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1. Synthetic Procedures   

General. All reactions were performed in dry solvents under a nitrogen atmosphere. 

Anhydrous THF and CH2Cl2 were purchased from Kanto Chemicals and further purified 

by Glass Contour Solvent Systems. Anhydrous cyclohexane, MeOH, and DMF were 

purchased from Kanto Chemicals. Unless otherwise noted, other chemicals obtained from 

commercial suppliers were used without further purification. 2-Iodoazulene was prepared 

according to the reported procedure.S1 1H (400 MHz), 13C (100 or 150 MHz), 19F (376 

MHz) and 31P (162 MHz) NMR spectra were recorded with a JEOL JNM-AL400 

spectrometer, JEOL JNM-ECS400 spectrometer, and JEOL ECA 600 II spectrometer 

equipped with a UltraCOOL probe. The chemical shifts in 1H NMR spectra were reported 

in ppm based on the solvent resonance resulting from incomplete deuteration (CHCl3 at 

7.26 ppm or CH3OH at 3.31 ppm) as the internal standard. 13C NMR spectra were recorded 

with complete proton decoupling, and the chemical shifts were reported in ppm relative to 

CDCl3 at 77.16 ppm or CD3OD at 49.00 ppm as internal standards. The chemical shifts in 

31P NMR and 19F NMR were reported using H3PO4 (at 0.00 ppm) and CF3COOH (at −76.5 

ppm) as external standards, respectively. The following abbreviations are used; s: singlet, 

d: doublet, t: triplet, q: quartet, sept: septet. High-resolution mass spectra (HRMS) were 

measured with a Thermo Fisher Scientific Exactive Spectrometer with the ESI ionization 

method, and a Bruker microTOF Focus spectrometry system with the ionization method of 

APCI. Thin layer chromatography (TLC) was performed on glass plates coated with 0.25 

mm thickness of silica gel 60F254 (Merck). Column chromatography was performed using 

silica gel PSQ60B (Fuji Silysia Chemicals). Melting points (Mp) were measured on a 

Yanaco micromelting point apparatus (MP-S3), and are uncorrected.  

 

Di(2-azulenyl)dimethylgermane (4). A solution of 2-iodoazuleneS1 (100 mg, 0.394 mmol) 

in Et2O (0.8 mL) was added n-BuLi (1.6 M in hexane, 0.25 

mL, 0.40 mmol) dropwise over a period of 2 min at −78 °C 

followed by stirring for 1 h. Dichlorodimethylgermane (23 

L, 0.20 mmol) was added at −78 °C, and the resulting 

mixture was stirred at the same temperature for 1 h. After 

further stirred at room temperature for 3 h, H2O (5 mL) was added and the mixture was 
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extracted with CH2Cl2 (10 mL) three times. The combined organic layer was washed with 

a saturated aqueous solution of NaCl (20 mL), dried over Na2SO4, and filtered. The 

volatiles were removed under reduced pressure, and the resulting mixture was subjected to 

flash column chromatography on silica gel using 10/3 hexane/CH2Cl2 (Rf = 0.50) as eluent 

to afford 64.0 mg (0.179 mmol, 91% yield) of 4 as a blue solid. Mp: 128.2–129.3 °C. 1H 

NMR (400 MHz, CDCl3):  8.30 (d, J = 9.6 Hz, 4H), 7.58 (s, 4H), 7.57 (t, J = 9.6 Hz, 2H), 

7.15 (t, J = 9.6 Hz, 4H), 0.85 (s, 6H). 13C{1H} NMR (100 MHz, CDCl3):  152.6, 140.6, 

137.6, 136.1, 123.9, 123.0, −1.7. HRMS (APCI): m/z calcd. for C22H20Ge ([M]+) 358.0771, 

found 358.0770. 

