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A new aggregation-induced emission (AIE)-active neutral Ir(III) complex has been rationally designed and synthesized by 

introducing carboxyl and F substituents into the ancillary and cyclometalating ligands, respectively, to construct different 

kinds of intermolecular interaction, leading to excellent piezochromic luminescence (PCL) properties. The emission colours 

are tunable by a grinding–fuming/heating process with good reversibility in the solid state. A combination of powder X-ray 

diffraction, differential scanning calorimetry, 1H NMR, X-ray photoelectron and Fourier-transform infrared spectroscopy 

unambiguously confirm that the mechanism of PCL involves disruption of the intermolecular π–π interactions and 

hydrogen bonding. The combined AIE and PCL properties have enabled an efficient re-writable data recording device to be 

fabricated using the Ir(III) complex as the active material. 

Introduction 

Piezochromic luminescent (PCL) materials exhibit 

reversible switching of the emission in response to mechanical 

grinding and fuming or heating in the solid state.1-4 They have 

been extensively studied over the past decade as a class of 

‘smart’ functional materials due to their promising potential as 

pressure sensors, optical devices and memory chips.5-11 Various 

small organic molecules,12, 13 polymers,14, 15 metal complexes,16, 

17 co-crystals18, metal–organic frameworks19 and perovskites20 

with interesting PCL properties have been investigated. 

Especially, phosphorescent Ir(III) complexes have attracted 

extensive attention owing to their favourable photophysical 

properties, controllable excited-state characteristics and tunable 

emission colours.21-24 

Highly efficient emission in the solid state is beneficial for 

a PCL material, and the notorious aggregation caused 

quenching (ACQ) effect should be avoided.25, 26 Aggregation-

induced emission (AIE) was established by Tang and co-

workers in 2001 as an effective way to overcome ACQ.27 In 

AIE systems, the molecules exhibit strong luminescence only 

upon aggregate formation which causes restricted 

intramolecular motion. Moreover, Chi and co-workers have 

proved that the luminescence enhancement resulting from AIE 

may provide a direction for the exploitation of high-efficiency 

PCL materials.28 Nevertheless, there remains considerable 

scope to develop design ideas for Ir(III) complexes with 

simultaneous AIE and PCL dual properties. The main reasons 

can be summarized as follows: i) a lack of a clear theoretical 

direction for the structure-property relationships of PCL 

materials; ii) choosing Ir(III) complexes with flexible long alkyl 

chain substituents to realize dual optical properties usually 

leads to poor stability and complicated synthesis routes.21, 29 

Hence, it is still a challenge to develop an effective and facile 

design strategy to obtain Ir(III) complexes with excellent PCL 

features. 

Controlling the molecular packing mode between stable 

crystalline states and metastable amorphous states without 

using chemical reactions is a common method for changing the 

emission characteristics of PCL materials.30-34 On the basis of 

Etter’s hydrogen-bond rule35 and Kitaigorodskii’s close-

packing principle,36 hydrogen bonding and π-π interactions are 

two vital principles for designing tunable-state luminescent 

materials.30 For instance, in this context Zhang and co-workers 

have shown that the interaction directed by hydrogen bonds can 

be exploited to control the molecular packing mode.37 In 

previous reports, C=O and N-H substituents have been used to 

construct hydrogen bonds, and the strongly electron-accepting 

F substituents were also adopted to favour intermolecular 

interactions, such as π-π or C-H...F interactions. These 

substituents have been utilized to realize PCL properties.24,38-40 

However, the carboxyl substituent is rarely reported for the 

construction of hydrogen bonds in PCL materials.41-43 In 

addition, in 2014 our group reported for the first time that 

introducing flexible Schiff base ligands into an iridium(III) 

complex is an effective method to achieve aggregation induced 

phosphorescent emission (AIPE) properties.44 

With these precedents in mind, we rationally designed and 

synthesized a neutral iridium(III) complex (abbreviated as 

complex 1, Scheme 1), Ir(F2ppy)2(L) (L = carboxylated Schiff 
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base ligand, F2ppy = 2-(2,4-difluorophenyl)pyridine). Herein, a 

