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Graphical Abstract 
 
Aggregation-induced phosphorescence and mechanochromic luminescence of a tetraphenylethene-based gold(Ι) isocyanide 
complex 

Wen-Bo Li, Wei-Jian Luo, Kai-Xuan Li, Wang-Zhang Yuan*, 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   

 

A new twisted gold(I) isocyanide complex based on tetraphenylethene exhibits aggregation-induced phosphorescence characteristics and 
reversible mechanochromism between crystalline and amorphous states. Such high contrast mechanism from crystals to amorphous solids 
upon grinding is resulted from conformation planarization, the enhancement of π···π stacking, and the emergence of aurophilic interactions. 
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Aggregation-induced phosphorescence and mechanochromic luminescence of a 
tetraphenylethene-based gold(Ι) isocyanide complex 
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1. Introduction 

Luminogens with efficient solid-state emission and mechanochromism have attracted great attention owing to their fundamental 
implications on the molecular packing and potential applications in optical recording, mechanical sensors, security papers, and display 
devices [1-8]. Researchers have revealed that phase transition between crystalline and amorphous states associating with conformation 
planarization, supramolecular structure, J-aggregation, and intermolecular π···π stacking, etc. could be responsible for the 
mechanochromism [9-13]. Among varying types of luminogens, those with aggregation-induced emission (AIE) features are promising 
mechanochromic candidates due to their high solid-state efficiencies and normally twisting structures [14-24]. So far, AIE-active 
mechanochromic luminogens, however, are mostly pure organic compounds, organometallic complexes are still relatively rare, despite 
they may possess fascinating photophysical properties like phosphorescence [25]. Meanwhile, possible metallophilic interactions in 
such organometallic complexes may endow the compounds with even obvious mechanochromism [26]. Furthermore, compared with 
traditional organometallic compounds, for example, the well-known tris(2-phenylpyridine) iridium [Ir(ppy)3], whose phosphorescence 
efficiency is 40% in solution and ~3% when aggregated in films [27,28], AIE metallogens are more emissive in the solid states and 
thus better high contrast mechanochromic candidates. 

Recently, organometallic complexes with aurophilic interactions (Au···Au) between gold centers have attracted considerable 
interests because of their phosphorescence emission, remarkable mechanochromism, and potential applications to the field of photonic 
devices [29-33]. To further our understanding on the AIE-active mechanochromic luminogens and gain more insights into the 
metallophilic interactions, herein, we designed and synthesized a tetraphenylethene (TPE) based gold(Ι) isocyanide complex (TPE-NC-
Au). TPE was chosen because of its typical AIE property, facile synthesis, and versatile functionalization [34-36]. Photophysical 
properties of the resulting TPE-NC-Au, particularly mechanochromic behaviors were thoroughly investigated. 

2. Results and discussion 

TPE-NC-Au was prepared according to the synthetic route shown in Scheme 1. Briefly, the intermediate product TPE-NH2 was 
synthesized by the cross McMurry coupling following the literature procedures [37]. Then, it was amidated and dehydrated 
successively to yield the key intermediate isocyanide (TPE-NC) [38] with addition of POCl3 (POCl3=phosphorus oxychloride). Further 
reaction with C6F5Au(tht) (tht = tetrahydrogenthiophene) through metal coordination generated the target gold(Ι) complex of TPE-NC-
Au, which was fully characterized by spectroscopic methods and single crystal analysis, with satisfactory results obtained. 
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In this study, a new twisting gold(Ι) isocyanide complex based on tetraphenylethene (TPE), 
TPE-NC-Au, was designed and synthesized. It exhibits aggregation induced phosphorescence 
(AIP) characteristics, owing to the incorporation of Au moiety and conformation rigidification in 
the aggregated states. Moreover, the emission color of the crystalline solid of TPE-NC-Au 
changes from blue (454 nm) to green (500 nm) in response to mechanical grinding, due to the 
combined effects of conformation planarization, enhanced π···π stacking, as well as the 
emergence of aurophilic interactions in the ground amorphous state. Notably, the emission 
color can be restored upon solvent fuming, associating with the reconstruction of crystalline 
lattices. The AIP and switchable mechanochromism of TPE-NC-Au make it suitable for 
potential applications in bioimaging, sensing, and optoelectronic devices. 
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 Scheme 1. Synthetic route to TPE-NC-Au. 
Due to the incorporation of typical AIE unit of TPE, it is envisaged that TPE-NC-Au is also AIE-active. To check it, its PL 