 

Compound 2Cl. To a solution of 4 (39.1 mg, 0.110 mmol) in DMF (4.5 mL) was added 

POCl3 (22 L, 0.24 mmol), and the resulting mixture was 

stirred at 60 °C for 3 h. After cooling to room temperature, 

H2O (2 mL) was added and the mixture was extracted with 

CH2Cl2 (20 mL) three times. The combined organic layer was 

washed with a saturated aqueous solution of NaCl (30 mL), 

dried over Na2SO4, and filtered. The volatiles were removed under reduced pressure, and 

the resulting mixture was washed with hexane to afford 36.9 mg (0.0914 mmol, 83% yield) 

of 2Cl as a blue solid. 1H NMR (400 MHz, CD3OD):  9.60 (s, 1H), 9.53 (d, J = 9.6 Hz, 

2H), 8.81 (d, J = 9.6 Hz, 2H), 8.33 (t, J = 9.6 Hz, 2H), 8.20 (t, J = 9.6 Hz, 2H), 8.12 (t, J = 

9.6 Hz, 2H), 8.11 (s, 2H), 0.84 (s, 6H). 13C{1H} NMR (100 MHz, CD3OD):  157.8, 154.3, 

152.0, 144.9, 141.8, 139.6, 138.1, 138.0, 136.43, 136.36, 135.6, −1.0. HRMS (ESI): m/z 

calcd. for C23H19Ge ([M–Cl]+) 369.0693, found 369.0693. 

 

Compound 2PF6. To a solution of 2Cl (131 mg, 0.324 mmol) in MeOH (9.2 mL) and H2O 

(9.2 mL) was added KPF6 (339 mg, 1.84 mmol), and the 

resulting mixture was stirred at room temperature for 17 h. 

After removal of MeOH under reduced pressure, the mixture 

was successively washed with H2O and hexane to afford 146 

mg (0.284 mmol, 88% yield) of 2PF6 as a blue solid. 1H NMR 

(400 MHz, CD3OD):  9.59 (s, 1H), 9.52 (d, J = 9.6 Hz, 2H), 8.80 (d, J = 9.6 Hz, 2H), 8.32 
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(d, J = 9.6 Hz, 2H), 8.19 (t, J = 9.6 Hz, 2H), 8.12 (t, J = 9.6 Hz, 2H), 8.11 (s, 2H), 0.84 (s, 

6H). 13C{1H} NMR (150 MHz, CD3OD):  158.0, 154.4, 152.1, 144.8, 141.7, 139.5, 138.0 

(two peaks overlapped), 136.3 (two peaks overlapped), 135.6, −0.98. 19F NMR (376 MHz, 

CD3OD): δ −73.9 (d, JF−P = 710.0 Hz). 31P{1H} NMR (162 MHz, CD3OD):  −143.9 (sept, 

JP−F = 710.0 Hz). HRMS (ESI): m/z calcd. for C23H19Ge ([M–PF6]
+) 369.0693, found 

369.0693. 

 

Di(2-azulenyl)dimethylstannane (5). A solution of 2-iodoazuleneS1 (150 mg, 0.590 

mmol) in Et2O (3.4 mL) was added n-BuLi (1.6 M in hexane, 

0.37 mL, 0.59 mmol) dropwise over a period of 2 min at 

−78 °C followed by stirring for 1 h. Dichlorodimethyl- 

stannane (65.0 mg, 0.296 mmol) was added at −78 °C, and 

the resulting mixture was stirred at room temperature for 4 h. 

After addition of H2O (10 mL), the mixture was extracted with CH2Cl2 (15 mL) three times. 

The combined organic layer was washed with a saturated aqueous solution of NaCl (20 

mL), dried over Na2SO4, and filtered. The volatiles were removed under reduced pressure, 

and the resulting mixture was subjected to flash column chromatography on silica gel 

using 9/1 hexane/CH2Cl2 (Rf = 0.43) as the eluent to afford 59.1 mg (0.146 mmol, 49% 

yield) of 5 as a blue solid. Mp: 142.1–142.8 °C. 1H NMR (400 MHz, CDCl3):  8.30 (d, J 

= 9.6 Hz, 4H), 7.63 (t, JH–Sn = 21.2 Hz, 4H), 7.57 (t, J = 9.6 Hz, 2H), 7.16 (t, J = 9.6 Hz, 

4H), 0.67 (t, J117/119
H–Sn = 58.0/55.6 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3):  152.0, 

140.4, 137.6, 135.7, 126.3, 122.9, −9.1. HRMS (APCI): m/z calcd. for C22H20Sn ([M]+) 

404.0581, found 404.0584.                   

