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1. Single-crystal X-ray diffraction analyses 
 
X-ray analysis of 1 

   A single crystal of 1 was obtained from vapor diffusion of hexane into a chloroform/DMF solution 

of 1 and was mounted on a glass fiber. All measurements were made on a Rigaku XtaLAB P200 

diffractometer using multi-layer mirror monochromated Cu-Kα radiation (λ = 1.54184 Å). The data 

were collected at a temperature of –50 ± 1 °C to a maximum 2θ value of 150.5°. A total of 2786 
oscillation images were collected. The crystal-to-detector distance was 40.00 mm. Readout was 

performed in the 0.172 mm pixel mode. 

   Of the 25682 reflections that were collected, 4448 were unique (Rint = 0.0301); equivalent 

reflections were merged. Data were collected and processed using CrysAlisPro (Rigaku Oxford 

Diffraction).1 The linear absorption coefficient, µ, for Cu-Kα radiation is 14.374 cm–1. An empirical 

absorption correction was applied which resulted in transmission factors ranging from 0.654 to 0.826. 

The data were corrected for Lorentz and polarization effects. 

   The structure was solved by direct methods (SIR2011)2 and expanded using Fourier techniques. 

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding 

model. All calculations were performed using the CrystalStructure3 crystallographic software package 

except for refinement, which was performed using SHELXL Version 2014/7.4 

   Crystal data for 1 (CCDC 1935319): C32H19N5S, M = 505.60, monoclinic, a = 9.71088(5) Å, b = 

16.39216(9) Å, c = 15.37234(9) Å, β = 97.2646(5)°, V = 2427.36(2) Å3, space group P21/n (no. 14), Z 

= 4, Dc = 1.383 g cm–3, F(000) = 1048.00, T = 223(1) K, µ(Cu-Ka) = 14.374 cm–1, 25682 reflections 
measured, 4448 independent (Rint = 0.0301). The final refinement converged to R1 = 0.0346 for I > 

2.0σ(I), wR2 = 0.0919 for all data. 

 

Fig. S1 The molecular structure of 1 with atomic displacement parameters set at 50% probability 

(Color code: gray = C, blue = N, yellow = S). All hydrogen atoms are omitted for clarity. (a) Front 

view. (b) Side view of neighbouring two molecules. (c) Top view of neighbouring two molecules. (d) 

Unit cell structure viewed along b-axis. 
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X-ray analysis of 1•2a 

   A single crystal of 1•2a was obtained from vapor diffusion of hexane into a chloroform solution of 

a 1:1 molar mixture of 1 and 2a and was mounted on a glass fiber. All measurements were made on a 

Rigaku XtaLAB P200 diffractometer using graphite monochromated Cu-Kα radiation (λ = 1.54184 

Å). The data were collected at a temperature of –50 ± 1 °C to a maximum 2θ value of 152.2°. A total 
of 3032 oscillation images were collected. The crystal-to-detector distance was 40.00 mm. Readout 

was performed in the 0.172 mm pixel mode. 

   Of the 33807 reflections that were collected, 5609 were unique (Rint = 0.0471); equivalent 

reflections were merged. Data were collected and processed using CrysAlisPro (Rigaku Oxford 

Diffraction).1 The linear absorption coefficient, µ, for Cu-Kα radiation is 12.956 cm–1. An empirical 

absorption correction was applied which resulted in transmission factors ranging from 0.570 to 0.768. 

The data were corrected for Lorentz and polarization effects. 

   The structure was solved by direct methods (SIR2011)2 and expanded using Fourier techniques. 

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding 

model. The positions of hydrogen atoms of carboxy groups were localized from the differential 

Fourier synthesis. All calculations were performed using the CrystalStructure3 crystallographic 

software package except for refinement, which was performed using SHELXL Version 2014/7.4 

   Crystal data for 1•2a (CCDC 1935320): C39H25N5O2S, M = 627.72, monoclinic, a = 9.93969(8) Å, 

b = 17.64482(16) Å, c = 17.57204(14) Å, β = 93.1282(8)°, V = 3077.26(4) Å3, space group P21/n (no. 

14), Z = 4, Dc = 1.355 g cm–3, F(000) = 1304.00, T = 223(1) K, µ(Cu-Ka) = 12.956 cm–1, 33807 
reflections measured, 5609 independent (Rint = 0.0471). The final refinement converged to R1 = 

0.0355 for I > 2.0σ(I), wR2 = 0.0942 for all data. 

