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Abstract 7 

A new organic compound PyStBu was designed and synthesized, which exhibits successive 8 

solid-state emission changes induced by heating and DCM vapors fuming. Intermolecular interaction 9 

changes or heat-induced crystal surface layer changes may be reasonable for the emission change of 10 

Cc-form after heating. In addition, crystal packing changes may be the dominant reason for different 11 

photophysical properties of Cc-H-form and P-1-form after DCM fuming. These observations provide 12 

reference for tuning property of organic solid-state luminescence materials and designing smart 13 

crystal luminescent materials. In addition, PyStBu exhibits aggregation-induced emission 14 

enhancement (AIEE) property with interesting “on–off–on” optical switching behavior. 15 

Keywords: single crystal-to-single crystal (SCSC) structural transformation, aggregation-induced 16 

emission enhancement (AIEE), pyrene, sulfide, crystal packing 17 

1 Introduction 18 

Organic solid-state luminescence materials especially those with tunable luminescence 19 

properties have attracted extensive attention due to their wide application in various fields.1-6 20 

Generally, alteration of the style of solid-state molecular packing is considered as a promising 21 



method for turning luminescence properties of organic solid molecules because of the strong 22 

dependence of their solid-state fluorescence on molecular structure and intermolecular 23 

interactions.7-11 Considering the difficulty and time-consuming synthesis of materials, an 24 

approach based on application of physical stimuli (such as, light, temperature, and pressure) 25 

to tune emission properties of organic solids exhibits many advantages such as easier 26 

operation, simple equipment, efficient conversion and so on.12,13 27 

Single-crystal-to-single-crystal (SCSC) phase transition provides a good chance to investigate 28 

structure-property relationships of functional materials because the original crystals will 29 

maintain their single crystallinity after the SCSC transformation and the changed structures 30 

can be accurately characterized using single-crystal X-ray diffraction.14,15 Up to date, the 31 

reports on SCSC transformation are mainly focused on metal complexes and metal–organic 32 

frameworks (MOFs) and the relevant studies are very fruitful.14-16 However, although many 33 

studies on the modulation of organic solid-state optical properties have been reported, 34 

molecular-level understanding of the relationship between structure and resulting 35 

luminescence property is deficient owing to the difficulty of obtaining accurate structural 36 

information accounting for the transition of luminescence properties.17-23 Therefore, 37 

investigation on organic SCSC is a meaningful work and will be helpful for understanding 38 

the structure-property relationships of organic solid-state luminescence materials and 39 

developing organic crystal materials. 40 

Herein, we report the design and synthesis of a new organic pyrene-based sulphide 41 

compound ((4-(tert-butyl)phenyl)(7-(tert-butyl)pyren-1-yl)sulfane (PyStBu) (Scheme 1) 42 

which exhibits successive solid-state emission changes induced by heating and organic 43 



solvents vapours fuming. Significant changes of emission wavelength and crystal colours are 44 

observed. These observations provide a chance to deeply understand the relationship between 45 

optical properties and structure on molecular level. In addition, PyStBu exhibits 46 

aggregation-induced emission enhancement property with interesting “on–off–on” optical 47 

switching behaviour. 48 

2 Experimental section    49 

2.1 Synthesis 50 

2.2.1 Synthesis of 2-(tert-butyl)pyrene (1) 51 

Firstly, 20 g (100 mmol) pyrene was dissolved in 200 mL CS2. The above solution was heated to 52 

40 °C under the protection of nitrogen. 22 g (161 mmol) AlCl3 was quickly added into the above 53 

solution that was stirred for 10 min. Secondly, 15 g (161 mmol) t-butyl chloride was dissolved in 100 54 

mL CS2, and the solution was added into the above mixture. The mixture was refluxed for 5 h. The 55 

reaction mixture was cooled down to room temperature and poured into ice water after the reaction 56 

was completed. The mixture was diluted with hydrochloric acid to adjust the pH to 4. Then, the 57 

above mixture was extracted with DCM, washed with water, dried over MgSO4, filtered and 58 

concentrated. The concentrated product was purified by silica gel flash column chromatography 59 

using hexane as the eluent. Yield: 24 g, 92%. 1H NMR (300 MHz, CDCl3): δ = 1.59 (s, 9H), 8.18 (d, 60 

