory. There is a very small energy difference (0.4 kcal/mol) in the C–C bond 

formation of biphenyl from two benzene molecules and of phenylthiophene from benzene and 

thiophene molecules (Figure S1). The energies of the single 4MR formation are estimated to be 55.0 

kcal/mol and 59.9 kcal/mol for biphenylene and cBCT, respectively (Figures S1a,b). Those of the 

double 4MR formation are 109 kcal/mol and 118 kcal/mol for [3]phenylene and BBCT, respectively 

(Figures S1c,d). The 4MR formation between the thiophene and benzene rings needs an additional 

energy cost compared with that between the benzene rings. This indicates larger strain energies of the 

4MRs in cBCT and BBCT.  

 



S13 
 

 

Figure S1. Energetics of the single (a, b) and double 4MR formation (c, d) estimated by the DFT 

calculations of the model compounds. The chemical structures of the model compounds are shown in 

each panel. The energies of the C-C single bond formation are also included. 
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4–3. TD-DFT Calculations of BBCTs, cBCT, and [3]Phenylene 

 Time-dependent DFT (TD-DFT) calculations at the B3LYP/6-311+G(d,p) level of theory 

were newly performed using the optimized structures calculated at a singlet ground state, in order to 

estimate excited state energies. The electronic transitions of each molecule are summarized in Tables 

S2–S5, and simulated UV-vis spectra are shown in Figure S2. Only in the case of BBCT-Me, the 

energetical order of the LUMO and LUMO+1 was swapped between the optimized geometries at the 

singlet ground (S0) and excited states (S1). The low energy transition (excite state 1) for [3]phenylene 

is attributed to its lowered HOMO energy level.  

 

Table S2. Major electronic transitions of BBCT. 

excited 

state 

wavelength 

(nm) 
oscillation strength (f) major contributions 

1 446.20 0.0066 61 (HOMO) -> 62 (LUMO, 70%) 

2 388.90 0.4630 60 -> 62 (-25%), 61 -> 63 (66%) 

3 298.02 0.0000 59 -> 62 (69%), 61 -> 69 (14%) 

4 278.93 0.0000 59 -> 66 (-13%), 61 -> 64 (69%) 

5 278.43 0.0000 
58 -> 62 (53%), 59 -> 63 (-31%), 

61 -> 65 (-34%) 

6 276.69 0.0000 59 -> 64 (-13%), 61 -> 66 (69%) 

7 273.47 1.2515 60 -> 62 (66%), 61 -> 63 (24%) 

8 273.15 0.0074 60 -> 63 (70%) 

9 270.71 0.0000 59 -> 63 (56%), 61 -> 65 (-43%) 

10 266.40 0.0000 61 -> 67 (70%) 

  



S15 
 

Table S3. Major electronic transitions of BBCT-Me. 

excited 

state 

wavelength 

(nm) 
oscillation strength (f) major contributions 

1 432.46 0.0127 77 (HOMO) -> 79 (70%) 

2 396.07 0.4366 76 -> 79 (-26%), 77 -> 78 (LUMO, 65%) 

3 296.49 0.0340 76 -> 78 (70%) 

4 294.68 0.0000 
74 -> 82 (-13%), 77 -> 80 (68%), 

77 -> 85 (-13%) 

5 294.25 0.0000 74 -> 79 (69%), 77 -> 89 (-13%) 

6 292.58 0.0000 74 -> 80 (-12%), 77 -> 82 (68%) 

7 291.00 1.3579 76 -> 79 (65%), 77 -> 78 (26%) 

8 290.35 0.0000 
74 -> 78 (-27%), 75 -> 79 (58%),  

77 -> 84 (-29%) 

9 284.72 0.0000 77 -> 81 (70%) 

10 271.12 0.0000 74 -> 78 (58%), 77 -> 84 (-38%) 
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Table S4. Major electronic transitions of cBCT. 

excited 

state 

wavelength 

(nm) 
oscillation strength (f) major contributions 

1 333.01 0.0062 41 (HOMO) -> 43 (70%) 

2 315.11 0.1676 40 -> 43 (-31%), 41 -> 42 (LUMO, 63%) 

3 257.70 0.0000 41 -> 44 (69%) 

4 248.23 0.0035 40 -> 42 (70%) 

5 241.56 0.0003 41 -> 45 (70%) 

