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a b s t r a c t

Developing phosphors with long-lifetime (millisecond scale or even longer) solid state room temperature

phosphorescence (RTP) feature has attracted considerable attention. However, to date, stimuli-responsive

phosphors with RTP nature are still rare due to the absence of effective guidelines for the exploita-

tion of luminophors synchronously possessing stimuli-responsive and RTP characteristics. In this work,

a series of mononuclear gold(I) complexes are reported. All these complexes exhibit various solid-state

RTP properties, and phosphor 1-Cl exhibits long-lived RTP behavior. The effect of halogen atoms on the

RTP nature of these complexes is investigated in detail. Furthermore, the introduction of different types

of halogen atoms can effectively regulate the phosphorescent mechanochromism phenomena of these

gold(I)-containing complexes. In addition, these phosphors display typical aggregation-induced emission

(AIE) effect except for phosphor 5-CCl, which lacks hydrogen-bonding interactions compared with the

other four phosphors. This work will be very helpful to the development of mechanical-force-responsive

AIE phosphors with lasting RTP.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Luminescent materials are widely used in many fields, includ-

ing in optoelectronic devices, sensors, and biological imaging [1–8].

Generally, luminescent materials are applied in the form of a solid

thick or thin film; however, conventional fluorescent molecules

only display emission in dilute solutions, and their emission in-

tensity is markedly suppressed in the aggregated state. This phe-

nomenon is referred to as the aggregation-caused quenching (ACQ)

effect. In 2001, Luo et al. reported the first molecule with the oppo-

site fluorescence characteristics, i.e., aggregation-induced emission

(AIE) [9]. Free rotors are usually introduced into AIE molecules to

prevent the formation of π-π interactions, or rigid environments

are created via intermolecular or intramolecular hydrogen-bonding

interactions. These methods can suppress non-radiative transitions

of the molecules in the aggregation states [10–13]. The unique AIE
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effects enable molecules that can overcome the limitations of con-

ventional fluorescent molecules and greatly expand their applica-

tion prospects [14,15].

Mechanochromic materials are ones that respond with a change

in luminous intensity or color when stimulated by an external me-

chanical force [16–26]. Liao et al. explored the effect of the crys-

tal packing mode of the molecules on their mechanoluminescence

[27–29]. They reported that the molecular packing modes and de-

gree of packing density were crucial factors affecting the emission

properties. Moreover, the transition between a highly ordered crys-

talline state and the amorphous state is another important factor

for mechanochromic materials [30–34]. Such materials have po-

tential application prospects in the fields of force sensors, data

storage, and anti-counterfeiting because of their simple operation

and rapid response [35,36]. Transition metal complexes have be-

come a topic of intense research interest in the field of lumines-

cent materials because of their rich excited states and excellent

photophysical properties, such as an easily tunable emission wave-

length, long decay lifetime, and stable chemical structure [37–41].

The introduction of metal atoms also improves the rate of in-

https://doi.org/10.1016/j.cclet.2021.12.030
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Scheme 1. Structures of gold(I) complexes.

Fig. 1. Normalized steady-state (solid line) and delayed (dotted line) emission spectra of gold(I) complexes 1-Cl (a), 2-Br (b), 3-I (c), 4-H (d), 5-CCl (e) at room temperature

(red line) and 77 K (blue line). (f) The photographs of solids (taken at room temperature (above) and 77 K (below) under a 365 nm portable UV lamp).

tersystem crossing and luminescence lifetime. Many metal com-

plexes with room temperature phosphorescence (RTP) properties

have been reported [42–44]. However, there have been few re-

ports on metal complexes with mechanochromism, AIE, and RTP.

To address this, systematically studying the relationship between

the structures and properties of these multifunctional complexes

is essential for designing novel metal complexes with the de-

sired functionalities. According to previous reports, altering the

gold-gold distance is important for regulating the emission prop-

erties of Au complexes [45–48]. Therefore, gold atoms were in-

troduced in the molecules to enhance the electronic interaction

between complexes. The halogen atoms, Cl, Br, and I were also

modified at the ends of the complexes; this was expected to in-

crease the rate of intersystem crossing and allow for systematic

investigation of the effect of different halogen atoms on the lu-

minescent properties. Furthermore, flexible oxygen-rich tetraethy-

lene glycol(TEG)-like side chains have been introduced to enhance

the intermolecular hydrogen bonding interactions and provide a

rigid environment for the construction of AIE molecules. In this

work, the halogen-containing gold(I) complexes 1-Cl, 2-Br and 3-I

(Scheme 1) were designed and synthesized. In addition, the com-

plexes 4-H and 5-CCl (Scheme 1) were also studied for comparison.

The design strategies proposed in this paper synchronously ex-

plored the effects of both structural modification and intermolecu-

lar interactions on the room-temperature phosphorescent lifetimes,

mechanochromism, and aggregation-induced emission properties.