flexible Schiff base ligand is selected to achieve the desired 

AIE properties. For the first time, the carboxyl substituents 

were successfully incorporated into ancillary ligands to form 

hydrogen bonds to realize PCL properties. At the same time, 

the strongly electron-accepting F substituents were attached to 

the cyclometalated ligands to favour intermolecular interaction 

such as π-π and C-H...F interactions for effective PCL. The 

single-crystal X-ray structure analysis, 1H NMR spectra, 

powder X-ray diffraction (PXRD), differential scanning 

calorimetry (DSC), Fourier-transform infrared (FTIR)  spectra, 

X-ray photoelectron spectroscopy (XPS) and detailed 

photophysical properties of complex 1 are presented. The 

results demonstrate that complex 1 exhibits significant AIPE 

and PCL properties. We conclude that the carboxyl and F 

substituents play a key role in achieving PCL. More 

importantly, the emission colour of complex 1 can be reversibly 

switched upon fuming with organic solvent and this process can 

be cycled at least 5 times without any deterioration in the 

response. Additionally, an efficient proof-of-concept data 

recording device was fabricated using complex 1 as the active 

material. 

Experimental section 

Synthesis 

The ancillary ligand L was easily synthesized as reported 

previously.45 The cyclometalated chloride-bridged dimer 

[Ir(F2ppy)2Cl]2 was obtained according to the literature by 

heating IrCl3
.3H2O and F2ppy cyclometalated ligands in a 

mixture of water and 2-ethoxyethanol under nitrogen.46 

Complex 1 was obtained by the reaction of the ancillary ligand 

L with [Ir(F2ppy)2Cl]2. Complex 1 was characterized by 1H 

NMR spectroscopy, mass spectrometry and elemental analysis. 

Complex 1. A yellow suspension of the dichloro-bridged 

iridium complex [Ir(F2ppy)2Cl]2 (0.182 g, 0.20 mmol), Schiff 

base bridging ligand (0.096 g, 0.40 mmol) and Na2CO3 (0.212 g, 

2.0 mmol) in 2-ethoxyethanol was stirred at 140 oC for 8 h 

under a nitrogen atmosphere. The mixture was cooled to room 

temperature, the suspension was filtered, dried and purified by 

silica gel column chromatography with ethyl acetate/acetone 

(1:2 v/v) as eluent. The complex was obtained as a yellow solid 

in 63% yield (0.21 g). 1H NMR (500 MHz, DMSO- d6, ppm):δ 

12.80 (s, 1H), 8.98 (d, J = 4 Hz, 1H), 8.70 (d, J = 4.5 Hz, 1H), 

8.31 (s, 1H), 8.25 (d, J = 7 Hz, 1H), 8.02-8.06 (m, 2H), 7.96 (d, 

J = 7 Hz, 1H), 7.53 (t, J = 5 Hz, 1H), 7.42-7.44 (m, 3H), 7.36 (d, 

J = 5 Hz, 1H), 7.23 (t, J = 5 Hz, 1H), 6.72 (t, J = 7.5 Hz, 1H), 

6.50 (d, J = 8.5 Hz, 1H), 6.26-6.41 (m, 4H), 5.48 (d, J = 7 Hz, 

1H), 5.44 (d, J = 2.5 Hz, 1H). MS: m/z = 812.12. Anal. calcd 

for C36H22F4IrN3O3: C 53.20, H 2.73, N 5.17; found: C 53.16, 

H 2.75, N 5.13. Crystals for X-ray analysis were grown from a 

solution of 1 in ethyl acetate solvent. 