 
Fig. S2 The molecular structure of 1•2a with atomic displacement parameters set at 50% probability 

(Color code: gray = C, red = O, blue = N, yellow = S). All hydrogen atoms except for carboxy group 

are omitted for clarity. (a) Front view. (b) Side view of neighbouring two complexes. (c) Tope view of 

neighbouring two complexes. (d) Unit cell structure viewed along a-axis. 
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X-ray analysis of 1•2b 

   A single crystal of 1•2b was obtained from vapor diffusion of hexane into a chloroform solution 

of a 1:1 molar mixture of 1 and 2b and was mounted on a glass fiber. All measurements were made on 

a Rigaku XtaLAB P200 diffractometer using graphite monochromated Cu-Kα radiation (λ = 1.54184 

Å). The data were collected at a temperature of –50 ± 1 °C to a maximum 2θ value of 150.4°. A total 
of 4052 oscillation images were collected. The crystal-to-detector distance was 40.00 mm. Readout 

was performed in the 0.172 mm pixel mode. 

   Of the 47704 reflections that were collected, 5951 were unique (Rint = 0.0425); equivalent 

reflections were merged. Data were collected and processed using CrysAlisPro (Rigaku Oxford 

Diffraction).1 The linear absorption coefficient, µ, for Cu-Kα radiation is 14.217 cm–1. An empirical 

absorption correction was applied which resulted in transmission factors ranging from 0.721 to 0.872. 

The data were corrected for Lorentz and polarization effects. 

   The structure was solved by direct methods (SIR2011)2 and expanded using Fourier techniques. 

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding 

model. The positions of hydrogen atoms of carboxy groups were localized from the differential 

Fourier synthesis. All calculations were performed using the CrystalStructure3 crystallographic 

software package except for refinement, which was performed using SHELXL Version 2014/7.4 

   Crystal data for 1•2b (CCDC 1935321): C40H24F3N5O2S, M = 695.72, monoclinic, a = 

10.12758(5) Å, b = 16.68174(10) Å, c = 19.48203(10) Å, β = 99.0942(5)°, V = 3250.03(3) Å3, space 

group P21/n (no. 14), Z = 4, Dc = 1.422 g cm–3, F(000) = 1432.00, T = 223(1) K, µ(Cu-Ka) = 14.217 
cm–1, 47704 reflections measured, 5951 independent (Rint = 0.0425). The final refinement converged 

to R1 = 0.0568 for I > 2.0σ(I), wR2 = 0.1623 for all data. 

 

Fig. S3 The molecular structure of 1•2b with atomic displacement parameters set at 50% probability 

(Color code: gray = C, red = O, blue = N, yellow = S, green = F). All hydrogen atoms except for 

carboxy group are omitted for clarity. (a) Front view. (b) Side view of neighbouring two complexes. 

(c) Tope view of neighbouring two complexes. (d) Unit cell structure viewed along a-axis. 
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X-ray analysis of 1•2c 
   A single crystal of 1•2c was obtained from vapor diffusion of hexane into a chloroform solution of 

a 1:1 molar mixture of 1 and 2c and was mounted on a glass fiber. All measurements were made on a 

Rigaku XtaLAB P200 diffractometer using graphite monochromated Cu-Kα radiation (λ = 1.54184 

Å). The data were collected at a temperature of –50 ± 1 °C to a maximum 2θ value of 150.6°. A total 
of 2916 oscillation images were collected. The crystal-to-detector distance was 40.00 mm. Readout 

was performed in the 0.172 mm pixel mode. 

   Of the 34401 reflections that were collected, 5741 were unique (Rint = 0.0333); equivalent 

reflections were merged. Data were collected and processed using CrysAlisPro (Rigaku Oxford 

Diffraction).1 The linear absorption coefficient, µ, for Cu-Kα radiation is 13.041 cm–1. An empirical 

absorption correction was applied which resulted in transmission factors ranging from 0.696 to 0.795. 

The data were corrected for Lorentz and polarization effects. 

   The structure was solved by direct methods (SIR2011)2 and expanded using Fourier techniques. 

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding 

model. The positions of hydrogen atoms of carboxy groups were localized from the differential 

Fourier synthesis. All calculations were performed using the CrystalStructure3 crystallographic 

software package except for refinement, which was performed using SHELXL Version 2014/7.4 

   Crystal data for 1•2c (CCDC 1935322): C40H24N6O2S, M = 652.73, monoclinic, a = 9.72297(7) Å, 

b = 17.69375(11) Å, c = 18.28982(12) Å, β = 94.3128(6)°, V = 3137.59(4) Å3, space group P21/n (no. 

14), Z = 4, Dc = 1.382 g cm–3, F(000) = 1352.00, T = 223(1) K, µ(Cu-Ka) = 13.041 cm–1, 34401 
reflections measured, 5741 independent (Rint = 0.0333). The final refinement converged to R1 = 

0.0357 for I > 2.0σ(I), wR2 = 0.0942 for all data. 

