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Graphical Abstract

Aggregation-induced phosphorescence and mechamaizhilaminescence of a tetraphenylethene-based [yasdcyanide
complex

Wen-Bo Li, Wei-Jian Luo, Kai-Xuan Li, Wang-Zhang &, Yong-Ming Zhang*

Shanghai Key Lab of Electrical Insulation and Thermal Aging, Shanghai Electrochemical Energy Devices Research Center,
School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
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A new twisted gold(l) isocyanide complex based etraphenylethene exhibits aggregation-induced pgtwrsgcence characteristics and
reversible mechanochromism between crystalline andrphous states. Such high contrast mechanism drgstals to amorphous solids
upon grinding is resulted from conformation plamation, the enhancement:of -z stacking, and the emergence of aurophilic intéast
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ARTICLE INFO ABSTRACT
Article history: In this study, a new twisting golfj(isocyanide complex based on tetraphenylethen&)TP
Received 4 January 2017 TPE-NC-Au, was designed and synthesized. It exdidggregation inducephosphorescen
Received in revised form 21 February 2017 (AIP) characteristics, owing to the incorporatidrAni moiety andconformation rigidification i
Accepted 24 March 2017 the aggregated states. Moreover, the emission adldghe crystalline solid of TPE-N@u
Available online changes from blue (454 nm) to green (500 nm) iparse to mechanical grindindue to th
combined effects of conformation planarization, anted 7'z stacking, as well as ¢h
keywords: emergence of aurophilic interactioisthe ground amorphous state. Notalilye emissic
Aggregation-induced phosphorescence color can be restored upon solvent fuming, assogiawith the reconstruction afrystalline
Mechanochromism lattices. The AIP and switchable mechanochromismTBE-NC-Au make itsuitable fo
Aurophilic interaction potential applications in bioimaging, sensing, aptbelectronic devices.

Gold(l) isocyanide complex

1. Introduction

Luminogens with efficient solid-state emission andchranochromism have attracted great attention otdrthpeir fundamental
implications on the molecular packing and poterggblications in optical recording, mechanical sesssecurity papers, and display
devices [1-8]. Researchers have revealed that greassition between crystalline and amorphous stesciating with conformation
planarization, supramolecular structure, J-aggiregatand intermolecularr -z stacking, etc. could be responsible for the
mechanochromism [9-13]. Among varying types of lungiens, those with aggregation-induced emission (Ad&ures are promising
mechanochromic candidates due to their high stditbsefficiencies and normally twisting structurdgl-R4]. So far, AlE-active
mechanochromic luminogens, however, are mostly ptganic compounds, organometallic complexes alleedtitively rare, despite
they may possess fascinating photophysical prasefike phosphorescence [25]. Meanwhile, possibl&lioghilic interactions in
such organometallic complexes may endow the compowitth even obvious mechanochromism [26]. Furtheemoompared with
traditional organometallic compounds, for exampe, well-known tris(2-phenylpyridine) iridium [Ir(ppy, whose phosphorescence
efficiency is 40% in solution and ~3% when aggredan films [27,28], AIE metallogens are more emigsin the solid states and
thus better high contrast mechanochromic candidates

Recently, organometallic complexes with aurophilitefactions (Au-Au) between gold centers have attracted considerable
interests because of their phosphorescence emissioarkable mechanochromism, and potential agjgitato the field of photonic
devices [29-33]. To further our understanding oe #IE-active mechanochromic luminogens and gain mpsights into the
metallophilic interactions, herein, we designed synthesized a tetraphenylethene (TPE) basedIyj@dtyanide complex (TPE-NC-
Au). TPE was chosen because of its typical AIE prigpdacile synthesis, and versatile functionaliaati34-36]. Photophysical
properties of the resulting TPE-NC-Au, particularlgechanochromic behaviors were thoroughly investigated

2. Results and discussion

TPE-NC-Au was prepared according to the syntheticerehibwn in Scheme 1. Briefly, the intermediate pedodiPE-NH was
synthesized by the cross McMurry coupling followitige literature procedures [37]. Then, it was amidlated dehydrated
successively to yield the key intermediate isocgar{iT PE-NC) [38] with addition of POZ{POCE=phosphorus oxychloride). Further
reaction with GFsAu(tht) (tht = tetrahydrogenthiophene) through metadrdination generated the target ghldomplex of TPE-NC-
Au, which was fully characterized by spectroscopichmés and single crystal analysis, with satisfactesylts obtained.