emissions in THF and THF/water mixtures with different water fractions (fws) were studied. As shown in Fig. 1, the PL intensity of 
TPE-NC-Au in THF is weak and not enhanced to a noticeable degree until the fw reaches 70%, at which point the molecules begin to 
aggregate (457 nm, Fig. S10 in Supporting information). At a much higher fw of 80%, the PL intensity is greatly enhanced with 
noticeable green emission peaking at 492 nm. Further addition of even small fraction of water swiftly increases the emission intensity, 
which is strikingly strengthened by ~130-fold at fw = 90% when compared to that in pure THF. Such an AIE process is also can be 
identified by the vivid emission contrast depicted in Fig. 1c. While the nonluminescent of TPE-NC-Au in THF solutions can be 
ascribed to the highly active intramolecular rotations, which can effectively consume exciton energies, the enhanced emission at high 
fws is associated to the restriction of intramolecular rotations upon aggregation. Further time-resolved emission measurement reveals 
the phosphorescence nature of the nanosuspensions (107 nm, Fig. S10) in 10/90 THF/water mixture, whose lifetime (<τ>) is 1.08 µs 
(Fig. S11 in Supporting information). This result also suggests TPE-NC-Au is actually aggregation-induced phosphorescence (AIP) 
active. Such phosphorescence should be associated with the presence of Au(I), which can promote spin-orbit coupling and subsequent 
intersystem crossing (ISC) process. 

 

Fig. 1. a) PL spectra, b) peak intensities at 492 nm, and c) photographs taken under 365 nm UV lamp of TPE-NC-Au (2×10−5 mol/L) in THF and THF/water 
mixtures with different fws. For a), excitation wavelength (λex) = 350 nm. 

To further quantitatively evaluate the emission of TPE-NC-Au, PL efficiency (Φ) and lifetime of the recrystallized solid were 
determined, whose values are 21.4% and 1.53 µs, respectively, indicative of the relatively high solid-state efficiency and verified 
phosphorescence feature of TPE-NC-Au. The twisting and Au(I)-containing structure, as well as efficient solid emission renders TPE-
NC-Au as promising mechanochromic candidate. Indeed, while the recrystallized solid exhibits strong blue emission with maximum 
(λem) at 454 nm, its ground counterpart demonstrates green emission with red-shifted λem of 500 nm (Fig. 2a and 2b), which is 
approaching to those of aggregates in THF/water mixtures (492 nm). Meanwhile, the phosphorescence efficiency is also decreased to 
16.5% after grinding. The remarkable differences in emission color, wavelength, and efficiency between the recrystallized and ground 
samples of TPE-NC-Au illustrate its distinct mechanochromism. Moreover, the emission color of the ground solid can be restored after 
being fumed with DCM solvent, with slightly blue-shifted λem (444 nm) when compared to that of the original crystals, indicating the 
reversible mechanochromism. Further grinding and subsequent fuming cycles illustrate similar emission behaviors, as can be seen from 
Fig. 2b and 2c, which further confirms the reversible attribute. 

 

Fig. 2. a) Photographs taken under 365 nm UV lamp and b) corresponding PLspectra (λex = 365 nm) of recrystallized, ground, and fumed solids of TPE-NC-Au.  
c) Emission maxima of TPE-NC-Au solids at different grinding-fuming cycles. 
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Fig. 3. Emission decay curves for recrystallized and ground solids of TPE-NC-Au monitored at 454 and 500 nm, respectively. The inset gives the dynamic 
photophysical parameters of the solids. kr = Φ/τ, knr = 1/τ-κr. 