J = 9.2 Hz, 2H), 8.30 (s, 2H), 8.37 (d, J = 9.2 Hz, 2H), 8.47 (s, 1H). 1H NMR spectrum of 1 61 

completely agreed with reported values.24 62 

2.2.2 Synthesis of 1-bromo-7-(tert-butyl)pyrene (2) 63 



1 g (4 mmol) 1 was dissolved in 20 mL DCM, the above solution was stirred at -78 °C for 10 64 

min. Then 0.64 g Br2 was dissolved in 10 mL DCM, which was slowly added into the above solution. 65 

Then the above mixture was stirred for 10h at room temperature. The reaction mixture was poured 66 

into NaHSO3 solution after the reaction is completed. The under organic phase was dried over 67 

MgSO4, filtered, and concentrated. The concentrated product was purified by silica gel flash column 68 

chromatography using hexane as the eluent. Yield: 0.97 g, 72%. 1H NMR (300 MHz, 69 

CDCl3): δ = 8.41 (d, J = 9 Hz, 1H), 8.27 (d, J = 3 Hz, 2H), 8.14–8.20 (m, 2H), 8.08 (d, J = 9 Hz, 1H), 70 

7.96–8.01 (m, 2H), 1.60 (s, 9H). 1H NMR spectrum of 2 completely agreed with reported values.24 71 

2.2.3 Synthesis of (4-(tert-butyl)phenyl)(7-(tert-butyl)pyren-1-yl)sulfane (PyStBu) 72 

0.58 g (3.5 mmol) 4-tert-Butylthiophenol, 1 g (3 mmol) 2 and 20 mL DMF was added to a 100 73 

ml round bottom flask. The above mixture was stirred for 10 min in an ice bath under the protection 74 

of N2. Then, 0.134 g (3.5 mmol) NaH (60%) was slowly added to the above flask in batches and the 75 

mixture was stirred for another 10 min. After all the generated hydrogen by the reaction was 76 

discharged, the mixture was refluxed for 10 h, poured into water, extracted with DCM and washed 77 

with water for three times. The organic phase was dried over MgSO4, filtered, and concentrated. The 78 

concentrated product was purified by silica gel flash column chromatography using hexane as the 79 

eluent. Yield: 1.1 g, 84%. 1H NMR (600 MHz, CDCl3) δ 8.67 (d, J = 9.2 Hz, 1H), 8.28 (s, 2H), 8.18 – 80 

8.08 (m, 4H), 8.05 (d, J = 8.9 Hz, 1H), 7.29 – 7.27 (m, 2H), 7.19 – 7.14 (m, 2H), 1.62 (s, 9H), 1.29 (s, 81 

9H). 13C NMR (150 MHz, CDCl3), δ (TMS, ppm): 149.48, 149.29, 133.96, 131.95, 131.61, 131.23, 82 

131.11, 130.85, 128.78, 128.60, 128.50, 128.19, 127.11, 126.17, 125.27, 124.99, 124.79, 122.82, 83 

122.81, 122.69, 35.27, 34.45, 31.92, 31.27. MALDI-TOF MS (m/z): calcd for C30H30S 422.2068, 84 

found 422.2073. 85 



 86 

Scheme 1 Synthetic routes of compound PyStBu. 87 

3 Results and discussions 88 

3.1 Temperature-induced emission change 89 

By slow evaporating of mixture solution of dichloromethane (DCM) and hexane (Hex), 90 

needle-like crystal of PyStBu with Ccc2 space group (named as Cc-form, CCDC 1964639) 91 

was obtained. The crystal structure of Cc-form is shown in Figure 1A and the crystal data is 92 

illustrated in Table S1. Cc-form crystal exhibits intense deep-blue emission with a maximum 93 

emission peak at about 420 nm (ФF=0.1132) (Figure 2B). Interestingly, the initial blue 94 

emission of Cc- form gradually turns into blue-green emission when it is heated from 25 °C 95 

to 137 °C (Figure 2D). The initial emission peak at about 420 nm red-shifts to 460 nm. The 96 

crystal will melt into liquid when the heated temperature reaches to its melting point at about 97 

141 ℃. In order get insight into the solid-state fluorescence change properties of Cc-form, the 98 

powder XRD and differential scanning calorimetry (DSC) analysis were performed to study 99 

the phase characteristics of Cc-form. DSC analysis of Cc-form reveals that it exhibits an 100 

exothermic peak at approximately 137 °C indicating that Cc-form crystal could undergo a 101 



phase transformation (Figure S1). Fortunately, the crystal structure of Cc-H-form (Heating 102 

Cc-form at 137 °C for 5 minutes and then colling down to room temperature to produce 103 