 
Fig. S4 The molecular structure of 1•2c with atomic displacement parameters set at 50% probability 

(Color code: gray = C, red = O, blue = N, yellow = S). All hydrogen atoms except for carboxy group 

are omitted for clarity. (a) Front view. (b) Side view of neighbouring two complexes. (c) Tope view of 

neighbouring two complexes. (d) Unit cell structure viewed along a-axis. 
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X-ray analysis of 1•2d 

   A single crystal of 1•2d was obtained from vapor diffusion of hexane into a chloroform solution 

of a 1:1 molar mixture of 1 and 2d and was mounted on a glass fiber. All measurements were made on 

a Rigaku XtaLAB P200 diffractometer using graphite monochromated Cu-Kα radiation (λ = 1.54184 

Å). The data were collected at a temperature of –50 ± 1 °C to a maximum 2θ value of 152.0°. A total 
of 3226 oscillation images were collected. The crystal-to-detector distance was 40.00 mm. Readout 

was performed in the 0.172 mm pixel mode. 

   Of the 36448 reflections that were collected, 5700 were unique (Rint = 0.0452); equivalent 

reflections were merged. Data were collected and processed using CrysAlisPro (Rigaku Oxford 

Diffraction).1 The linear absorption coefficient, µ, for Cu-Kα radiation is 13.822 cm–1. An empirical 

absorption correction was applied which resulted in transmission factors ranging from 0.284 to 0.643. 

The data were corrected for Lorentz and polarization effects. 

   The structure was solved by direct methods (SIR2011)2 and expanded using Fourier techniques. 

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding 

model. The positions of hydrogen atoms of carboxy groups were localized from the differential 

Fourier synthesis. All calculations were performed using the CrystalStructure3 crystallographic 

software package except for refinement, which was performed using SHELXL Version 2014/7.4 

   Crystal data for 1•2d (CCDC 1935323): C39H24N6O4S, M = 672.72, monoclinic, a = 9.74862(8) Å, 

b = 17.91753(15) Å, c = 17.82303(15) Å, β = 92.1261(8)°, V = 3111.03(4) Å3, space group P21/n (no. 

14), Z = 4, Dc = 1.436 g cm–3, F(000) = 1392.00, T = 223(1) K, µ(Cu-Ka) = 13.822 cm–1, 36448 
reflections measured, 5700 independent (Rint = 0.0452). The final refinement converged to R1 = 

0.0389 for I > 2.0σ(I), wR2 = 0.1062 for all data. 

 
Fig. S5 The molecular structure of 1•2d with atomic displacement parameters set at 50% probability 

(Color code: gray = C, red = O, blue = N, yellow = S). All hydrogen atoms except for carboxy group 

are omitted for clarity. (a) Front view. (b) Side view of neighbouring two complexes. (c) Tope view of 

neighbouring two complexes. (d) Unit cell structure viewed along a-axis. 
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2. Absorption spectra 
 

 

 
Fig. S6 Solid-state absorption spectra of crystalline and ground 1 (a), 1•2a (b), 1•2b (c), 1•2c (d), and 

1•2d (e). 

 

Fig. S7 Solid-state absorption spectra of (a) crystalline and (b) ground 1 and 1•2a–d. 
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3. Theoretical calculations 
 
    Based on the single-crystal X-ray diffraction structures, absorption wavelengths of 1 in 1•2a–d 

and discrete hydrogen-bond-forming complexes 1•2a–d were calculated by time-dependent density 

functional theory (TD-DFT) at the CAM-B3LYP/6-31G(d) level of theory (Table S1). 

 

Table S1 Experimental absorption maxima and calculated absorption properties of 1a–f. 

Compd Absorption 

in crystal 

Calcd 

absorption 

Transition from 

HOMO to LUMO 

Oscillator 

strength 

HOMO 

(eV) 

LUMO 

(eV) 

Dipole 

moment 

 λabs (nm) λabs (nm)     (D) 

1  417 355.82 0.68612 0.0260 –6.65 –1.47 4.5684 

1(•2a)  366.65 0.66808 0.1687 –6.61 –1.50 4.4719 

1•2a 415 379.96 0.67844 0.1542 –6.70 –1.74 6.3147 

1•(2b)  362.65 0.67160 0.1459 –6.64 –1.49 4.3196 

1•2b 417 382.77 0.68249 0.1248 –6.78 –1.86 9.2723 

1•(2c)  371.73 0.66515 0.2196 –6.60 –1.51 4.3534 

1•2c 419 386.76 0.67679 0.2087 –6.74 –1.82 10.2904 

1•(2d)  368.35 0.66025 0.2450 –6.63 –1.50 4.3407 

1•2d 422 385.37 0.67547 0.2295 –6.79 –1.86 11.1922 

 

 
Fig. S8 HOMO and LUMO of 1 (a), 1•(2a) (b), 1(•2b) (c), 1(•2c) (d), and 1(•2d) (e) calculated at the 

CAM-B3LYP/6-31G(d) level. The structures are drawn by VESTA.5 
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Fig. S9 HOMO and LUMO of 1•2a (a), 1•2b (b), 1•2c (c), and 1•2d (d) calculated at the 

CAM-B3LYP/6-31G(d) level. The structures are drawn by VESTA.5 
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4. 1H NMR spectrum of 1 after heating 1•2a–d 
 

   1H NMR analyses revealed the absence of benzoic acid derivatives 2a–d after heating 1•2a–d to 

185–260 °C (Fig. S10–S13). 