 

Compound 3Cl. To a solution of 5 (101 mg, 0.249 mmol) in DMF (10 mL) was added 

POCl3 (45 L, 0.49 mmol), and the resulting mixture was 

stirred at 0 °C for 1.5 h. H2O (1 mL) was added at room 

temperature and the mixture was extracted with CH2Cl2 (20 

mL) seven times. The combined organic layer was washed 

with a saturated aqueous solution of NaCl (125 mL), dried 

over Na2SO4, and filtered. The volatiles were removed under reduced pressure, and the 
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resulting mixture was washed with hexane to afford 20.6 mg (0.0414 mmol, 17% yield) of 

3Cl as a blue solid. 1H NMR (400 MHz, CD3OD):  9.57 (d, J = 9.6 Hz, 2H), 9.55 (s, 1H), 

8.75 (d, J = 9.6 Hz, 2H), 8.29 (t, J = 9.6 Hz, 2H), 8.161 (t, J = 9.6 Hz, 2H), 8.159 (s, 2H), 

8.09 (t, J = 9.6 Hz, 2H), 0.72 (t, J117/119
H–Sn = 67.2/64.4 Hz, 6H). 13C{1H} NMR (100 MHz, 

CD3OD):  161.2, 154.0, 152.9, 144.4, 140.9, 139.9, 139.4, 137.8, 137.2, 136.7, 135.8, 

−7.3. HRMS (ESI): m/z calcd. for C23H19Sn ([M–Cl]+) 415.0503, found 415.0499. 

  

Compound 3PF6. To a solution of 3Cl (14.8 mg, 0.0297 mmol) in MeOH (0.9 mL) and H2O 

(0.9 mL) was added KPF6 (33.6 mg, 0.182 mmol), and the 

resulting mixture was stirred at room temperature for 12 h. 

After removal of MeOH under reduced pressure, the mixture 

was successively washed with H2O and hexane to afford 11.0 

mg (0.0196 mmol, 66% yield) of 3PF6 as a blue solid. 1H NMR 

(400 MHz, CD3OD):  9.56 (d, J = 9.6 Hz, 2H), 9.55 (s, 1H), 8.75 (d, J = 9.6 Hz, 2H), 8.29 

(d, J = 9.6 Hz, 2H), 8.17 (t, J = 9.6 Hz, 2H), 8.16 (s, 2H), 8.09 (t, J = 9.6 Hz, 2H), 0.72 (t, 

J117/119
H–Sn = 65.6/64.8 Hz, 6H). 13C{1H} NMR (150 MHz, CD3OD):  161.2, 154.0, 152.9, 

144.4, 140.9, 139.9, 139.4, 137.8, 137.2, 136.7, 135.8, −7.3. 19F NMR (376 MHz, 

CD3OD): δ −74.1 (d, JF−P = 713.6 Hz). 31P{1H} NMR (162 MHz, CD3OD):  −143.9 (sept, 

JP−F = 713.6 Hz). HRMS (ESI): m/z calcd. for C23H19Sn ([M–PF6]
+) 415.0503, found 

415.0502.  

 

2. Determination of pKR
+ Values 

KR
+ is an equilibrium constant for the reaction shown in eq S1 in an aqueous solution 

and pKR
+ is defined by eq S2, and. The pKR

+ values were determined according to the 

literature method.S2 Thus, a solution of 2PF6 or 3PF6 in DMSO was added to aqueous 

buffers with varied pH values. Citric acid/Na2HPO4 (for pH = 3–7), (H2N)C(CH2OH)3/HCl 

(pH = 7–9), Na2CO3/NaHCO3 (pH = 9−11), Na2HPO4/NaOH (pH = 11−12), and 

NaOH/KCl (pH = 12−13) were used to prepare the aqueous buffer solutions, and the 

solution mixtures were left at room temperature for 10 min in the dark prior to the 

measurement. The relative absorbance of 2PF6 and 3PF6 at the longest absorption band were 

plotted against the pH values, and the resulting plots were analyzed by non-linear least 

square curve fitting using eq S3, where A0 and A∞ represent the initial and final 
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absorbance values at 646 nm, respectively (Figure S1). Based on this procedure, the pKR
+ 

values were determined to be 10.5 (R2 = 0.95417) for 2PF6, and 11.5 (R2 = 0.99351) for 3PF6. 

