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Abstract

A new organic compoun®yStBu was designed and synthesized, which exhibits ssoee
solid-state emission changes induced by heatind& vapors fuming. Intermolecular interaction
changes or heat-induced crystal surface layer @santmy be reasonable for the emission change of
Cc-form after heating. In addition, crystal packoitganges may be the dominant reason for different
photophysical properties of Cc-H-form and P-1-fafter DCM fuming. These observations provide
reference for tuning property of organic solid-statminescence materials and designing smart
crystal luminescent materials. In additio®yStBu exhibits aggregation-induced emission
enhancement (AIEE) property with interesting “orfi—oh” optical switching behavior.
Keywords. single crystal-to-single crystal (SCSC) structuransformation, aggregation-induced

emission enhancement (AIEE), pyrene, sulfide, atystcking

1 Introduction

Organic solid-state luminescence materials espgdiabse with tunable luminescence
properties have attracted extensive attention dukeir wide application in various field$.

Generally, alteration of the style of solid-statelecular packing is considered as a promising
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method for turning luminescence properties of organlid molecules because of the strong
dependence of their solid-state fluorescence oneonddr structure and intermolecular
interactions.** Considering the difficulty and time-consuming s$yegis of materials, an
approach based on application of physical stimsuch as, light, temperature, and pressure)
to tune emission properties of organic solids exhilmany advantages such as easier
operation,  simple  equipment,  efficient  conversion nda so  on®*3
Single-crystal-to-single-crystal (SCSC) phase titeorsprovides a good chance to investigate
structure-property relationships of functional metie because the original crystals will
maintain their single crystallinity after the SC&@nsformation and the changed structures
can be accurately characterized using single-dryétay diffraction!*'® Up to date, the
reports on SCSC transformation are mainly focuseanetal complexes and metal—organic
frameworks (MOFs) and the relevant studies are frenigful.***° However, although many
studies on the modulation of organic solid-statdéicap properties have been reported,
molecular-level understanding of the relationshigtween structure and resulting
luminescence property is deficient owing to theficliity of obtaining accurate structural
information accounting for the transition of lumscence properti€s:®® Therefore,
investigation on organic SCSC is a meaningful wankl will be helpful for understanding
the structure-property relationships of organicidsstate luminescence materials and
developing organic crystal materials.

Herein, we report the design and synthesis of a asyanic pyrene-based sulphide
compound ((4tert-butyl)phenyl)(7-(ert-butyl)pyren-1-yl)sulfane RyStBu) (Scheme 1)

which exhibits successive solid-state emission ghaninduced by heating and organic
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solvents vapours fuming. Significant changes ofssion wavelength and crystal colours are
observed. These observations provide a chancesfdydenderstand the relationship between
optical properties and structure on molecular leviel addition, PyStBu exhibits
aggregation-induced emission enhancement propeitty iwteresting “on—off-on” optical

switching behaviour.

2 Experimental section

2.1 Synthesis

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

Firstly, 20 g (100 mmol) pyrene was dissolved i@ 2L CS. The above solution was heated to
40 °C under the protection of nitrogen. 22 g (16dat) AICI; was quickly added into the above
solution that was stirred for 10 min. Secondlygl@ 61 mmol) t-butyl chloride was dissolved in 100
mL CS, and the solution was added into the above mixfline mixture was refluxed for 5 h. The
reaction mixture was cooled down to room tempeeatind poured into ice water after the reaction
was completed. The mixture was diluted with hydtogb acid to adjust the pH to 4. Then, the
above mixture was extracted with DCM, washed withtes, dried over MgS§) filtered and
concentrated. The concentrated product was purliiecsilica gel flash column chromatography
using hexane as the eluent. Yield: 24 g, 94%NMR (300 MHz, CDCJ): § = 1.59 (s, 9H), 8.18 (d,
J = 9.2 Hz, 2H), 8.30 (s, 2H), 8.37 (d, J = 9.2 BH), 8.47 (s, 1H)*H NMR spectrum ofl

completely agreed with reported valiés.