 
Fig. S10 1H NMR spectra of (a) crystalline 1•2a and (b) crystalline 1 obtained after heating 1•2a (500 

MHz, in CDCl3).  

 

 

Fig. S11 1H NMR spectra of (a) crystalline 1•2b and (b) crystalline 1 obtained after heating 1•2b (500 

MHz, in CDCl3).  
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Fig. S12 1H NMR spectra of (a) crystalline 1•2c and (b) crystalline 1 obtained after heating 1•2c (500 

MHz, in CDCl3).  

 

 

Fig. S13 1H NMR spectra of (a) crystalline 1•2d and (b) crystalline 1 obtained after heating 1•2d (500 

MHz, in CDCl3).  
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5. Powder X-ray diffraction analyses of 1•2b–d 
 

 
Fig. S14 PXRD patterns for 1•2b. Black line: Simulated PXRD pattern calculated from the 

single-crystal structure. Red line: Experimental PXRD pattern of the powdered crystalline sample. 

Blue line: Experimental PXRD pattern of the ground sample. Green line: Experimental PXRD pattern 

of the sample after heating to 90 °C. Purple line: Experimental PXRD pattern of the sample after 

heating to 185 °C. 

 

 
Fig. S15 PXRD patterns for 1•2c. Black line: Simulated PXRD pattern calculated from the 

single-crystal structure. Red line: Experimental PXRD pattern of the powdered crystalline samples. 

Blue line: Experimental PXRD pattern of the ground sample. Green line: Experimental PXRD pattern 

of the sample after heating to 87 °C. Purple line: Experimental PXRD pattern of the sample after 

heating to 260 °C. 
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Fig. S16 PXRD patterns for 1•2d. Black line: Simulated PXRD pattern calculated from the 

single-crystal structure. Red line: Experimental PXRD pattern of the powdered crystalline sample. 

Blue line: Experimental PXRD pattern of the ground sample. Green line: Experimental PXRD pattern 

of the sample after heating to 103 °C. Purple line: Experimental PXRD pattern of the sample after 

heating to 245 °C. 
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6. Differential scanning calorimetry (DSC) analyses 
 

   In the DSC thermograms of 1•2b–d, endothermic peaks that correspond to the vaporization of 2b–

d (Tv) and the melting points of 1 (Tm) were observed for crystalline samples, and cold crystallization 

transition peaks (Tc) followed by Tv and Tm were observed for ground samples (Fig. S17–S19). 

 

 
Fig. S17 DSC thermograms of 1•2b for powdered crystalline sample (blue line) and ground sample 

(red sample). Tv, Tc, and Tm values are noted near the corresponding peaks. 

 

 
Fig. S18 DSC thermograms of 1•2c for powdered crystalline sample (blue line) and ground sample 

(red sample). Tv, Tc, and Tm values are noted near the corresponding peaks. 

  



� S15 

 
Fig. S19 DSC thermograms of 1•2d for powdered crystalline sample (blue line) and ground sample 

(red sample). Tv, Tc, and Tm values are noted near the corresponding peaks. 
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7. Powder X-ray diffraction analyses of 4/2a–d 
 

   PXRD analyses of the mixture 4/2a indicated that both 4 and 2a exist as amorphous states (Fig. 

S20). No diffraction peak attributed to 4 was observed by PXRD analyses of 4/2b–d, although trace 

diffraction peaks of crystalline 2b–d were detected probably due to the higher crystallinity of 2b–d 

than 2a (Fig. S21–S23).  

 
Fig. S20 PXRD patterns for 4/2a and 2a. Red line: Experimental PXRD pattern of the powdered 

mixture of 4/2a. Blue line: Experimental PXRD pattern of the crystalline sample of 2a.  

 

 
Fig. S21 PXRD patterns for 4/2b and 2b. Red line: Experimental PXRD pattern of the powdered 

mixture of 4/2b. Blue line: Experimental PXRD pattern of the crystalline sample of 2b.  
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Fig. S22 PXRD patterns for 4/2c and 2c. Red line: Experimental PXRD pattern of the powdered 

mixture of 4/2c. Blue line: Experimental PXRD pattern of the crystalline sample of 2c.  

 

 
Fig. S23 PXRD patterns for 4/2d and 2d. Red line: Experimental PXRD pattern of the powdered 

mixture of 4/2d. Blue line: Experimental PXRD pattern of the crystalline sample of 2d. 
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