Cc-H- form (ФF=0.5968), Cc-H form is in fact an annealed Cc form. CCDC 1964640) can be 104 

characterized by single-crystal X-ray diffraction. The results of XRD analysis of Cc-form and 105 

Cc-H-form consistent with the simulated pattern generated by the single crystal structure 106 

(Figure 2C). The different peak patterns of Cc-form and Cc-H-form indicate that the 107 

structural transformation from Cc-form to Cc-H-form occurred. Moreover, the difference in 108 

fluorescence lifetime of Cc-form and Cc-H-form indicates changes of crystal 109 

microenvironment (Figure S2).25 110 

 111 
Figure 1 The crystal structure of Cc-form (A), Cc-H-form (B) and P-1-form (C). 112 
 113 



 114 

Figure 2 (A) Images of Cc-form, Cc-H-form and P-1-form under 365 UV in the process of SCSC 115 

structural transformation. (B) Normalized PL spectra of Cc-form, Cc-H-form and P-1-form. (C) The 116 

simulated and experimental XRD data of Cc-form, Cc-H-form and P-1-form. (D) The images of 117 

Cc-form in the heating process. For PL measurement, excitation wavelength: 365 nm. Images are 118 

taken under 365 nm UV light. 119 



In order to understand the SCSC phase transformation and luminescence change in 120 

depth, the crystal structure analysis was performed. The crystal data of Cc-H-form is given in 121 

Table S1 and its crystal structure are shown in Figure 1B. The packing arrangement of 122 

Cc-form and Cc-H-form are shown in Figure 3. As is shown, Cc-form crystalizes in the 123 

orthorhombic system with Ccc2 space group. One Cc-form molecule and adjacent molecule 124 

are held together by weak C–H···π and weak π···π interactions to form 1D chains and then 125 

further connected by hydrogen bond interaction to form 3D supramolecular network. 126 

Structure determination indicates that Cc-H-form has the same Ccc2 space group with 127 

Cc-form. However, the cell volume decreases from 4702.1 (5) to 4567 (6) Å3, indicating a 128 

contraction of crystal Cc-H-form.26 Such changes may lead to crack of crystal. As can be seen 129 

from the SEM images of Cc-form and Cc-H-form, the surface of Cc-form is smooth without 130 

cracks (Figure 4A and Figure 4B), however, obvious cracks can be seen on the rough surface 131 

of Cc-H-form (Figure 4C and Figure 4D). Notably, the distances of the same kinds of C–132 

H···π and π···π interaction in Cc-H-form become shorter than that in Cc-form (① and ② 133 

marked in Figure 3B and Figure 3D). The shorter interaction distance indicates stronger π···π 134 

interaction that may be reasonable for the red shift of emission of Cc-H-form. However, the 135 

π···π interaction in Cc-H-form is still weak due to relative large dihedral angle between the 136 

interactional molecules. Moreover, there is only three kinds of weak interactions (one kind of 137 

H…H contact, one kind of C–H···π interaction and one π···π interaction) in Cc-form. On the 138 

contrary, six kinds of weak interactions (one H…H contact, four kinds of C–H···π interaction 139 

and one π···π interaction) are observed in the Cc-H-form crystal (The detailed data of the 140 

interactions is shown in Table S2). The distance of these C–H···π interactions in Cc-H-form 141 



are also shorter than that of Cc-form, which indicates stronger intermolecular interaction 142 

between adjacent molecule in Cc-H-form. Such more multiple and stronger interactions in 143 

Cc-H-form will inhibit internal rotations and vibration, which may be reasonable for the 144 

stronger emission intensity and longer lifetime of Cc-H-form than Cc-form.13,25,27-29 The 145 

excitation spectrum of Cc-form, Cc-H-form and P-1-form were measured and shown in 146 

Figure S3. As illustrated, the excitation spectrum of Cc-H-form exhibits broader and 147 

red-shifted features without fine vibrational structures compared to that of Cc-form and 148 

P-1-form, indicating the possible formation of ground state dimer. The broader emission 149 

spectra profile, red-shifted emission wavelength and longer fluorescence lifetime can also 150 

provide some information for the formation of dimer.  151 

 152 

Figure 3 The crystal packing and intermolecular interaction of Cc-form ((A) and (B)) and 153 



Cc-H-form ((C) and (D)). 154 

 155 

Figure 4 The SEM of Cc-form and Cc-H-form at different magnification times (A) Scale bar = 400 156 