 

Scheme 1 Synthetic route for complex 1 

 

Results and discussion 

AIE behaviour 

The photoluminescence quantum yield of complex 1 is 

0.17 in the solid state (Table S2 in ESI). The AIE properties of 

complex 1 were investigated by emission and UV/vis 

absorption spectroscopy in different ratios of water-CH3CN 

mixtures at room temperature. Complex 1 displayed almost no 

emission in CH3CN solution, but the emission intensity 

significantly increased when the water fraction reached 80% 

(v/v). As shown in Fig. S4 (ESI†), when the water fraction 

increased from 0% to 90%, the identical absorption peaks and 

the level-off tail appeared in the visible spectral region, due to 

the aggregates of complex 1 in the solvent mixture. The 

formation of nano-aggregates was further established by 

transmission electron microscopy (TEM) which indicated that 

the average sizes of spherical molecular aggregates increased 

obviously to about 120 nm (Figure S3b, ESI†).when the water 

fraction was 90%.47 Molecular aggregates are barely visible when 

complex 1 was in 0% water fraction (Figure S3a). The above 

results confirm that complex 1 is AIE active. 

 

Fig. 1 (a) The emission spectra of complex 1 in water–CH3CN 

mixtures with different water fractions (0–90% v/v) at room 

temperature. Inset: emission image of complex 1 in pure 

CH3CN solution and a water–CH3CN mixture (90% water 

fraction) under 365 nm UV illumination. (b) Normalized 

emission spectra of the samples as indicated.  

 

Piezochromic behaviour 

In order to verify the PCL properties of complex 1, 

mechanical grinding experiments on the as-synthesized 

powders were performed. Under UV light irradiation, the 

pristine solid samples of complex 1 (hereafter referred to as P) 

exhibit yellow phosphorescence (λmax = 566 nm) (Fig. 1b). 

Interestingly, when P was thoroughly ground by hand-pressure 

in an agate mortar for 20 s, a remarkable bathochromic shift (30 

nm) was observed in the orange-emitting ground sample 
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(hereafter referred to as G), corresponding to λmax = 596 nm 

(Fig. 1b). These data confirm that P exhibits pressure-induced 

piezochromic behaviour. When exposed to dichloromethane 

(DCM) solvent (hereafter referred to as sample D), the orange-

emitting samples reverted to the initial yellow emission colour 

within a few seconds. Notably, the emission colour could 

perfectly revert to G when D was further ground; this cycle was 

repeated at least 5 times (Fig. 2a). In addition to solvent-

fuming, the emission colour of ground samples of PCL 

materials can also be reversibly switched to the original colour 

by other environmental stimuli, such as heating.20 With this in 

mind, the changes of emission colour upon the grinding–

heating processes of complex 1 were investigated. When G was 

heated at 180 oC, determined by the DSC data (see below), its 

emission colour changed from orange to yellow. By further 

grinding of the heated samples (hereafter referred to as H), the 

orange luminous powder was obtained again (Fig 1b). From the 

above data, complex 1 exhibits multi-channel PCL behaviour 

and excellent reversibility for several grinding–fuming/heating 

cycles. 

 

Fig. 2 (a) Repeated cycles of the grinding–fuming processes. 

Insets: emission images of P, G, D, and H under 365 nm UV 

illumination. (b) PXRD patterns and (c) DSC traces of the 

samples as indicated. 

 

To investigate the origin and mechanism of the reversible 

piezochromic behaviour of complex 1, the 1H NMR spectra of 

P and G were obtained (Fig. S1 and S2, ESI†). The results 

showed that the chemical shift values and peak shapes of both 

samples were exactly the same, validating the fact that the 

phosphorescent colour changes in the grinding process are 

attributed to physical processes, such as changing the 

intermolecular interactions and/or the mode of the molecular 

packing. 

 

Fig. 3 (a) Intermolecular O-H···O hydrogen bonds; (b and c) π–

π interactions; (d) intramolecular C-H···F interactions; (e) 

crystal structure; (f) schematic supramolecular structure of 

complex 1. 