The pKR
+ values of 1PF6 and trioxatriangulenium hexafluorophosphate, [TOTA][ PF6], were 

determined to be 9.7 and 9.3, which was consistent with the reported values.S1a,2 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure S1. Plots of absorbance change of 1PF6 (orange), 2PF6 (green), 3PF6 (blue), and 

[TOTA][PF6] (grey) in 1 vol% of DMSO in aqueous buffer as a function of pH values and 

their fitting curves. 

3. Theoretical Calculations 

All quantum calculations were performed using the Gaussian 16 program.S3 The 

Figure S2. (a) Bond lengths of 2PF6 obtained from X-ray single crystal analysis and DFT 

calculations. The unit cell contains two crystallographically independent molecules, and 

the data for one of those geometries are shown here. (b) Bond lengths in azulene 

determined by X-ray crystallographic analysis.S4  
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geometry optimized at the M06/6-311+G(d,p) level of theory were used for the TD-DFT 

calculations at the same level of theory. The Cartesian coordinates for 2 and 3 are shown in 

Table S1. 

 

 

Figure S3. (a) Bond lengths and (b) angles of the optimized structures calculated at the 

M06/6-311+G(d,p) (for Si, Ge, C, H) and LANL2DZ (for Sn) level of theories. 

 

   

Figure S4. Kohn−Sham molecular orbitals (isovalue: 0.017) and electronic transitions of 1, 

2, and 3 calculated at the M06/6-311+G(d,p) (for Si, Ge, C, H) and LANL2DZ (for Sn) 

level of theories with CH2Cl2 using the polarizable continuum model (PCM). Values in red 

are the percentage of transition probabilities in S0−S1. Arrows on the chemical structures 

indicate the direction of the transition dipole moments. 
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Table S1. Cartesian coordinates for 2 and 3 optimized at the M06/6-311+G(d,p) (for Si, Ge, 

C, H) and LANL2DZ (for Sn) level of theories. 
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Figure S5. Electrostatic potential (ESP) map of 2 calculated at the M06/6-311+G(d,p) 

level of theory without including a counter anion  

 

All theoretical calculations were conducted without including the counter anion, PF6
−, 

because effects toward the bond lengths of optimized structures of cationic -skeletons as 

well as the electronic transitions are very small as demonstrated in Figure S6. DFT 

calculations here were conducted at the M06/6-311+G(d,p) level for 1PF6 and 2PF6, the 

initial coordinates of which were taken from their crystal packing structures in Figure 2a 

and ref S1a. 

 

 

 

 

Figure S6. (a) Bond lengths of the optimized structures calculated at the 

M06/6-311+G(d,p) level of theories, and (b) Kohn−Sham molecular orbitals (isovalue: 

0.017) and electronic transitions of 1PF6 and 2 PF6 calculated at the M06/6-311+G(d,p) level 

of theories with CH2Cl2 using the polarizable continuum model (PCM). Values in red are 

the percentage of transition probabilities in S0−S1. 
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4. X-ray Crystallographic Analysis of 2PF6. 

Plate-shaped blue crystals suitable for X-ray analysis were obtained by slow evaporation of 

a solution of 2PF6 in CH2Cl2 / hexane at room temperature. A crystal selected for X-ray 

experiment was a small block with dimensions of 0.01 mm×0.01 mm×0.01 mm. The 

intensity data were collected at 90 K on synchrotron radiation (λ = 0.4148 Å) at the 

BL02B1 beamline in SPring-8 (JASRI). A total of 9517 reflections were measured with the 

maximum 2θ angle of 31.1°, of which 9049 were independent reflections (Rint = 0.0999). 

The structure was solved by direct methods (SHELXS-2018/2) and refined by the 

full-matrix least-squares procedures on F2 for all reflections (SHELXL-2018/3). Hydrogen 

atoms were placed using AFIX instructions, and all the other atoms were refined 

anisotropically. ORTEP diagrams are shown in Figures 2 and S7. The crystal data are as 

follows: C23H19F6GeP; MW = 512.94, monoclinic, space group Cc, a = 29.1631(6) Å, b = 

11.2974(2) Å, c = 13.8266(3) Å,  = 90°, β = 114.072(2)°,  = 90°, V = 4159.24(16) Å3 , Z 

= 8, Dcalcd = 1.638 g cm–3, µ = 0.378 mm−1, F(000) = 2064. The refinement converged to R1 

[I>2σ(I)] = 0.0442, wR2 (all data) = 0.0972, Goodness of Fit = 1.060. Crystallographic data 

have been deposited in the Cambridge Crystallographic Data Centre (CCDC) as 

supplementary publication No. CCDC-2252079 for 2PF6, which can be obtained free of 

charge via www.ccdc.cam.ac.uk/data_request/cif. 