6 238.03 0.6968 
39 -> 43 (-18%), 40 -> 43 (60%), 

41 -> 42 (28%), 41 -> 48 (15%) 

7 226.90 0.2270 

38 -> 42 (19%), 39 -> 43 (49%), 

40 -> 43 (16%), 41 -> 42 (14%), 

41 -> 48 (-41%) 

8 225.94 0.0121 41 -> 46 (70%) 

9 216.33 0.0000 41 -> 47 (68%), 41 -> 50 (-12%) 

10 215.72 0.0058 
39 -> 44 (-12%), 40 -> 44 (67%), 

41 -> 49 (10%) 
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Table S5. Major electronic transitions of [3]phenylene. 

excited 

state 

wavelength 

(nm) 
oscillation strength (f) major contributions 

1 549.84 0.0001  59 (HOMO) -> 60 (LUMO, 71%) 

2 393.51 0.3930 57 -> 60 (26%), 59 -> 61 (65%) 

3 339.32 0.0000 58 -> 60 (13%), 59 -> 62 (69%) 

4 309.88 0.0000 58 -> 60 (69%), 59 -> 62 (-13%) 

5 289.93 0.0000 
56 -> 60 (-47%), 57 -> 62 (13%), 

58 -> 61 (16%), 59 -> 63 (49%) 

6 277.33 1.3779 57 -> 60 (65%), 59 -> 61 (-25%) 

7 274.58 0.0000 59 -> 64 (70%) 

8 265.22 0.0000 
56 -> 60 (-20%), 58 -> 61 (56%), 

59 -> 63 (-38%) 

9 260.71 0.0028 59 -> 65 (70%) 

10 255.49 0.0000 59 -> 66 (70%) 
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Figure S2. Predicted UV-vis spectra of (a) BBCT, (b) BBCT-Me, (c) cBCT, and (d) [3]phenylene by 

the TD-DFT calculations. 



S19 
 

 

Figure S3. Major low energy transitions of BBCT (a), BBCT-Me (b), cBCT (c), and [3]phenylene 

(d) predicted by the TD-DFT calculations. Energy levels and distribution of the HOMO–1, HOMO, 

LUMO, and LUMO+1 of the optimized molecules at a singlet ground state (S0) are also shown in each 

panel. 
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4–5. NICS Analysis 

 The calculations of nucleus-independent chemical shift (NICS)18 were performed for the 

optimized geometry of BBCT-Me at B3LYP/6-311+G(d,p) level of theory using the gauge-

independent atomic orbital (GIAO) method (Figure S4a).19 In this study, we used NICS(1)zz values 

which are the zz component of the isotropic NICS values calculated at 1 Å above the ring centers 

(NICS(1)iso).20 It should be noted that the NICS(1)zz analysis gives more reliable results for magnetic 

response compared with the NICS(1)iso or NICS(0)iso analysis in the case of planar molecular systems. 

NICS-XY scans21‒23 were also performed with the aid of the Aroma program (Figure S4b).24 The ghost 

atoms (BQs) were placed at step intervals of 0.1 Å. As the NICS scan of cBCT was reported 

previously,17 we here performed the NICS scans of BBCT, BBCT-Me, and [3]phenylene.  

 

 

Figure S4. (a) Ring labels of [3]phenylene, BBCT, and BBCT-Me, and the calculated NICS(1)zz 

values (ppm) at each ring center of BBCT-Me. (b) The results of NICS-XY scan analyses for 

[3]phenylene (black), BBCT (blue), and BBCT-Me (green).  
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4‒6. GIMIC Calculations 

In our previous work, the current flows and strengths of the bonds only at the periphery of 

[3]phenylene, cBCT, and BBCT were reported.17 We performed the gauge-including magnetically 

induced current (GIMIC) calculations for [3]phenylene, cBCT, BBCT, and BBCT-Me to estimate the 

strengths and paths of magnetically induced currents at all bonds (Figure S5).25‒27 Prior to the GIMIC 

calculations, atomic orbital density matrices, first-order perturbed atomic orbital density matrices, 

molecular coordinates, and basis functions of these molecules were obtained from the magnetic 

shielding calculation at the same level of theory in the NICS calculation (vide supra). The GIMIC 

calculations were performed using the GIMIC program (ver. 2.1.4). The input files for the GIMIC 

program were generated using the Gaussian2gimic.py script.28 Each current strength was calculated 

by numerical integration of the current density flowing across a plane perpendicularly to the molecular 

plane and bisecting the chosen chemical bond. The current paths are represented by red or blue arrows 

in Figure S5. The clockwise and counterclockwise current flows correspond to diatropic (red) and 

paratropic (blue) ring currents, respectively. The current strength is given in nA/T. The signed modulus 

of the current densities (Figure S6) is visualized using the ParaView program (version 5.8.1).29 The 

grid information for the calculations of the current density was obtained using the Multiwfn program.30 