2.2.2 Synthesis of 1-bromo-7-(tert-butyl)pyrene (2)
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1 g (4 mmol)1 was dissolved in 20 mL DCM, the above solution wtsed at -78 °C for 10
min. Then 0.64 g Brwas dissolved in 10 mL DCM, which was slowly add#d the above solution.
Then the above mixture was stirred for 10h at raemperature. The reaction mixture was poured
into NaHSQ solution after the reaction is completed. The wnolganic phase was dried over
MgSQ,, filtered, and concentrated. The concentratedymiodas purified by silica gel flash column
chromatography using hexane as the eluent. Yiel®7 O0g, 72%.'H NMR (300 MHz,
CDCly): 6 = 8.41 (d,J = 9 Hz, 1H), 8.27 (d] = 3 Hz, 2H), 8.14-8.20 (m, 2H), 8.08 (& 9 Hz, 1H),

7.96-8.01 (m, 2H), 1.60 (s, 9HH NMR spectrum of completely agreed with reported valéés.

2.2.3 Synthesis of (4-(tert-butyl)pheny!)(7-(tert-butyl)pyren-1-yl)sulfane (PyStBu)

0.58 g (3.5 mmol) 4ert-Butylthiophenol, 1 g (3 mmol and 20 mL DMF was added to a 100
ml round bottom flask. The above mixture was dlirfi@ 10 min in an ice bath under the protection
of N2. Then, 0.134 g (3.5 mmol) NaH (60%) was slowlyetitb the above flask in batches and the
mixture was stirred for another 10 min. After dfletgenerated hydrogen by the reaction was
discharged, the mixture was refluxed for 10 h, pdunto water, extracted with DCM and washed
with water for three times. The organic phase waddver MgSQ, filtered, and concentrated. The
concentrated product was purified by silica gestila&aolumn chromatography using hexane as the
eluent. Yield: 1.1 g, 84%H NMR (600 MHz, CDC}) § 8.67 (d,J = 9.2 Hz, 1H), 8.28 (s, 2H), 8.18 —
8.08 (m, 4H), 8.05 (d] = 8.9 Hz, 1H), 7.29 — 7.27 (m, 2H), 7.19 — 7.14 Rid), 1.62 (s, 9H), 1.29 (s,
9H). 1*C NMR (150 MHz, CDGJ), 5(TMS, ppm): 149.48, 149.29, 133.96, 131.95, 1311&1,.23,
131.11, 130.85, 128.78, 128.60, 128.50, 128.19,1127126.17, 125.27, 124.99, 124.79, 122.82,
122.81, 122.69, 35.27, 34.45, 31.92, 31.27. MALFT MS (m/z): calcd for gHz0S 422.2068,

found 422.2073.



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

8400

1

]

/ 1
= ]
N y + 1
. ]

i i
]

: S 1
DMF,NaH :

> ]

. 1

]

1

]

1

]

1

]

1

]

1

]

I

Scheme 1 Synthetic routes of compouriRyStBu.

3 Results and discussions

3.1 Temperature-induced emission change

By slow evaporating of mixture solution of dichlanethane (DCM) and hexane (Hex),
needle-like crystal oPyStBu with Ccc2 space group (named as Cc-form, CCDC 38y
was obtained. The crystal structure of Cc-formhisven in Figure 1A and the crystal data is
illustrated in Table S1. Cc-form crystal exhibitéense deep-blue emission with a maximum
emission peak at about 420 nmbe£0.1132) (Figure 2B). Interestingly, the initialubl
emission of Cc- form gradually turns into blue-gremmission when it is heated from 25 °C
to 137 °C (Figure 2D). The initial emission peakahbut 420 nm red-shifts to 460 nm. The
crystal will melt into liquid when the heated temgteire reaches to its melting point at about
141 11. In order get insight into the solid-state fluaresce change properties of Cc-form, the
powder XRD and differential scanning calorimetryS@©) analysis were performed to study
the phase characteristics of Cc-form. DSC analg&i€c-form reveals that it exhibits an

exothermic peak at approximately 137 °C indicatihgt Cc-form crystal could undergo a