OCorresponding authors.
E-mail address: wzhyuan@sjtu.edu.cn (W.-Z. Yuan), ymzsjtu@gmaihdY.-M. Zhang).
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Scheme 1. Synthetic route to TPE-NC-Au.

Due to the incorporation of typical AIE unit of TPE,is envisaged that TPE-NC-Au is also AlE-active. dleck it, its PL
emissions in THF and THF/water mixtures with diffdrerater fractionsf(,s) were studied. As shown in Fig. 1, the PL intensity
TPE-NC-Au in THF is weak and not enhanced to a ndtieedegree until th&, reaches 70%, at which point the molecules begin to
aggregate (457 nm, Fig. S10 in Supporting inforamgti At a much highef,, of 80%, the PL intensity is greatly enhanced with
noticeable green emission peaking at 492 nm. Fuattidition of even small fraction of water swiftlycheases the emission intensity,
which is strikingly strengthened by ~130-foldfat= 90% when compared to that in pure THF. Such &b gxbcess is also can be
identified by the vivid emission contrast depictedFig. 1c. While the nonluminescent of TPE-NC-AuTHRF solutions can be
ascribed to the highly active intramolecular ratasi, which can effectively consume exciton enerdtes.enhanced emission at high
fuS is associated to the restriction of intramolecutéations upon aggregation. Further time-resolegdssion measurement reveals
the phosphorescence nature of the nanosuspendidnsifn, Fig. S10) in 10/90 THF/water mixture, whaggtime (<r>) is 1.08us
(Fig. S11 in Supporting information). This resukasuggests TPE-NC-Au is actually aggregation-indygieosphorescence (AIP)
active. Such phosphorescence should be associatedheipresence of Au(l), which can promote spintarbupling and subsequent
intersystem crossing (ISC) process.
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Fig. 1. a) PL spectra, b) peak intensities at 492 nm,@rhotographs taken under 365 nm UV lamp of TPEAQ?2x10° mol/L) in THF and THF/water
mixtures with differenf,s. For a), excitation wavelength.§ = 350 nm.

To further quantitatively evaluate the emissionTéfE-NC-Au, PL efficiency ¢) and lifetime of the recrystallized solid were
determined, whose values are 21.4% and L§3respectively, indicative of the relatively higblid-state efficiency and verified
phosphorescence feature of TPE-NC-Au. The twistingAurn(d)-containing structure, as well as efficientidamission renders TPE-
NC-Au as promising mechanochromic candidate. Indesdle the recrystallized solid exhibits strong bemission with maximum
(lem) at 454 nm, its ground counterpart demonstrategrgemission with red-shiftel},, of 500 nm (Fig. 2a and 2b), which is
approaching to those of aggregates in THF/waterurest (492 nm). Meanwhile, the phosphorescence efiligi is also decreased to
16.5% after grinding. The remarkable differencesrimission color, wavelength, and efficiency betwéenrecrystallized and ground
samples of TPE-NC-Au illustrate its distinct mechdwomism. Moreover, the emission color of the grosalid can be restored after
being fumed with DCM solvent, with slightly blue-sleifti.., (444 nm) when compared to that of the original tdgs indicating the
reversible mechanochromism. Further grinding armssquent fuming cycles illustrate similar emissi@haviors, as can be seen from
Fig. 2b and 2c, which further confirms the revessisttribute.
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Fig. 2. a) Photographs taken under 365 nm UV lamp andigsponding PLspectra.{= 365 nm) of recrystallized, ground, and fumeddsbf TPE-NC-Au.
¢) Emission maxima of TPE-NC-Au solids at differgninding-fuming cycles.
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recrystallized <z>=1.53 ps
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Fig. 3. Emission decay curves for recrystallized and grosolids of TPE-NC-Au monitored at 454 and 500 nespectively. The inset gives the dynamic
photophysical parameters of the solikls: @/z, ky = 1/x:.