It is also noted that the lifetime of ground sample (2.82 µs) is prolonged with comparison to that of the recrystallized solid. 
Decreased efficiency along with increased lifetime of the ground sample is highly suggestive of the enhanced exciton coupling upon 
mechanical stimuli, which may be derived from excimer formation and/or aurophilic interaction. Furthermore, based on the Φ and <τ> 
values, the radiative/nonradiative rate constants (kr/knr) are calculated to be 1.39×105/5.15×105 and 5.85×104/2.96×105 s−1 for the 
recrystallized and ground solids, respectively (Fig. 3, inset). Clearly, after grinding, the knr is even decreased. Therefore, the decline in 
the efficiency should be mainly ascribed to the decreased kr, which is strongly dependent on the oscillator strength. Much stronger 
exciton coupling would result in lower oscillator strength and thus much smaller kr. Based on these results, it is rational to speculate 
that the conformation planarization and subsequent variations in intermolecular interactions including exciton coupling related π···π 
stacking and aurophilic contacts are responsible for this prominent emission color change from blue to green. 

To gain more insights into the mechanochromism of TPE-NC-Au, powder XRD was carried out to study the structural evolution. As 
shown in Fig. 4, the XRD pattern of the recrystallized sample shows intense and sharp peaks, indicating its ordered molecular packing 
in the crystalline lattice. Upon grinding, the XRD pattern displays significantly decreased diffraction intensity with a weak halo 
diffusion at 2θ of ~21.4o, which implies its disordered amorphous nature. The XRD pattern of the fumed sample, however, is restored 
with strong and sharp diffractions, which is similar to those of original recrystallized powders. Taken considerations of these results, 
we can deduce that reversible luminescent color change should be attributed to the switch between ordered crystalline and disordered 
amorphous states upon mechanical grinding and solvent fuming. 

 

Fig. 4. XRD patterns of recrystallized, ground, and fumed solids of TPE-NC-Au. 

To further decipher the mechanisms of AIP and particularly mechanochromism of TPE-NC-Au, we cultured the single crystal of it 
from its DCM solution via the solvent diffusion method in the n-hexane atmosphere. As can be seen from Fig. 5a, TPE-NC-Au 
molecules adopt highly twisted conformations with abundant intermolecular interactions such as C–F···π (Ar), C–F···N, C–F···C≡N, 
C–H···π, C–H···H–C short contacts, and even edge to edge π···π interactions. Therefore, the AIE phenomenon can be well rationalized 
as below: in solutions, the TPE-NC-Au molecules undergo highly active intramolecular rotations, which can effectively consume the 
exciton energy, thus making them nonemissive; in the aggregated suspensions or solids, these intramolecular rotations can be 
effectively impeded, particularly in the crystalline state (with assistance of short contacts), thus favoring radiative deactivation of the 
excitons. Notably, despite π···π stacking induced excimer formation is generally harmful to the emission, the whole effect of 
conformation rigidification overpasses such detrimental effect, thereby offering boosted emission in the aggregated states.  
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Fig. 5. Single crystal structure (CCDC 1525462) and fragmental molecular packing arrangement of TPE-NC-Au. 

On the other hand, for gold(Ι) isocyanide complexes, aurophilic interactions impact much on the emission, especially on the 
emission color [39,40]. For TPE-NC-Au crystals, the shortest Au···Au distance of 5.081 Å (Fig. 5b) is far beyond the limited range of 
aurophilic bonding (2.7-3.3 Å) [32], which indicates the absence of Au···Au interactions. Upon grinding, however, the formation of 
aurophilic interactions in the amorphous phase becomes possible [31,40], which is further supported by the IR and XPS measurements. 
The recrystallized sample exhibits an absorption at 2208 cm−1 corresponding to the isocyanide N≡C stretching, however, it shifts to 
higher frequency (2212 cm−1) after grinding, suggestive of the formation of aurophilic bonds (Fig. 6a) [31]. Furthermore, the change in 
the binding energy of the ground sample also supports the assumption of the formation of aurophilic bonds. For the recrystallized 
sample, the high-resolution XPS spectrum displays binding energies of Au 4f7/2 and 4f5/2 at 85.72 and 89.38 eV [41], respectively (Fig. 
6b). After grinding, they shift to much lower energies by 0.3 eV and 0.28 eV (Fig. 6b), respectively, which implies enhanced screening 
effect and thus increased electronic cloud density of Au(I), attributable to the formation of aurophilic bonds. Previous investigations 
suggest that Au···Au interactions will greatly exert on the emission color [29-33,39,40], which should be aroused from exciton 
coupling. The red-shifted emission of the ground solid is thus understandable taken considerations into the conformation planarization, 
π···π stacking, and aurophilic interactions, all of which cooperatively contribute to the emission color change.  