 

The single crystal packing of complex 1 indicates the 

presence of multiple intermolecular interactions (Fig. 3). O-

H···O hydrogen bonds with O---O distance of 2.55 Å connect 

molecules into a one-dimensional chain (Fig. 3a) and obvious 

intermolecular π-π interactions between the 2,4-difluorophenyl 

rings (d = 3.94 Å) (Fig. 3b) and neighbouring pyridine rings (d 

= 3.95 Å) (Fig. 3c) induce an ordered aggregation by 

connecting the one-dimensional chains. The introduction of 

carboxyl and F substituents successfully constructs a 

supramolecular two-dimensional network structure of complex 

1. Additionally, there are weak intramolecular C-H···F 

interactions (d = 2.89 Å) in the structure of complex 1 (Fig. 3d). 

Thus, this packing mode might be easily modified by 

mechanical stimuli resulting in the emission red-shift. 

To gain more insight into the PCL mechanism of complex 

1, the PXRD data were obtained in various solid states. As 

depicted in Fig. 2b, the diffraction pattern of P displays 

numerous sharp and intense reflection peaks, confirming the 

existence of well-ordered aggregates. Conversely, very weak 

and board diffraction signals are detected in G, which are 

different from those of P, revealing that G is amorphous. 

Therefore, it is established that the ordered structures of P are 

destroyed to a certain extent by grinding, leading to the 

amorphous states with red-shifted emission. Interestingly, after 

fuming with dichloromethane or heating G, the sharp and 

intense reflection peaks appeared again, confirming that 

recrystallization has been easily achieved by these processes. 

DSC experiments further confirm the formation of the 

amorphous powders upon grinding (Fig 2c). For the DSC 

curves of G, an exothermic recrystallization peak appeared 

initially, and then an endothermic melting peak was detected, 

which is similar to the melting points of the corresponding 

crystalline state samples. It is known that the amorphous state 

will become less viscous and the molecules may obtain enough 

freedom of motion to spontaneously arrange themselves into 

crystalline forms as the temperature increases, indicating that 

the amorphized ground samples are in metastable states which 

can be restored to thermodynamically stable crystals through an 

exothermic recrystallization process.29 Thus, based on the 

combined PXRD and DSC results, it appears that G 

investigated here comprises metastable amorphous states. If G 

is heated above the recrystallization temperatures, or is 

subjected to solvent-fuming, the amorphous states will revert to 

thermodynamically stable crystals through a recrystallization 

process. 
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Fig. 4 FTIR spectra (a) and O1s XPS spectra (b) of the samples 

as indicated. 

 

 The excited-state lifetimes (τ) for pristine (P) and ground 

(G) samples of complex 1 are significantly different with 2.31 

and 2.15 μs, respectively. Therefore, not only the emission 

colour but also the excited-state lifetimes of 1, change as a 

result of the rearrangement of the molecular packing and 

intermolecular interactions. 

The FTIR and the XPS data were obtained for P and G 

samples of complex 1.  As shown in Fig. 4a, unlike P, a new 

strong and broad peak at 3431 cm-1 appears in the FTIR 

spectrum of G, assigned to a free carboxyl group. The results 

demonstrate that the O-H···O hydrogen bond was partially 

broken upon mechanical pressure. Fig. 4b shows the XPS 

spectrum of the O 1s regions for complex 1. Additional O 1s 

signals at higher energy around 533.4 eV appeared upon 

grinding, which again indicates that the O-H···O hydrogen 

bond was partially broken.48 The FTIR and XPS data are, 

therefore, consistent. Moreover, the XPS spectra of F 1s, C 1s 

and N 1s regions all changed significantly, indicating that the π-

π interaction between the neighbouring pyridine rings, the 2,4-

difluorophenyl rings and intramolecular C-H···F interactions 

were also changed in sample G (Fig. S5, ESI†). These results 

clearly prove that incorporation of the carboxyl and F 

substituents into complex 1 plays an important role in the PCL 

properties. 