It is also noted that the lifetime of ground samf@e82 us) is prolonged with comparison to that of the rstalized solid.
Decreased efficiency along with increased lifetimeha&f ground sample is highly suggestive of the Boéd exciton coupling upon
mechanical stimuli, which may be derived from exaifieegmation and/or aurophilic interaction. Furthems, based on thé& and <>
values, the radiative/nonradiative rate constaki&.j are calculated to be 1.39X1015x10 and 5.85x1%2.96x10 s* for the
recrystallized and ground solids, respectively (Biginset). Clearly, after grinding, thg is even decreased. Therefore, the decline in
the efficiency should be mainly ascribed to thereasedk,, which is strongly dependent on the oscillatorrgjte. Much stronger
exciton coupling would result in lower oscillatoresigth and thus much smaller Based on these results, it is rational to spéeula
that the conformation planarization and subsequariations in intermolecular interactions includiagciton coupling related -z
stacking and aurophilic contacts are responsibiiéhie prominent emission color change from blugrieen.

To gain more insights into the mechanochromismRENC-Au, powder XRD was carried out to study the strat®volution. As
shown in Fig. 4, the XRD pattern of the recrystallizaghple shows intense and sharp peaks, indicasirggdered molecular packing
in the crystalline lattice. Upon grinding, the XRD teat displays significantly decreased diffractioriensity with a weak halo
diffusion at 29 of ~21.4, which implies its disordered amorphous nature. XR® pattern of the fumed sample, however, is restored
with strong and sharp diffractions, which is similarthose of original recrystallized powders. Takensiderations of these results,
we can deduce that reversible luminescent colorgdahould be attributed to the switch between orderngstalline and disordered
amorphous states upon mechanical grinding and soluening.

recrystallized

ground
|||| h | fumed
T
5 14 23 32 41 50

20 (degree)
Fig. 4. XRD patterns of recrystallized, ground, and furselids of TPE-NC-Au.

To further decipher the mechanisms of AIP and paeity mechanochromism of TPE-NC-Au, we cultured shrggle crystal of it
from its DCM solutionvia the solvent diffusion method in thehexane atmosphere. As can be seen from Fig. 5a;NIRBu
molecules adopt highly twisted conformations with radant intermolecular interactions such as C#KAr), C—F-'N, C—F--C=N,
C—H--x, C-H--H-C short contacts, and even edge to edge interactions. Therefore, the AIE phenomenon cawdlerationalized
as below: in solutions, the TPE-NC-Au molecules unddrghly active intramolecular rotations, which afectively consume the
exciton energy, thus making them nonemissive; i #iggregated suspensions or solids, these intrantalerotations can be
effectively impeded, particularly in the crysta#listate (with assistance of short contacts), thusrifag radiative deactivation of the
excitons. Notably, despite-'n stacking induced excimer formation is generallynifal to the emission, the whole effect of
conformation rigidification overpasses such detritakeffect, thereby offering boosted emissiorhia aggregated states.
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Fig. 5. Single crystal structure (CCDC 1525462) and fragtalemolecular packing arrangement of TPE-NC-Au.

On the other hand, for gold(isocyanide complexes, aurophilic interactions actpmuch on the emission, especially on the
emission color [39,40]. For TPE-NC-Au crystals, thersest Au---Au distance of 5.081 A (Fig. 5b) is faydnd the limited range of
aurophilic bonding (2.7-3.3 A) [32], which indicaté® absence of AuAu interactions. Upon grinding, however, the formatiaf
aurophilic interactions in the amorphous phase imesopossible [31,40], which is further supportedigyIR and XPS measurements.
The recrystallized sample exhibits an absorptioB2618 cm' corresponding to the isocyanide=C stretching, however, it shifts to
higher frequency (2212 ch after grinding, suggestive of the formation ofaphilic bonds (Fig. 6a) [31]. Furthermore, the mhein
the binding energy of the ground sample also suppbe assumption of the formation of aurophilimt® For the recrystallized
sample, the high-resolution XPS spectrum displagdibg energies of Au 4fand 4f, at 85.72 and 89.38 eV [41], respectively (Fig.
6b). After grinding, they shift to much lower enegyley 0.3 eV and 0.28 eV (Fig. 6b), respectively,chitimplies enhanced screening
effect and thus increased electronic cloud dertdithu(l), attributable to the formation of aurophilbonds. Previous investigations
suggest that AuAu interactions will greatly exert on the emissionocd29-33,39,40], which should be aroused from &xci
coupling. The red-shifted emission of the grouniitlss thus understandable taken consideratiorstimt conformation planarization,
7w stacking, and aurophilic interactions, all of whioperatively contribute to the emission colorrzdea
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Fig. 6. a) IR and b) Au(l) 4f XPS spectra of recrystallizett ground solids of TPE-NC-Au.
3. Conclusion