 

 

 

 

 

Figure S7. (a) A top view of the neighboring two molecules and (b) a side view of the 

molecular arrangement in the crystal packing of 2PF6 with the thermal ellipsoids drawn at 

50% probability level. Blue: Ge, black: C, orange: P, and yellow: F. The shortest distances 

for the F…H−C hydrogen bonds and the shortest C…C distance in the adjacent two 

seven-membered rings are shown. 

 

 

http://www.ccdc.cam.ac.uk/data_request/cif


 S11 

5. Cyclic Voltammetry (CV) Measurements 

The measurements of CV were performed with an ALS/chi-617A electrochemical 

analyzer and the cyclic voltammograms are shown in Figure S8. The CV cell consisted of a 

glassy carbon electrode, a platinum wire counter electrode, and a Ag/AgNO3 reference 

electrode was used. The measurements were carried out under an argon atmosphere using a 

CH2Cl2 solution of a sample with a concentration of 1 mM at a scan rate of 50 mV/s. 

Tetrabutylammonium hexafluorophosphate [n-Bu4N][PF6] was used as a supporting 

electrolyte with a concentration of 0.1 M. The redox potentials were calibrated against a 

ferrocene/ferrocenium (Fc/Fc+) couple. 

  

Figure S8. Cyclic voltammograms of (a) 1PF6, (b) 2PF6, and (c) 3PF6 in CH2Cl2 (1.0×10−3 

M) with n-Bu4NPF6 (0.1 M) as a supporting electrolyte at a scan rate of 50 mV/s. All 

potentials are calibrated with Fc/Fc+. 

 

6. Photophysical Properties 

UV-vis absorption spectra were recorded on a Shimadzu UV-3150 spectrometer with a 

resolution of 0.2 nm using diluted sample solutions in spectral grade solvents. Quartz 

cuvettes with an optical path length of 1.0 cm were used for the measurements. Emission 

spectra were recorded on a HORIBA SPEX Fluorolog-3 spectrofluorometer (detection 

limit up to 1100 nm) equipped with a Hamamatsu PMA R5509-73 and a cooling system 

C9940-01 with a resolution of 1.0 nm. The measurement parameters for sensitivity, 

scanning rates, and ranges were chosen appropriately for each experiment. Absolute 

fluorescence quantum yields were determined with a Quantaurus-QY Plus C-13534-02 

(Hamamatsu Photonics) equipped with NIR PL measurement unit C13684-01 calibrated 

with an integrating sphere system. The absorption spectra are shown in Figure 3a and 
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photophysical data are summarized in Table S2. These measurements were performed 

under dilute conditions to avoid the formation of aggregates. 

 

Table S2. Summary of absorption properties in various solvents a 

 

 

 

 

 

 

7. Photophysical Properties in the Aggregation State 

A solution of a sample in 1,2-dichloroethane (DCE) was slowly injected into 

methylcyclohexane (MCH) at room temperature in the air so as to give a solution with a 

total concentration of ca. 1×10–5 M. After shaking gently, the UV-vis-NIR absorption 

change was monitored at room temperature on a Shimadzu UV-3150 spectrometer. The 

absorption spectra changes are shown in Figures 4a-c.  

 

8. X-Ray Powder Diffraction Analysis of 2PF6 

A solution of 2PF6 in DCE was diluted with cyclohexane so as to give a solution of 2PF6 

in 10/90 DCE/cyclohexane (v/v) with a total concentration of 1×10–5 M. After shaking 

gently, formation of the aggregates showing the longest absorption band at 773 nm was 

confirmed by UV-vis-NIR absorption spectra. After the volatiles were removed by freeze 

dry, the resulting black powder was used for the measurement of the X-ray powder 

diffraction analysis. Powder X-ray diffraction (XRD) pattern is shown in Figure S9. 
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Figure S9. Powder X-ray diffraction (XRD) pattern of the aggregates of 2PF6 (red lines in 

the bottom layer). The blue line in the upper layer is the simulated pattern obtained from 

the analysis of single crystals. 
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10. NMR Spectra of New Compounds 
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