There are diatropic current flows in all benzene and thiophene rings. On the other hand, the 

paratropic currents flow in all four-membered rings. The results of the GIMIC calculations are well in 

line with the NICS analyses. 
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Figure S5. The calculated current paths and strengths (nA/T) for [3]phenylene (a), cBCT (b), BBCT 

(c), and BBCT-Me (d). 

 

 

Figure S6. The calculated signed modulus of the current densities (isovalue: 0.01 a.u.; red and blue 

regions are indicate paratropic and diatropic current densities, respectively) for [3]phenylene (a), 

cBCT (b), BBCT (c), and BBCT-Me (d).  
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5. Details of X-Ray Single Crystal Analysis, and HOMA, NCI, and Charge Transfer 

Integrals Calculations 

Single crystals of BBCT and BBCT-Me suitable for X-ray diffraction study were grown 

from EtOH/THF and hexane/CH2Cl2, respectively, that are subjected to data collection. X-ray 

crystallography was performed on a Rigaku Mercury charge-coupled device (CCD) diffractometer at 

173 K with graphite monochromated Mo-Ka radiation (g = 0.71073 Å) up to 2θmax = 60.6°. All 

calculations were performed using the CrystalStructure crystallographic software package,31 and 

structural refinements were done using the SHELXL Version 2014/7 program.32 Visualization of the 

molecular packing structures was performed by the Mercury software.33 The crystallographic data are 

summarized in Tables S6 and S7. The crystallographic data have been deposited to the Cambridge 

Crystallographic Data Center: Deposition numbers 2223524 for BBCT and 2223525 for BBCT-Me. 

Copies of the data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html 

(or from Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; 

Fax+44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 

The atom numberings and bond lengths of BBCT and BBCT-Me are shown in Figures S7 

and S8.  
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5–1. Crystal Structure of BBCT 

 

Figure S7. ORTEP diagram (50% probability level) of BBCT. 

 

Table S6. Crystal data and structure analysis results for BBCT. 

Identification code BBCT Density 1.540 g/cm3 
Empirical formula C14H6S2 Absorption coefficient 4.780 cm–1 
Formula weight 238.32 F(000) 244 

Temperature 173 K Crystal size 
0.300 × 0.200 × 0.010 

mm3 
Wavelength 0.71073 Å Reflections collected 6153 
Crystal system monoclinic Independent reflections 1408 (Rint = 0.0484) 
Space group P21/c Absorption correction empirical 

Unit cell dimensions a = 12.2173(14) Å Refinement method 
Full-matrix least-

squares on F2 

 b = 7.2881(8) Å 
Data / restraints / 

parameters 
1408 / 0 / 73 

 c = 5.7720(6) Å Goodness of fit  1.08 

 β = 90.868(10)°  
Final R indices 

[I>2sigma(I)] 
R1 = 0.0552, 

wR2 = 0.1123 

Volume V = 513.89(10) Å3 R indices (all data) 
R = 0.1008, 

wR2 = 0.1123 

Z 2 
Largest diff. peak and 

hole 
0.34 and –0.24 e/Å3 
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5–2. Crystal Structure of BBCT-Me. 

 

Figure S8. ORTEP diagram (50% probability level) of BBCT-Me. 

 

Table S7. Crystal data and structure analysis results for BBCT-Me. 