In summary, highly twisted golf)( isocyanide complex of TPE-NC-Au has been designadl synthesized. It demonstrates
remarkable AIP characteristics with high efficierafy21.4% in the crystalline state. Moreover, it i¥is reversible and distinct
mechanochromism with large emission color/wavelemgidginges (from blue to green and up to 56 nm). XRDsoreanent reveals
that the phase transition between crystalline arelastable amorphous state before and after grindingesponsible for the
mechanochromism. Single crystal data confirm theted structure and illustrate abundant intermobecimteractions in the crystals.
Upon grinding, while molecular conformations get plared, most intermolecular interactions are desddi except enhanced n
stacking, accompanying with emerged aurophilic adgons. Notably, for the first time, XPS spectra ailepted to detect aurophilic
interactions in the ground amorphous state. Thehamemchromic behavior thus can be well understoodiéw of conformation
planarization, enhanced'n stacking, and the emergence of aurophilic intewast Furthermore, this study also indicates an
alternative approach, the combination of AIE unid ametallo-moiety, to the fabrication of twisting raoules with AIP properties and
high contrast mechanochromism.

4, Experimental
4.1 Materials and instruments

Benzophenone (BP) and zinc powder were obtained 8wmpharm Chemical Reagent Co., Ltd. 4-Aminobenzophe (BP-NH)
and phosphorus oxychloride (PQClere obtained from Acros and Aldrich, respectiv®yridine, titanium tetrachloride (Tig)| and
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petroleum ether (PE) were obtained from Adamas RedgenAcetic formic anhydride was prepared from &canhhydride (0.27 mL,
2.89 mmol, Greagent Co. Ltd) and formic acid (0.111, 290 mmol, Greagent Co., Ltd) at 85 for 2 h. GFsAu(tht) was prepared
according to the literature [42]. TetrahydrofurdiiE) was distilled from sodium/BP under nitrogendrsefuse. Triethylamine (NEt
and dichloromethane (DCM) were distilled under ndrprassure from calcium hydride (CatBhanghai Lingfeng Chemical Reagent
Co. Ltd.). Other commercially available compoundsengsed as received without further purification.

'H, °C, and'®F NMR spectra were measured on a Bruker ARX 400 NMRctspmeter in choloroforna- (CDCly) using
tetramethylsilane (TMS;0 = 0 ppm) as internal reference. Emission spectrae wercorded on a Perkin Elmer LS 55
spectrofluorometer. High resolution mass spectrumMBRwas collected on a Fourier Transform ion cydotresonance mass
spectrometer (Bruker SolariX 7.0T) with MALDI ion soa. Powder X-ray diffraction (XRD) data were obtaireeda Bruker D8
Advance. Time resolved emission spectra were measareda PTI QM/TM/IM fluorescence spectrofluorometefhe
photoluminescence (PL) quantum yields were deteminirggng an Absolute PLQY C11347 instrument (Hamamalmpan). Single-
crystal XRD intensity data were collected on a BruBRMART APEX diffractometer. XPS were acquired with a Ksafxis Ultra
DLD spectrometer (Kratos Analytical-A Shimadzu groumpany) using anonochromatic Al & source (1486.6 eV).