 

Fig. 5 Illustrations of the multi-channel photoluminescent 

colour changes of complex 1 (solution sample abbreviated as S). 
 

By taking advantage of the combined AIE and reversible 

PCL properties of complex 1, the different emission colours can 

be switched by heating, grinding, fuming and dissolution in 

solvent (Fig. 5).  

Encouraged by the excellent piezochromic behaviour of 

complex 1, a simple proof-of-concept re-writable 

phosphorescence data recording device has been fabricated 

(Fig. 6). The specific three-step procedure was as follows. (i) G 

was evenly spread on a filter paper using an agate pestle to 

make a thin film exhibiting orange emission under UV 

excitation ( 365 nm). (ii) Two yellow-emitting letters ‘L’ and 

‘Y’ were written on the ‘paper’ using a ‘pen’ (made from a 

glass capillary) with DCM as the ‘ink’. The letters show bright 

and distinctly different colour compared with the background. 

(iii) The letters ‘L’ and ‘Y’ were erased by grinding to recover 

the original orange background. This writing-erasing process 

can be repeated with excellent reversibility for at least five 

cycles. These results demonstrate that complex 1 is a candidate 

for practical applications as a security protection ink with 

simple optical authentication. 

 

Fig. 6 A reversible data recording device of complex 1 based on 

its piezochromic and vapochromic phosphorescence. 

 

Conclusions 

In summary, a simple and rational strategy of ligand 

modification has led to a new ‘smart’ Schiff base Ir(III) 

complex which exhibits both reversible PCL and AIE 

behaviour. Intriguingly, the emission colour of 1 can be 

repeatedly switched between orange and yellow by grinding–

fuming or grinding–heating processes. The grinding, fuming and 

heating processes took 20 seconds, 2 min and 5 min, respectively. 

Thereby a reversible and reproducible two-colour emission 

writing-erasing process was achieved. Based on the single 

crystal structure analysis, FTIR and XPS data, O-H···O 

hydrogen bonds, intermolecular π–π interactions and weak 

intramolecular C-H···F interactions are partially destroyed 

upon application of external stimuli, which result in the 

interconversion between crystalline and amorphous states, 

giving rise to the observed piezochromism. It is proposed that 

the carboxyl and F substituents play an important role in 

achieving PCL. We have now developed an effective and facile 

design strategy to obtain multi-functional Ir(III) complexes with 

excellent PCL features which provides a clear direction for 

exploiting the subtle structure-property relationships of PCL 

materials. The way is open to design new Ir(III) complexes, 

enrich the range of PCL materials and expand their applications 

in various fields.  
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1. Experimental - general information 

Materials obtained from commercial suppliers were used without further purification 

unless otherwise stated. All glassware, syringes, magnetic stirring bars, and needles 

were thoroughly dried in a convection oven. Reactions were monitored using thin 

layer chromatography (TLC). Commercial TLC plates were used and the spots were 

visualized under UV light at 254 and 365 nm. 
1
H NMR spectra were recorded at 25 ºC 

on a Varian 500 MHz spectrometer and were referenced internally to the residual 

proton resonance in DMSO-d6 (δ 2.5 ppm). Mass spectra were obtained on 

matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) mass 

spectrometry instrument. Elemental analyses were measured on a Flash EA1112 

analyzer. Transmission electron microscopy (TEM) and electron diffraction analyses 

of the samples were obtained using a TECNAI F20 microscope. The samples were 

prepared by placing microdrops of the solution on a holey carbon copper grid. UV-vis 

absorption spectra were recorded on a Shimadzu UV-3100 spectrophotometer. The 

emission spectra were recorded by an F-7000 FL spectrophotometer. The excited-state 

lifetime and photoluminescence quantum yields (PLQYs) were measured using a 

transient spectrofluorimeter (Edinburgh FLS920). X-ray photoelectron spectroscopy 

(XPS) analyses were performed on a Quantum 2000 spectrometer. Powder X-ray 

diffraction (PXRD) patterns were obtained with a Rigaku Dmax 2000 instrument. 