µm, (B) Scale bar = 200 µm, (C) Scale bar = 200 µm and (D) Scale bar = 50 µm. 157 

Considering the phase transition peak of Cc-form is close to its melting point, another 158 

possible reason (changes of the crystal surface layer) for the emission change should be 159 

verified. The PL spectra of melted Cc-form (heated to the melted state and cooled down to 160 

room temperature) were shown in Figure S4. As illustrated, the emission peak of melted 161 

Cc-form is located at about 474 nm, which red shifts 14 nm compared with that of 162 

Cc-H-form. Moreover, the emission intensity also decreased obviously. The difference both 163 



in emission wavelength and emission intensity indicates the different states of Cc-H-form and 164 

melted Cc-form. In addition, the diffraction images of Cc-form and Cc-H-form were provided 165 

in Figure S5. As illustrated, the bright and clear diffraction spots indicate that Cc-H-form 166 

keeps a good crystal state. The different emission properties of Cc-H-form and melted 167 

Cc-form also indicate that Cc-H-form is not in an obvious melted state. However, it would 168 

not be ruled out the possibility that the fluorescence behaviour of Cc-H-form is caused by the 169 

heat-induced crystal surface layer changes such as partial rupture and slight melt. 170 

3.2 DCM vapors-induced emission change 171 

Interestingly, Cc-H-form crystal also exhibits SCSC phase transition property. When 172 

Cc-H-form is exposed to DCM vapours for about 6 hours, Cc-H-form changes into flakes 173 

accompanied by emission colour change from blue-green emission to blue emission (named 174 

as P-1-form (ФF=0.1636), CCDC 1964641). The maximum emission wavelength of P-1-form 175 

locates at about 430 nm which is blue-shifted 30 nm compare with that of Cc-H-form. The 176 

different XRD results of Cc-H-form and P-1-form indicates the structural transformation 177 

(Figure 2C). Crystal structure analysis indicates that P-1-form crystalizes in the triclinic 178 

system with P-1 space group that is very different from Cc-form and Cc-H-form. In addition, 179 

the crystal packing model and weak interactions are different from that of Cc-form and 180 

Cc-H-form. The packing arrangement of P-1-form is shown in Figure 5. As is shown, along 181 

both the vertical and lateral directions, one P-1-form molecule interacts with six adjacent 182 

molecules through multiple weak interactions. Five kinds of weak interactions (one kind of 183 

C-H···S interaction, three kinds of C-H···π interaction and one π···π interaction) are observed 184 

in P-1-form, which holds the molecule pairs together to form a 3D structure. The detailed 185 



distance of them is shown in Table S2. The more intermolecular interaction especially 186 

C-H···π interaction than that of Cc-form indicating a more rigid framework of P-1-form. 187 

Different from the herringbone packing of Cc-form and Cc-H-form, P-1-form adopts a 188 

staggered parallel stacking. In crystal structure of P-1-form, two pyrene planes are parallel to 189 

each other with large slip (almost no overlap) and 3.245 Å interplanar distances forming 190 

staggered parallel stacking, which indicates a very weak π···π interactions between adjacent 191 

molecules. This may account for the blue-shifted emission of P-1-form compared with 192 

Cc-H-form. Besides, considering the different molecular conformation of Cc-form, 193 

Cc-H-form and P-1-form may influence their emission properties, we calculated the frontier 194 

molecular orbital of the three crystals with different conformations using density functional 195 

theory (DFT) based on the Gaussian 09 package. The highest occupied molecular orbitals 196 

(HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) of Cc-form, Cc-H-form 197 

and P-1-form are very similar (Figure 6). The energy band gap variations and the energy 198 

changes induced by the different conformation are about 0.0003-0.0449 eV and 199 

2×10-8-0.0002 eV (Table 1). These results indicate that the influence of molecular 200 

conformational alteration on their emission properties is negligible and the crystal packing 201 

dominates the photo-physical properties of the crystals.13,25,30 202 

203 



Figure 5 The crystal packing and intermolecular interactions of P-1-form. 204 

 205 

Figure 6 Calculated spatial distributions of HOMO and LUMO levels of crystal Cc-form, 206 

Cc-H-form and P-1-form based on B3LYP/6-31G* basis set. 207 

. 208 
Table 1 Calculated energy level of crystal Cc-form, Cc-H-form and P-1-form based on 209 
B3LYP/6-31G* basis set. 210 

 Energy/a. u. HOMO/eV LUMO/eV E/eV 
Cc-form -1559.22059564 -0.19731 -0.06105 -3.70818 