The structures of the target complexes are shown in Scheme 1,

and their detailed synthetic routes are shown in supporting in-

formation (Scheme S1 in Supporting information). All the gold(I)

complexes were confirmed by NMR and mass spectrometry. The

crystal structures of 1-Cl, 2-Br, 3-I and 4-H were obtained by slow

evaporation in a dichloromethane/n-hexane solution.

To investigate the luminescent characteristics of complexes 1-

Cl, 2-Br, 3-I, 4-H and 5-CCl, the emission spectra of these gold(I)

complexes in the solid states were firstly studied, including the

steady-state and delayed spectra at room temperature and at 77 K

(Fig. 1). Taking 1-Cl as an example, the steady-state spectrum at

room temperature showed two groups of emission peaks located in

the range of 400–460 nm and 480–600 nm, showing yellow-green

emission. The delayed spectrum was collected by exciting the sam-

ple with UV light and detecting the emission after 0.1 ms. It was

found that the two groups of emission peaks were still present

[49], which indicated that the lifetimes at both the short and long

wavelengths were sufficiently long lived. When the sample was

cooled to 77 K environment, it was found that the steady-state

spectrum still had two groups of emission peaks, and the positions

were basically the same as the steady-state spectrum obtained at

room temperature. The delayed emission spectrum at 77 K was

also tested. As shown in Fig. 1a, the emission peaks at short wave-

lengths disappeared, and only the long-wavelength emission signal

remained. In contrast, the luminescence of the two other halogen-

containing gold(I) complexes (2-Br and 3-I) differed from that of

the 1-Cl. At room temperature, the steady-state spectra of 2-Br

and 3-I showed multiple emission peaks between 400 nm and

460 nm, exhibiting blue and purple light, respectively. After a de-

lay of 0.1 ms, new strong emission peaks appeared at ∼520 nm,

and the emission intensity at short wavelengths weakened or even

disappeared. The steady-state spectra at 77 K were basically the

same as that at room temperature; however, in the delayed spec-

tra at 77 K, the emission peaks were mainly distributed in the

long-wavelength range. Similarly, compared with the steady-state

spectrum at room temperature, the relative intensity of the long-

wavelength emission was greatly enhanced in the delayed spec-

trum for 4-H, and it was further enhanced in the steady-state and
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Fig. 2. Normalized emission spectra for 1-Cl (a), 2-Br (b), 3-I (c), 4-H (d), 5-CCl (e) in different states (unground, ground, treat with CH2Cl2). (f) Photographs of gold(I)

complexes in different situations taken under the 365 nm UV lamp.

delayed spectra at 77 K. The emission of 5-CCl was completely dif-

ferent from that of 1-Cl, although their structures differed by only

two oxygen atoms in the flexible chain. For 5-CCl, both the steady-

state and delayed spectra showed broad emission peaks covering

a range 400–700 nm at room temperature, while a narrow emis-

sion peak was observed at ∼486 nm at 77 K. This indicated that

the oxygen atoms in the flexible chain affected the luminescence

properties of these complexes.

The time-resolved decay lifetimes of these gold(I) complexes

were tested to quantify the luminescence (Table S1 and Figs. S1–S6

in Supporting information). Surprisingly, yellow-green-emissive 1-

Cl exhibited an unexpectedly long lifetime of 42.80 ms at 492 nm;

such a long lifetime is very rare in gold(I) complexes [49]. The solid

or crystal of 1-Cl showed a long afterglow after removing the UV

light, exhibiting long-lifetime (millisecond scale) room temperature

phosphorescence. The other complexes 2-Br, 3-I, 4-H and 5-CCl ex-

hibited decay lifetimes of 21.75 μs, 7.04 μs, 27.57 μs, and 4.70 μs,

respectively. Room temperature phosphorescence (RTP) properties

were present in these complexes according to their microsecond

lifetime range. Comparing the lifetimes of 1-Cl, 2-Br and 3-I, we

initially concluded that the halogen atoms influenced the lifetimes

because of the heavy atom effect. In addition, the ultra-long life-

time of 1-Cl and the shortest lifetime of 5-CCl suggested that the

oxygen atoms in the flexible chain were conducive to stabilize the

triplet excited state and increase the lifetime.