Differential scanning calorimetry (DSC) curves were collected on a NETZSCH 

thermal analysis DSC200 F3 instrument under argon with a heating rate 10 °C min
-1

. 

FTIR spectra were recorded on a Magna 560 FTIR spectrometer with KBr disks. The 

X-ray crystal data was obtained on a Bruker Smart Apex II CCD diffractometer with 

graphite-monochromated Cu Kα radiation (λ = 1.54178).  

 

Synthesis of Schiff base ligand 

4-Aminobenzoic acid (0.274 g, 2.0 mmol) and salicylaldehyde (0.200 g, 1.63 mmol) 

were refluxed in ethanol (20 mL) at 78
 o
C for 5 h under a nitrogen atmosphere. The 

suspension was filtered, dried and purified by silica gel column chromatography with 
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ethyl acetate/acetone (2:1 v/v) as eluent. The Schiff base was obtained as a yellow 

solid in 82% yield (0.320 g). 

 
Scheme S1 Synthetic route for Schiff base ligand 

 

2. 
1
H NMR Spectrum of complex 1 at room temperature 

 

Fig. S1 
1
H NMR spectrum of complex 1 in DMSO-d6 at room temperature. 

 

 
Fig. S2 

1
H NMR spectrum of complex 1 after grinding in DMSO-d6 at room 

temperature. 

 

3. X-ray crystallographic data 

Diffraction data were collected on a Bruker SMART Apex CCD diffractometer using 

Cu Kα (λ = 1.54178). Cell refinement and data reduction were made by the SAINT 

program. The structures were determined using the SHELXTL/PC program. The 

crystallographic data have been deposited with the Cambridge Crystallographic Data 

Centre with CCDC deposition number 1922460. These data can be obtained free of 
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charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Table S1 Crystal data and structure refinement for complex 1. 

 1 

Empirical formula C36H22F4IrN3O3 

Formula weight 813.12 

Temperature (K) 298 

Crystal system monoclinic 

space group P21/n 

a /Å 17.686(3) 

b /Å 10.9614(16) 

c /Å 19.865(3) 

α /° 90 

β /° 106.682(8) 

γ /° 90 

V/Å
3
 3688.9(10) 

Z 4 

ρcalc(g/cm
3
) 1.622 

μ/mm
-1

 7.595 

Rint 0.0535 

Goodness-of-fit on F
2
 1.095 

R1
a
, wR2

b
 [I>2σ(I)] 0.0268,0.0602 

R1, wR2 (all data) 0.0352,0.0641 
a
 R1 = Σ||Fo| - | Fc||/Σ|Fo|. 

b
 wR

2
= { Σ[ w( Fo

2
 - Fc

2
)
2
]/ Σ[w(Fo

2
)
2
]}

1/2
 

 

 

 

4. Photophysical, TEM and XPS properties 

 

Table S2 Photophysical characteristics of complex 1 

Absorption and emission at room temperature kr×10
6 

s
-1

 knr×10
6
 s

-1
 

λabs

a
 (nm) λem

b
 (nm) Φem

b
  τ

b
[μs]   

285, 390 566 0.17  2.31 0.07 0.36 

a 
Measured in CH3CN (1.0×10

-5
 M) solution. 

b 
Measured in solid state (λex = 400 nm; 

error forΦem  ± 5 %).  

http://www.ccdc.cam.ac.uk/data_request/cif
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Fig. S3 TEM image of nanoaggregates of complex 1 formed in water–CH3CN 

mixtures with 0% (a) and 90% (b) water fraction. 

 

Fig. S4 The absorption spectra of complex 1 in water–CH3CN mixtures with different 

water fractions (0–90% v/v) at room temperature. 

 

Fig. S5 XPS spectra of F 1s, C 1s and N 1s for complex 1 