Cc-H-form -1559.22059566 -0.19731 -0.06104 -3.70791 
P-1-form -1559.22084437 -0.18888 -0.05426 -3.66328 

3.3 Aggregation-induced emission enhancement property (AIEE) 211 

PyStBu is likely to exhibit AIEE property due to the introduction tert-butyl and rotable benzene 212 

ring around the pyrene core. The large steric hindrance of rotational benzene ring and tert-butyl can 213 

suppress the aggregation-caused quenching effect of PyStBu in aggregation state of solid state. 214 

PyStBu exhibits a good solubility in THF, however, it is almost insoluble in water. As illustrated in 215 



Figure 7, PyStBu emits blue fluorescence in pure THF solution with an emission peak located at 399 216 

nm is observed. Overall, with increase of water content in THF, the emission intensity gradually 217 

declines (water content from 0% to 70%). The fluorescence emission of PyStBu is almost quenched 218 

when the water content reached 70%. With further adding water into THF solution of PyStBu, the 219 

fluorescence intensity of the solution is starting to increase (water fraction, 80%) and a new emission 220 

peak at 480 nm is observed. As the moisture content increased further, the emission of PyStBu 221 

increased dramatically until the measured 95% water content. Throughout the entire process, an 222 

interesting “on–off–on” optical switching property is observed, the emission changes from deep-blue 223 

to light-blue to blue-green with the increase of water content (Figure 7B). The above changes of 224 

emission tendency indicate that PyStBu maintains original efficient emission in dilute solution just 225 

like features of traditional dyes and exhibits typical AIEE property in aggregated state at the same 226 

time. In order to understand the nature of different light-emitting species, time-correlated 227 

single-photon counting (TCSPC) measurements were performed (Figure 8). As illustrated, the decay 228 

curve of PyStBu in pure THF solution is in good agreement with the two-order exponential decay 229 

curves (Figure 8A). In pure THF solution, a long-lived component with a lifetime (τ) of 3.24 ns 230 

(4.4%) and a short-lived species with lifetime of 0.59 ns (95.6%) for emission monitored at 400 nm 231 

were observed. According to previous reports, the above shorter and longer decay values can be 232 

attributed to monomeric pyrene and excimer emission, respectively. 31,32 When water content is up to 233 

95%, the emission lifetime of PyStBu increased to 24.16 ns (73.81%) that is much longer than that 234 

in THF. In addition, the UV–vis absorption spectra of PyStBu in THF/water mixtures with 90% 235 

water content was investigated. As shown in Figure S6, the end of the absorption curve leaves off the 236 

baseline, such curve tailing phenomenon resulted in Mie scattering confirms the existence of 237 



aggregates in the solution.33,34 Therefore, the longer lifetime (24.16 ns) should be attributed to the 238 

aggregates.  239 

 240 

Figure 7 (A) PL spectra of PyStBu in THF/water mixtures with different water content. (B) Changes 241 

of PL peak intensity (399 nm and 480 nm) with water content, the data are extracted from (A). Insets 242 

of (B): Emission images of PyStBu in THF/water mixtures with 0, 70 and 95% water fractions. For 243 

PL measurement, concentration: the concentration of PyStBu in all samples used in the process of 244 

AIEE measurement are 10-5 M, excitation wavelength: 365 nm. Images are taken under 365 nm UV 245 

light. 246 

 247 

Figure 8 Time resolved fluorescence spectra of compound PyStBu in THF (A) and THF/H2O (v/v = 248 



5:95), respectively. PyStBu concentration: 10-5 M. 249 

4 Conclusions 250 

In conclusion, a new pyrene-based sulphide (PyStBu) was designed and synthesized 251 

with high yields, which exhibited successive solid-state emission changes and AIEE property. 252 

XRD, DSC and single-crystal X-ray diffraction analysis revealed that these emission changes 253 

were dominated by changes of crystal packing, intermolecular interactions or heat-induced 254 

crystal surface layer. The structure-property relationships before and after SCSC 255 

transformation were successfully illuminated in this work, which will provide reference for 256 

design and better understanding the structure-property relationships of organic solid-state 257 

luminescence materials. 258 
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Highlights 

1. A new organic compound PyStBu was synthesized in high yields. 

2. PyStBu exhibits successional solid-state emission changes induced by heating and 

DCM vapours fuming. 

3. PyStBu exhibits aggregation-induced emission enhancement (AIEE) property 

with interesting “on–off–on” optical switching behaviour. 
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