Identification code BBCT-Me Density 1.346 g/cm3 
Empirical formula C18H14S2 Absorption coefficient 3.521 cm–1 
Formula weight 294.43 F(000) 308 

Temperature 173 K Crystal size 
0.100 × 0.100 × 0.100 

mm3 
Wavelength 0.71073 Å Reflections collected 8877 
Crystal system monoclinic Independent reflections 1965 (Rint = 0.0143) 
Space group P21/c Absorption correction empirical 
Unit cell 

dimensions 
a = 5.9039(2) Å Refinement method 

Full-matrix least-squares 

on F2 

 b = 16.2762(6) Å 
Data / restraints / 

parameters 
1965 / 0 / 93 

 c = 7.6534(3) Å Goodness of fit  1.09 

 β = 98.902(4)° 
Final R indices 

[I>2sigma(I)] 
R1 = 0.0311,  

wR2 = 0.0972 

Volume V = 726.58(5) Å3 R indices (all data) 
R = 0.0343,  

wR2 = 0.0972 

Z 2 
Largest diff. peak and 

hole 
0.35 and –0.30 e/Å3 
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5–3. HOMA Analysis 

We employed HOMA as the structural criterion for local aromaticity and non-aromaticity of 

the benzene and thiophene rings of BBCTs using their crystal structures.34 The HOMA values of the 

benzene rings were calculated using eq 1 with individual bond lengths, Ri: 

 

HOMA = 1 −	
𝑎!!
6 	+,𝑅"#$,&& − 𝑅&&,'.

(
)

'

																																																																																																					(1) 

and the HOMA values of the thiophene rings were calculated using eq 2: 

 

HOMA = 1 −	1
𝛼&&
3 	+,𝑅"#$,&& − 𝑅&&,'.

( +
𝛼&*
2 	+,𝑅"#$,&* − 𝑅&*,'.
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+
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6																																											(2) 

 

where the subscripts CC and CS denote carbon–carbon and carbon–sulfur bonds, respectively. The 

optimal bond lengths Ropt and constants α were derived from eq 3 and 4, respectively: 

 

𝑅"#$,, =	,R-,, +𝑤𝑅.,,./(1 + 𝑤)																																																																																																																			(3) 

 

𝛼, = 2 :,𝑅/,0 − 𝑅"#$,,.
( + ,𝑅.,, − 𝑅"#$,,.

(
;
12
																																																																																											(4) 

 

In these equations, the subscript j denotes the bond type (CC or CS, not single or double bond); Rs and 

Rd correspond to the reference lengths for single and double bonds, respectively; and w is the ratio of 

force constants for double and single bonds. The values of Ropt and α were obtained from the 

literature.35 HOMA values close to 1 indicate a high degree of cyclic π-electron delocalization, and 

smaller values indicate poor π-electron delocalization. 
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 The HOMA values of the benzene rings of the BBCTs are 0.88 and 0.85 (Figure S9). On 

the other hand, the HOMA values of the thiophene rings of the BBCTs are negative, showing small 

degree of p-electron delocalization. 

 

Figure S9. HOMA values at the benzene and thiophene rings of BBCT and BBCT-Me.  
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5–4. Noncovalent Interaction (NCI) Plots 

 We performed a noncovalent interaction (NCI) analysis in order to investigate 

intermolecular interactions in the crystal packing structures (Figures 4d–f, 5d–f, S10, and S11).36 This 

analysis visualizes the regions showing van der Waals interactions as green-colored isosurfaces, and 

the regions showing attractive or repulsive forces as blue- or red-colored isosurfaces, respectively. The 

wavefunctions required for these analyses were calculated using the composite method r2SCAN-3c,37 

which is the recently developed DFT functional underlying the r2SCAN functional38 by Stefan 

Grimme and co-workers for the fast and accurate estimation of noncovalent interactions. This DFT 

functional is one of the most recommended methods as mentioned in a recent review article.39 This 

DFT functional includes the atom-pairwise dispersion correction based on tight binding partial charges 

(D4),40,41 and the empirical geometrical counterpoise (gCP) scheme42 for the correction of intra- and 

intermolecular basis set super position errors (BSSE).43 We used the def2-mTZVPP basis set,37 which 

is a modified version of the def2-TZVP.44,45 To reduce the computational effort, the resolution-of-

identity (RI) approximation for Coulomb integrals (RI-J) was applied,46 and the corresponding 

auxiliary Coulomb fitting basis (def2-mTZVPP/J) was utilized. The calculations of r2SCAN-3c were 

performed by the ORCA 5.0.247‒49 program combined with the SHARK module50 using “TightSCF” 

convergence criteria for each SCF calculation. The calculations for the NCI analysis were carried out 

using the Multiwfn program (ver. 3.8).30 The visualization of NCI isosurfaces was performed using 

the VMD program (ver. 1.9.3).51 The 2D reduced density gradient vs. sign(λ2)ρ plots (Figures S10 and 