102 phase transformation (Figure S1). Fortunately, dhestal structure of Cc-H-form (Heating
103 Cc-form at 137 °C for 5 minutes and then collingvdoto room temperature to produce
104  Cc-H- form @=0.5968), Cc-H form is in fact an annealed Cc fo@@DC 1964640) can be
105 characterized by single-crystal X-ray diffractidmne results of XRD analysis of Cc-form and
106 Cc-H-form consistent with the simulated pattern eyated by the single crystal structure
107  (Figure 2C). The different peak patterns of Cc-foand Cc-H-form indicate that the
108  structural transformation from Cc-form to Cc-H-fowncurred. Moreover, the difference in
109 fluorescence lifetime of Cc-form and Cc-H-form iocdlies changes of crystal

110  microenvironment (Figure S25.

s |

B

Cc-H-form

L —————————————— ————— - - - - - -

Cc-form

————— -

P-1-form

111 e o

112  Figure 1 The crystal structure of Cc-form (A), Cc-H-form)(8ndP-1-form (C).
113
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115  Figure 2 (A) Images of Cc-form, Cc-H-form aré1-form under 365 UV in the process of SCSC
116 structural transformation. (B) Normalized PL spadaif Cc-form, Cc-H-form an@®-1-form. (C) The
117 simulated and experimental XRD data of Cc-form,Hetorm and P-1-form. (D) The images of
118  Cc-form in the heating process. For PL measurenextifation wavelength: 365 nm. Images are

119  taken under 365 nm UV light.
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In order to understand the SCSC phase transformatia@l luminescence change in
depth, the crystal structure analysis was perfornbd crystal data of Cc-H-form is given in
Table S1 and its crystal structure are shown irufeiglB. The packing arrangement of
Cc-form and Cc-H-form are shown in Figure 3. Assimwn, Cc-form crystalizes in the
orthorhombic system with Ccc2 space group. Onedbtrimolecule and adjacent molecule
are held together by weak C—He and weaks- - t interactions to form 1D chains and then
further connected by hydrogen bond interaction ¢omf 3D supramolecular network.
Structure determination indicates that Cc-H-forns ke same Ccc2 space group with
Cc-form. However, the cell volume decreases fror@24¥ (5) to 4567 (6) A indicating a
contraction of crystal Cc-H-forf?. Such changes may lead to crack of crystal. Asbeaseen
from the SEM images of Cc-form and Cc-H-form, tlheface of Cc-form is smooth without
cracks (Figure 4A and Figure 4B), however, obviotecks can be seen on the rough surface
of Cc-H-form (Figure 4C and Figure 4D). NotablyetHdistances of the same kinds of C—
H-- ¢« and=- -« interaction in Cc-H-form become shorter than timaCc-form (U and @
marked in Figure 3B and Figure 3D). The shortegranttion distance indicates stronger«
interaction that may be reasonable for the red shiémission of Cc-H-form. However, the
n- - ¢ interaction in Cc-H-form is still weak due to rel& large dihedral angle between the
interactional molecules. Moreover, there is onkeéhkinds of weak interactions (one kind of
H...H contact, one kind of C—Hg interaction and one- - & interaction) in Cc-form. On the
contrary, six kinds of weak interactions (one H.. ¢htact, four kinds of C—H-xw-interaction
and onern- - «t interaction) are observed in the Cc-H-form crygiEhe detailed data of the

interactions is shown in Table S2). The distancthee C—H- r interactions in Cc-H-form
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are also shorter than that of Cc-form, which inthsastronger intermolecular interaction
between adjacent molecule in Cc-H-form. Such moudtiple and stronger interactions in
Cc-H-form will inhibit internal rotations and vibian, which may be reasonable for the
stronger emission intensity and longer lifetime @é-H-form than Cc-form>2>22°The
excitation spectrum of Cc-form, Cc-H-form and Petri were measured and shown in
Figure S3. As illustrated, the excitation spectrain Cc-H-form exhibits broader and
red-shifted features without fine vibrational sttwres compared to that of Cc-form and
P-1-form, indicating the possible formation of gndustate dimer. The broader emission
spectra profile, red-shifted emission wavelengtd nger fluorescence lifetime can also

provide some information for the formation of dimer
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Figure 3 The crystal packing and intermolecular interactd&c-form ((A) and (B)) and
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ey
Cc-N-form