 

Fig. 6. a) IR and b) Au(I) 4f XPS spectra of recrystallized and ground solids of TPE-NC-Au. 

3. Conclusion 

In summary, highly twisted gold(Ι) isocyanide complex of TPE-NC-Au has been designed and synthesized. It demonstrates 
remarkable AIP characteristics with high efficiency of 21.4% in the crystalline state. Moreover, it exhibits reversible and distinct 
mechanochromism with large emission color/wavelength changes (from blue to green and up to 56 nm). XRD measurement reveals 
that the phase transition between crystalline and metastable amorphous state before and after grinding is responsible for the 
mechanochromism. Single crystal data confirm the twisted structure and illustrate abundant intermolecular interactions in the crystals. 
Upon grinding, while molecular conformations get planarized, most intermolecular interactions are destructed except enhanced π···π 
stacking, accompanying with emerged aurophilic interactions. Notably, for the first time, XPS spectra are adopted to detect aurophilic 
interactions in the ground amorphous state. The mechanochromic behavior thus can be well understood in view of conformation 
planarization, enhanced π···π stacking, and the emergence of aurophilic interactions. Furthermore, this study also indicates an 
alternative approach, the combination of AIE unit and metallo-moiety, to the fabrication of twisting molecules with AIP properties and 
high contrast mechanochromism. 

4. Experimental 

4.1 Materials and instruments 

Benzophenone (BP) and zinc powder were obtained from Sinopharm Chemical Reagent Co., Ltd. 4-Aminobenzophenone (BP-NH2) 
and phosphorus oxychloride (POCl3) were obtained from Acros and Aldrich, respectively. Pyridine, titanium tetrachloride (TiCl4), and 
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petroleum ether (PE) were obtained from Adamas Reagent Ltd. Acetic formic anhydride was prepared from acetic anhydride (0.27 mL, 
2.89 mmol, Greagent Co. Ltd) and formic acid (0.11 mL, 2.90 mmol, Greagent Co., Ltd) at 55 oC for 2 h. C6F5Au(tht) was prepared 
according to the literature [42]. Tetrahydrofuran (THF) was distilled from sodium/BP under nitrogen before use. Triethylamine (NEt3) 
and dichloromethane (DCM) were distilled under normal pressure from calcium hydride (CaH2, Shanghai Lingfeng Chemical Reagent 
Co. Ltd.). Other commercially available compounds were used as received without further purification. 

1H, 13C, and 19F NMR spectra were measured on a Bruker ARX 400 NMR spectrometer in choloroform-d (CDCl3) using 
tetramethylsilane (TMS; δ = 0 ppm) as internal reference. Emission spectra were recorded on a Perkin Elmer LS 55 
spectrofluorometer. High resolution mass spectrum (HRMS) was collected on a Fourier Transform ion cyclotron resonance mass 
spectrometer (Bruker SolariX 7.0T) with MALDI ion source. Powder X-ray diffraction (XRD) data were obtained on a Bruker D8 
Advance. Time resolved emission spectra were measured on a PTI QM/TM/IM fluorescence spectrofluorometer. The 
photoluminescence (PL) quantum yields were determined using an Absolute PLQY C11347 instrument (Hamamatsu, Japan). Single-
crystal XRD intensity data were collected on a Bruker SMART APEX diffractometer. XPS were acquired with a Kratos Axis Ultra 
DLD spectrometer (Kratos Analytical-A Shimadzu group company) using a monochromatic Al Kα source (1486.6 eV).  