4.2 Synthesis

TPE-NH,: TPE-NH, was synthesized by the typical McMurry reactionoading to the literature procedures [34]. Into a-wexked
round-bound flask (100 mL) were added of zinc powdar, 1.49 g, 22.8 mmol) and THF (60 mL). The flagés evacuated and
flushed with dry nitrogen three times. After coolitag-5 °C, TiCl, was slowly added. The mixture was stirred for 2.5 hoam
temperature. After cooling to & again, pyridine (1.53 mL, 19.0 mmol) was added thiedmixture was stirred for 10 min. Then the
solution of BP (1.5 g, 7.6 mmol) and BP-NK..66 g, 9.1 mmol) in THF (40 mL) was added, thetore was refluxed overnight.
Afterwards, KCO; solution was added to quench the reaction. Aftelicg to room temperature, THF was removed by atooga
evaporator. The solution was poured into water artcheted with DCM. The collected organic layer was dir@/er anhydrous
NaSQ,. After filtration and solvent evaporation, the ceygroduct was purified by silica-gel column chrongaéphy using DCM/PE
(1/2, vIv) as eluent. A pale yellow solid was obtaiired2% yield."H NMR (400 MHz, CDCJ): ¢ 7.13-6.99 (m, 17H); 6.85-6.82 (d,
2H); 6.52-6.49 (d, 2H)"*C NMR (101 MHz, CDGC)): § 144.69, 144.57, 14452, 144.24, 141.25, 139.87,0435132.94, 131.89,
131.82, 131.78, 128.20, 128.12, 127.98, 127.96,712@26.54, 126.53, 115.19. IR (KBt,cm"): 3476, 3378, 3009.

TPE-NHCHO: Into a 100 mL two-necked flask were adde@RE-NH, (500.0 mg) and THF (30 mL). After cooling td0, acetic
formic anhydride was tardily added by a syringe. fifieture was stirred at room temperature for 2 kerTthe reaction was quenched
by the saturated solution of NaHG&O'he mixture was extracted with ethyl acetate (EAgntthe collected organic layer was dried
over anhydrous N&O, and concentrated in vacuo. A yellow oil was obtaiaed used directly for the next step.

TPE-NC: Into a 100 mL two-necked flask were addedlafrade TPE-NHCHO obtained above, THF (30 mL), anuéthylamine
(1.20 mL, 8.6 mmol). The flask was evacuated anshéa with dry nitrogen three times. After coolingdftC, POC} (0.21 mL, 2.2
mmol) was added dropwise. The mixture was stirred2fdr, then the saturated aqueous solution ofCig was added at room
temperature and stirred for 1 h. The solution wasaeted with EA. The collected layer was dried overS@yg then filtered and
concentrated under reduced pressure. The crudegraas purified by silica-gel column chromatograpising EA/PE (1/40, v/v) as
eluent. A yellow solid was obtained in 77% yiéld.NMR (400 MHz, CDCJ): § 7.17-7.10 (m, 11H), 7.06-6.99 (m, 8HJC NMR
(101 MHz, CDCY): 6 164.01,145.40, 143.13, 143.08, 142.94, 142.78,2¥39132.38, 132.15, 131.35, 131.29, 128.09, 128.05,
127.86,127.12, 126.99, 126.96, 125.88, 124.55; HRMSLDI-TOF) mVz. [M"] calcd. for GH;N, 357.1500; found, 357.1512; IR
(KBr, v, cm™): 2118.3 (NC).

TPE-NC-Au: Into a 100 mL flask were added qf£Au(tht) (506.0 mg), TPE-NC (400.0 mg) and DCM (30 mLhe flask was
evacuated and flushed with dry nitrogen three tirttesn) the mixture was stirred overnight at room terajure. After filtration and
solvent evaporation, the crude product was purifigdilica-gel column chromatography using DCM/PE (V) as eluentH NMR
(400 MHz, CDCY): ¢ 7.28-7.27 (d, 2H), 7.21-7.10 (m, 11H), 7.04-6.99 @H); °C NMR (101 MHz, CDGJ)): § 148.36, 144.16,
142.98, 142.75, 138.95, 133.25, 131.61, 131.59,4B31128.49, 128.18, 127.71, 127.52, 127.52, 126%BNMR (CDCE): 0 -114.8
(m, 2F, m-F);-158.1 (m, 1F, p-F);162.2 (m, 2F, o-F); IR (KB, cm?): 2208.8 (NC).
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