Figure4 The SEM of Cc-form and Cc-H-form at different mégaition times (A) Scale bar = 400
um, (B) Scale bar = 200m, (C) Scale bar = 20@m and (D) Scale bar = 50m.
Considering the phase transition peak of Cc-forrmalase to its melting point, another
possible reason (changes of the crystal surfacer)ldgr the emission change should be
verified. The PL spectra of melted Cc-form (heatedhe melted state and cooled down to
room temperature) were shown in Figure S4. Astiaied, the emission peak of melted
Cc-form is located at about 474 nm, which red shif4 nm compared with that of

Cc-H-form. Moreover, the emission intensity alser@@ased obviously. The difference both
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in emission wavelength and emission intensity iatis the different states of Cc-H-form and
melted Cc-form. In addition, the diffraction imag&#sCc-form and Cc-H-form were provided
in Figure S5. As illustrated, the bright and cle#fraction spots indicate that Cc-H-form
keeps a good crystal state. The different emisgimperties of Cc-H-form and melted
Cc-form also indicate that Cc-H-form is not in aovimus melted state. However, it would
not be ruled out the possibility that the fluoresme behaviour of Cc-H-form is caused by the

heat-induced crystal surface layer changes suplaréisl rupture and slight melt.

3.2 DCM vapors-induced emission change

Interestingly, Cc-H-form crystal also exhibits SC$6ase transition property. When
Cc-H-form is exposed to DCM vapours for about 6 lspCc-H-form changes into flakes
accompanied by emission colour change from bluergeamission to blue emission (named
asP-1-form (@¢=0.1636), CCDC 1964641). The maximum emission wength ofP-1-form
locates at about 430 nm which is blue-shifted 30compare with that of Cc-H-form. The
different XRD results of Cc-H-form anB-1-form indicates the structural transformation
(Figure 2C). Crystal structure analysis indicatieat P-1-form crystalizes in the triclinic
system withP-1 space group that is very different from Cc-fand Cc-H-form. In addition,
the crystal packing model and weak interactions difierent from that of Cc-form and
Cc-H-form. The packing arrangement®fl-form is shown in Figure 5. As is shown, along
both the vertical and lateral directions, dRd-form molecule interacts with six adjacent
molecules through multiple weak interactions. Hwads of weak interactions (one kind of
C-H- - - S interaction, three kinds of C-Ht:interaction and ong- - & interaction) are observed

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



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

distance of them is shown in Table S2. The morerinblecular interaction especially
C-H- -« interaction than that of Cc-form indicating a maigid framework ofP-1-form.
Different from the herringbone packing of Cc-formdaCc-H-form, P-1-form adopts a
staggered parallel stackidg crystal structure olP-1-form, two pyrene planes are parallel to
each other with large slip (almost no overlap) &45 A interplanar distances forming
staggered parallel stacking, which indicates a wesgkn- - 1 interactions between adjacent
molecules. This may account for the blue-shiftedssimn of P-1-form compared with
Cc-H-form. Besides, considering the different malac conformation of Cc-form,
Cc-H-form andP-1-form may influence their emission properties, eadculated the frontier
molecular orbital of the three crystals with difat conformations using density functional
theory (DFT) based on the Gaussian 09 package.hidieest occupied molecular orbitals
(HOMOs) and the lowest unoccupied molecular orbi&lUMOSs) of Cc-form, Cc-H-form
and P-1-form are very similar (Figure 6). The energy thagap variations and the energy
changes induced by the different conformation atmua 0.0003-0.0449 eV and
2x10%-0.0002 eV (Table 1). These results indicate tHa tnfluence of molecular
conformational alteration on their emission projsrtis negligible and the crystal packing

dominates the photo-physical properties of thetatgs>>>*°

..............