S11) were visualized using the Gnuplot 5.4 program.52 
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Figure S10. (a–c) 2D reduced density gradient vs. sign(λ2)ρ plots corresponding to the NCI plots of 

the crystal packing structure of BBCT in Figs. 4d (a), 4e (b), and 4f (c). 
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Figure S11. (a) 2D reduced density gradient vs. sign(λ2)ρ plots corresponding to the NCI plots of the 

crystal packing structure of BBCT-Me in Figs. 5d and f. (b) 2D reduced density gradient vs. sign(λ2)ρ 

plot corresponding to the NCI plot of the crystal packing structure of BBCT-Me in Fig. 5e.  

 

  



S31 
 

5‒5. Charge Transfer Integrals Calculations 

 We calculated the effective transfer integrals (t) between the HOMOs in the dimers extracted 

from the crystal structure of BBCT using the Amsterdam Density Functional (ADF) program 

package53‒55 at GGA-type functional PW9156/TZP57 level of theory. Calculated transfer integrals (ta 

and tp) are shown in Figure S12. 

 

Figure S12. Calculated transfer integrals of the two different dimers in the herringbone structure of 

BBCT. 

  



S32 
 

6. 1H and/or 13C{1H} NMR Spectra of All Compounds 

 

Figure S13. 1H (500 MHz) NMR spectrum of biphenylene in CDCl3 at 25 °C. 

 

Figure S14. 1H (500 MHz) NMR spectrum of 2 in CDCl3 at 26 °C. 
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Figure S15. 1H (500 MHz) NMR spectrum of cBCT in CDCl3 at 26 °C. 

 

Figure S16. 1H (500 MHz) NMR spectrum of 3 in CDCl3 at 25 °C. 
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Figure S17. 1H (top, 500 MHz) and 13C{1H} (bottom, 126 MHz) NMR spectra of 4a in CDCl3 at 

25 °C. 
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Figure S18. 1H (top, 500 MHz) and 13C{1H} (bottom, 126 MHz) NMR spectra of BBCT in CD2Cl2. 

at 25 °C. 
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Figure S19. 1H (top, 500 MHz) and 13C{1H} (bottom, 126 MHz) NMR spectra of 4b in CDCl3 at 

25 °C. 
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Figure S20. 1H (top, 500 MHz) and 13C{1H} (bottom, 126 MHz) NMR spectra of BBCT-Me in 

CD2Cl2 at 25 °C. 
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Figure S21. 1H (500 MHz) NMR spectrum of S1 in acetone-d6 at 25 °C. 

 

Figure S22. 1H (500 MHz) NMR spectrum of [3]phenylene in C6D6 at 25 °C. 
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7. Cartesian Coordinates of All Optimized Geometries 

BBCT 

Symbol X Y Z 

C 0.000000 0.000000 1.490395 

C 0.000000 1.154322 0.712379 

C 0.000000 1.154322 -0.712379 

C 0.000000 0.000000 -1.490395 

C 0.000000 -1.154322 -0.712379 

C 0.000000 -1.154322 0.712379 

H 0.000000 0.000000 2.573056 

H 0.000000 0.000000 -2.573056 

C 0.000000 2.653817 -0.722490 

C 0.000000 3.880351 -1.283165 

C 0.000000 2.653817 0.722490 

S 0.000000 5.103606 0.000000 

H 0.000000 4.200319 -2.313876 

C 0.000000 3.880351 1.283165 

H 0.000000 4.200319 2.313876 

C 0.000000 -2.653817 -0.722490 

C 0.000000 -3.880351 -1.283165 

C 0.000000 -2.653817 0.722490 

S 0.000000 -5.103606 0.000000 

H 0.000000 -4.200319 -2.313876 

C 0.000000 -3.880351 1.283165 

H 0.000000 -4.200319 2.313876 

 

Zero-point correction= 0.147901  (Hartree/Particle) 

Thermal Correction to Energy= 0.159492 

Thermal Correction to Enthalpy= 0.160437 

Thermal Correction to Gibbs Free Energy= 0.110726 

Sum of electronic and zero-point energies= -1333.338789 

Sum of electronic and thermal Energies = -1333.327198 

Sum of electronic and thermal Enthalpy = -1333.326254 

Sum of electronic and thermal Free Energy Correction= -1333.375964 
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BBCT-Me (S0) 