4.2 Synthesis 

TPE-NH2: TPE-NH2 was synthesized by the typical McMurry reaction according to the literature procedures [34]. Into a two-necked 
round-bound flask (100 mL) were added of zinc powder (Zn, 1.49 g, 22.8 mmol) and THF (60 mL). The flask was evacuated and 
flushed with dry nitrogen three times. After cooling to -5 oC, TiCl4 was slowly added. The mixture was stirred for 2.5 h at room 
temperature. After cooling to -5 oC again, pyridine (1.53 mL, 19.0 mmol) was added and the mixture was stirred for 10 min. Then the 
solution of BP (1.5 g, 7.6 mmol) and BP-NH2 (1.66 g, 9.1 mmol) in THF (40 mL) was added, the mixture was refluxed overnight. 
Afterwards, K2CO3 solution was added to quench the reaction. After cooling to room temperature, THF was removed by a rotatory 
evaporator. The solution was poured into water and extracted with DCM. The collected organic layer was dried over anhydrous 
Na2SO4. After filtration and solvent evaporation, the crude product was purified by silica-gel column chromatography using DCM/PE 
(1/2, v/v) as eluent. A pale yellow solid was obtained in 72% yield. 1H NMR (400 MHz, CDCl3): δ 7.13-6.99 (m, 17H); 6.85-6.82 (d, 
2H); 6.52-6.49 (d, 2H). 13C NMR (101 MHz, CDCl3): δ 144.69, 144.57, 144.52, 144.24, 141.25, 139.87, 135.04, 132.94, 131.89, 
131.82, 131.78, 128.20, 128.12, 127.98, 127.96, 126.70, 126.54, 126.53, 115.19. IR (KBr, ν, cm−1): 3476, 3378, 3009. 

TPE-NHCHO: Into a 100 mL two-necked flask were added of TPE-NH2 (500.0 mg) and THF (30 mL). After cooling to 0 oC, acetic 
formic anhydride was tardily added by a syringe. The mixture was stirred at room temperature for 2 h. Then the reaction was quenched 
by the saturated solution of NaHCO3. The mixture was extracted with ethyl acetate (EA), then the collected organic layer was dried 
over anhydrous Na2SO4 and concentrated in vacuo. A yellow oil was obtained and used directly for the next step. 

TPE-NC: Into a 100 mL two-necked flask were added of all crude TPE-NHCHO obtained above, THF (30 mL), and trimethylamine 
(1.20 mL, 8.6 mmol). The flask was evacuated and flushed with dry nitrogen three times. After cooling to 0 oC, POCl3 (0.21 mL, 2.2 
mmol) was added dropwise. The mixture was stirred for 2 h, then the saturated aqueous solution of Na2CO3 was added at room 
temperature and stirred for 1 h. The solution was extracted with EA. The collected layer was dried over MgSO4, then filtered and 
concentrated under reduced pressure. The crude product was purified by silica-gel column chromatography using EA/PE (1/40, v/v) as 
eluent. A yellow solid was obtained in 77% yield. 1H NMR (400 MHz, CDCl3): δ 7.17-7.10 (m, 11H), 7.06-6.99 (m, 8H); 13C NMR 
(101 MHz, CDCl3): δ 164.01,145.40, 143.13, 143.08, 142.94, 142.78, 139.27, 132.38, 132.15, 131.35, 131.29, 128.09, 128.05, 
127.86,127.12, 126.99, 126.96, 125.88, 124.55; HRMS (MALDI-TOF) m/z: [M+] calcd. for C27H19N, 357.1500; found, 357.1512; IR 
(KBr, ν, cm−1): 2118.3 (N≡C). 

TPE-NC-Au: Into a 100 mL flask were added of C6F5Au(tht) (506.0 mg), TPE-NC (400.0 mg) and DCM (30 mL). The flask was 
evacuated and flushed with dry nitrogen three times, then the mixture was stirred overnight at room temperature. After filtration and 
solvent evaporation, the crude product was purified by silica-gel column chromatography using DCM/PE (1/4, v/v) as eluent. 1H NMR 
(400 MHz, CDCl3): δ 7.28-7.27 (d, 2H), 7.21-7.10 (m, 11H), 7.04-6.99 (m, 6H); 13C NMR (101 MHz, CDCl3): δ 148.36, 144.16, 
142.98, 142.75, 138.95, 133.25, 131.61, 131.59, 131.48, 128.49, 128.18, 127.71, 127.52, 127.52, 126.48; 19F NMR (CDCl3): δ -114.8 
(m, 2F, m-F), -158.1 (m, 1F, p-F), -162.2 (m, 2F, o-F); IR (KBr, ν, cm−1): 2208.8 (N≡C). 
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