Pifom| ] P1form |




204 Figure5 The crystal packing and intermolecular interactiohP-1-form.
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205

206 Figure 6 Calculated spatial distributions of HOMO and LUM@vels of crystal Cc-form,

207  Cc-H-form andP-1-form based oB3LYP/6-31G basis set.

208

209 Table1 Calculated energy level of crystal Cc-form, Cc-HnrfioandP-1-form based on
210 B3LYP/6-31G basis set.

Energy/a. u. HOMO/eV LUMO/eVv 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

211 3.3 Aggregation-induced emission enhancement property (AIEE)

212 PyStBu is likely to exhibit AIEE property due to the inttuction tert-butybnd rotable benzene
213  ring around the pyrene core. The large steric laimcke of rotational benzene ring and tert-butyl can
214  suppress the aggregation-caused quenching effeBly8tBu in aggregation state of solid state.

215 PyStBu exhibits a good solubility in THF, however, itaémost insoluble in water. As illustrated in
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Figure 7,PyStBu emits blue fluorescence in pure THF solution veithemission peak located at 399
nm is observed. Overall, with increase of waterteonin THF, the emission intensity gradually
declines (water content from 0% to 70%). The flsos:ce emission ¢lyStBu is almost quenched
when the water content reached 70%. With furthelirgdwater into THF solution dPyStBu, the
fluorescence intensity of the solution is startiogncrease (water fraction, 80%) and a new emissio
peak at 480 nm is observed. As the moisture contemeéased further, the emission ByStBu
increased dramatically until the measured 95% weatastent. Throughout the entire process, an
interesting “on—off—on” optical switching propeiis/observed, the emission changes from deep-blue
to light-blue to blue-green with the increase oftavecontent (Figure 78 The above changes of
emission tendency indicate tHayStBu maintains original efficient emission in dilute gbn just

like features of traditional dyes and exhibits tghiAIEE property in aggregated state at the same
time. In order to understand the nature of differdight-emitting species, time-correlated
single-photon counting (TCSPC) measurements weterpged (Figure 8). As illustrated, the decay
curve of PyStBu in pure THF solution is in good agreement with twe-order exponential decay
curves (Figure 8A). In pure THF solution, a longeli component with a lifetimer)(of 3.24 ns
(4.4%) and a short-lived species with lifetime d®ns (95.6%) for emission monitored at 400 nm
were observed. According to previous reports, theva shorter and longer decay values can be
attributed to monomeric pyrene and excimer emissiespectively>>**When water content is up to
95%, the emission lifetime dtyStBu increased to 24.16 ns (73.81%) that is much lotigan that

in THF. In addition, the UV-vis absorption spectrfiaPyStBu in THF/water mixtures with 90%
water content was investigated. As shown in Figi8ethe end of the absorption curve leaves off the

baseline, such curve tailing phenomenon resultedia scattering confirms the existence of



238 aggregates in the solutidh®® Therefore, the longer lifetime (24.16 ns) shouddattributed to the

239  aggregates.
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248  Figure 8 Time resolved fluorescence spectra of compdeyfstBu in THF (A) and THF/HO (v/v =
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5:95), respectivelypystBu concentration: 10 M.

4 Conclusions

In conclusion, a new pyrene-based sulphiBgXBu) was designed and synthesized
with high yields, which exhibited successive sdtdte emission changes and AIEE property.
XRD, DSC and single-crystal X-ray diffraction ansit/revealed that these emission changes
were dominated by changes of crystal packing, imbéecular interactions or heat-induced
crystal surface layer. The structure-property refethips before and after SCSC
transformation were successfully illuminated instinork, which will provide reference for
design and better understanding the structure-popelationships of organic solid-state

luminescence materials.
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Highlights

1. A new organic compounBlyStBu was synthesized in high yields.
2. PyStBu exhibits successional solid-state emission chamgksed by heating and
DCM vapours fuming.

3. PyStBu exhibits aggregation-induced emission enhancem@tfE) property

with interesting “on—off—on” optical switching behaur.
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