Symbol X Y Z 

C -3.870197 1.308594 0.000000 

C -2.655029 0.723712 0.000000 

C -2.655029 -0.723712 0.000000 

C -3.870197 -1.308594 0.000000 

S -5.097011 0.000000 0.000000 

C 3.870197 -1.308594 0.000000 

C 2.655029 -0.723712 0.000000 

C 2.655029 0.723712 0.000000 

C 3.870197 1.308594 0.000000 

S 5.097011 0.000000 0.000000 

C 1.157094 0.713396 0.000000 

C 0.000000 1.488605 0.000000 

C -1.157094 0.713396 0.000000 

C -1.157094 -0.713396 0.000000 

C 0.000000 -1.488605 0.000000 

C 1.157094 -0.713396 0.000000 

H 0.000000 2.571616 0.000000 

H 0.000000 -2.571616 0.000000 

C 4.290245 2.743515 0.000000 

H 3.408654 3.387602 0.000000 

H 4.888858 2.989751 0.882591 

C 4.290245 -2.743515 0.000000 

H 3.408654 -3.387602 0.000000 

H 4.888858 -2.989751 -0.882591 

C -4.290245 2.743515 0.000000 

H -3.408654 3.387602 0.000000 

H -4.888858 2.989751 -0.882591 

C -4.290245 -2.743515 0.000000 

H -4.888858 -2.989751 -0.882591 

H -3.408654 -3.387602 0.000000 

H -4.888858 -2.989751 0.882591 

H -4.888858 2.989751 0.882591 

H 4.888858 2.989751 -0.882591 

H 4.888858 -2.989751 0.882591 
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Zero-point correction= 0.258059  (Hartree/Particle) 

Thermal Correction to Energy= 0.27718 

Thermal Correction to Enthalpy= 0.278124 

Thermal Correction to Gibbs Free Energy= 0.211682 

Sum of electronic and zero-point energies= -1490.547856 

Sum of electronic and thermal Energies = -1490.528735 

Sum of electronic and thermal Enthalpy = -1490.527791 

Sum of electronic and thermal Free Energy Correction= -1490.594233 

 

BBCT-Me (S1) 

Symbol X Y Z 

C -3.845577 1.312406 0.000000 

C -2.602493 0.735620 0.000000 

C -2.602493 -0.735620 0.000000 

C -3.845577 -1.312406 0.000000 

S -5.027717 0.000000 0.000000 

C 3.845577 -1.312406 0.000000 

C 2.602493 -0.735620 0.000000 

C 2.602493 0.735620 0.000000 

C 3.845577 1.312406 0.000000 

S 5.027717 0.000000 0.000000 

C 1.155151 0.752936 0.000000 

C 0.000000 1.524674 0.000000 

C -1.155151 0.752936 0.000000 

C -1.155151 -0.752936 0.000000 

C 0.000000 -1.524674 0.000000 

C 1.155151 -0.752936 0.000000 

H 0.000000 2.608996 0.000000 

H 0.000000 -2.608996 0.000000 

C 4.275361 2.745227 0.000000 

H 3.392698 3.387705 0.000000 

H 4.871328 2.997775 0.883309 

C 4.275361 -2.745227 0.000000 

H 3.392698 -3.387705 0.000000 
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H 4.871328 -2.997775 -0.883309 

C -4.275361 2.745227 0.000000 

H -3.392698 3.387705 0.000000 

H -4.871328 2.997775 -0.883309 

C -4.275361 -2.745227 0.000000 

H -4.871328 -2.997775 -0.883309 

H -3.392698 -3.387705 0.000000 

H -4.871328 -2.997775 0.883309 

H -4.871328 2.997775 0.883309 

H 4.871328 2.997775 -0.883309 

H 4.871328 -2.997775 0.883309 

 

cBCT 

Symbol X Y Z 

C 0.000000 1.444872 -2.001815 

C 0.000000 0.711543 -0.838958 

C 0.000000 -0.711543 -0.838958 

C 0.000000 -1.444872 -2.001815 

C 0.000000 -0.696068 -3.201207 

C 0.000000 0.696068 -3.201207 

H 0.000000 2.528167 -2.021043 

H 0.000000 -2.528167 -2.021043 

H 0.000000 -1.220982 -4.149905 

H 0.000000 1.220982 -4.149905 

C 0.000000 -0.722597 0.663339 

C 0.000000 -1.282667 1.890974 

C 0.000000 0.722597 0.663339 

S 0.000000 0.000000 3.110605 

H 0.000000 -2.313035 2.212112 

C 0.000000 1.282667 1.890974 

H 0.000000 2.313035 2.212112 

 

Zero-point correction= 0.124212  (Hartree/Particle) 

Thermal Correction to Energy= 0.132066 

Thermal Correction to Enthalpy= 0.133010 
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Thermal Correction to Gibbs Free Energy= 0.091780 

Sum of electronic and zero-point energies= -782.773330 

Sum of electronic and thermal Energies = -782.765476 

Sum of electronic and thermal Enthalpy = -782.764532 

Sum of electronic and thermal Free Energy Correction= -782.805762 

 

[3]Phenylene 

Symbol X Y Z 

C 0.000000 5.030416 0.692728 

C 0.000000 3.821782 1.443515 

C 0.000000 2.664674 0.711276 

C 0.000000 2.664674 -0.711276 

C 0.000000 3.821782 -1.443515 

C 0.000000 5.030416 -0.692728 

H 0.000000 5.977411 1.220733 

H 0.000000 3.842180 2.526992 

H 0.000000 3.842180 -2.526992 

H 0.000000 5.977411 -1.220733 

C 0.000000 1.155743 0.709051 

C 0.000000 0.000000 1.485741 

C 0.000000 1.155743 -0.709051 

C 0.000000 -1.155743 0.709051 

H 0.000000 0.000000 2.568879 

C 0.000000 0.000000 -1.485741 

C 0.000000 -1.155743 -0.709051 

H 0.000000 0.000000 -2.568879 

C 0.000000 -2.664674 -0.711276 

C 0.000000 -2.664674 0.711276 

C 0.000000 -3.821782 -1.443515 

C 0.000000 -3.821782 1.443515 

C 0.000000 -5.030416 -0.692728 

H 0.000000 -3.842180 -2.526992 

C 0.000000 -5.030416 0.692728 

H 0.000000 -3.842180 2.526992 

H 0.000000 -5.977411 -1.220733 
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H 0.000000 -5.977411 1.220733 

 

Zero-point correction= 0.214516  (Hartree/Particle) 

Thermal Correction to Energy= 0.226708 

Thermal Correction to Enthalpy= 0.227652 

Thermal Correction to Gibbs Free Energy= 0.177058 

Sum of electronic and zero-point energies= -691.760004 

Sum of electronic and thermal Energies = -691.747812 

Sum of electronic and thermal Enthalpy = -691.746868 

Sum of electronic and thermal Free Energy Correction= -691.797462 

 

Biphenylene 

Symbol X Y Z 

C 0.0000000 0.6941110 3.1190490 

C 0.0000000 1.4430590 1.9141640 

C 0.0000000 0.7110400 0.7544280 

C 0.0000000 -0.7110400 0.7544280 

C 0.0000000 -1.4430590 1.9141640 

C 0.0000000 -0.6941110 3.1190490 

H 0.0000000 1.2209370 4.0667720 

H 0.0000000 2.5266560 1.9344140 

H 0.0000000 -2.5266560 1.9344140 

H 0.0000000 -1.2209370 4.0667720 

C 0.0000000 0.7110400 -0.7544280 

C 0.0000000 1.4430590 -1.9141640 

C 0.0000000 -0.7110400 -0.7544280 

C 0.0000000 0.6941110 -3.1190490 

H 0.0000000 2.5266560 -1.9344140 

C 0.0000000 -1.4430590 -1.9141640 

C 0.0000000 -0.6941110 -3.1190490 

H 0.0000000 1.2209370 -4.0667720 

H 0.0000000 -2.5266560 -1.9344140 

H 0.0000000 -1.2209370 -4.0667720 

 

Zero-point correction= 0.157576  (Hartree/Particle) 
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Thermal Correction to Energy= 0.165723 

Thermal Correction to Enthalpy= 0.166668 

Thermal Correction to Gibbs Free Energy= 0.125660 

Sum of electronic and zero-point energies= -461.984806 

Sum of electronic and thermal Energies = -461.976659 

Sum of electronic and thermal Enthalpy = -461.975715 

Sum of electronic and thermal Free Energy Correction= -462.016723 
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