As can be seen in Fig. 2, the prepared solids of these com-

plexes emitted yellow-green (1-Cl), blue (2-Br), purple (3-I), cyan

(4-H), and green (5-CCl) phosphorescence under irradiation with

a 365 nm UV lamp. Their colors changed significantly after me-

chanical grinding, demonstrating mechanochromic properties. For

example, the maximum emission peaks of complex 1-Cl were lo-

cated at 507 nm and 531 nm after grinding; the peaks in the

short-wavelength range of 400–460 nm disappeared, and this was

simultaneously accompanied by a change of the phosphorescent

color from yellow-green to green. After treating with CH2Cl2 sol-

vent, the emission peaks and luminescent color recovered, showing

reversible phosphorescent mechanochromism. For the other two

halogen-containing complexes, 2-Br and 3-I, broad emission peaks

were found in the range of 400–700 nm after grinding; the ini-

tial emission peaks were obtained after solvent treatment, showing

high-contrast phosphorescent blue-cyan-blue (2-Br) and purple-

cyan-purple (3-I) mechanochromism. The reference complexes 4-H

and 5-CCl exhibited similar reversible mechano-responsive behav-

iors, and a bright green phosphorescence was found after grind-

ing. Their corresponding luminescence lifetimes of complexes 1-Cl,

2-Br, 3-I, 4-H and 5-CCl after grinding and then after fuming are

exhibited in Figs. S7–S11 (Supporting information).

Powder X-ray diffractometer (XRD) analysis was carried

out to preliminarily explore the mechanism of phosphorescent

mechanochromism. As shown in supporting information (Fig. S12

in Supporting information), strong and sharp diffraction peaks

were detected in the prepared solid powders, indicating their

highly ordered crystalline state. However, the diffraction peaks

mostly disappeared after grinding, which suggested that the com-

plexes were in a disordered amorphous state. After solvent treat-

ment, these strong diffraction peaks appeared again, and the or-

dered crystalline states were obtained again. The powder XRD

experiments indicated that the stimulus provided by the me-

chanical force caused a crystalline-to-amorphous transition. It was

demonstrated that the intermolecular interactions present in the

solids played a crucial role in their emission properties and

mechanochromisms.

Subsequently, the emission properties of these gold(I) com-

plexes in solutions were also studied. Normalized emission spectra

of all the gold(I) complexes in pure DMF as well as 90% water frac-

tion are shown in Fig. S13 (Supporting information). The complexes

all exhibited extremely similar emission peaks in pure DMF. They

were in the range of 365–500 nm with weak intensities, showing

hardly any luminescence. Given that the solids all showed good

luminescence properties, the aggregation-induced emission (AIE)

properties of these complexes were then tested (Fig. 3). For three

halogen-containing complexes, 1-Cl, 2-Br and 3-I, when the wa-

ter fraction (fw) increased to a certain degree (fw = 80% for 1-Cl,

fw = 80% for 2-Br and fw = 60% for 3-I), their solutions emitted

a bright yellow light with emission peaks at 576 nm, 576 nm, and

568 nm, respectively.

Similar luminescent colors could be derived from the aurophilic

interactions. The different degrees of aggregation indicated that

the halogen atoms could affect the aggregation of the complexes.

For the reference complexes, 4-H exhibited similar aggregation-

induced emission properties, while 5-CCl showed the completely

opposite emission characteristics. 4-H started to aggregate and

emitted bright yellow light at fw = 80%, with the maximum emis-

sion peak at 580 nm; however, no naked eye observable lumines-

cence was noticed in 5-CCl during the entire aggregation process.

These results indicated that the halogen atoms at the ends of the

flexible chains would not fundamentally change the aggregation-

induced emission effect, but they would completely change the
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Fig. 3. PL spectra of 1-Cl (a), 2-Br (c), 3-I (e), 4-H (g), 5-CCl (i) in DMF/H2O mix-

tures with various water fractions (fw) (concentration: 20 μmol/L, excitation wave-

length: 365 nm). Changes in emission intensity of 1-Cl (b), 2-Br (d), 3-I (f), 4-H

(h), 5-CCl (j) in DMF/H2O mixtures with different water contents. The insets show

the corresponding photographs of gold(I) complexes (concentration: 20 μmol/L) in

DMF/H2O mixtures with different water contents under 365 nm UV light.

solid-state luminescence properties. In addition, these results also

indicated that the gold(I) complexes had different aggregation-

induced emission capabilities (Fig. S14 in Supporting information)

because of the influence of the different halogen atoms and oxygen

atoms.

To track the aggregation process, the absorption spectra in the

DMF/H2O mixtures with various water fractions were also tested

(Fig. S15 in Supporting information). The absorption peaks for all

the complexes were located at 200–300 nm in pure DMF, corre-

sponding to the π-π ∗ transition (Fig. S13b). For the AIE complexes

1-Cl, 2-Br, 3-I and 4-H, red-shifted and broaden absorption peaks

were observed when fw increased to a certain degree, proving the

formation of nanoaggregates. The dynamic light scattering (DLS)

experiments showed that the formed nanoaggregates had an aver-

age particle size of ∼100 nm (Fig. S16 in Supporting information).

However, for the ACQ complex, 5-CCl, no luminescent nanoaggre-

Fig. 4. Crystal structures of 1-Cl, 2-Br, 3-I and 4-H. The insets show the corre-

sponding luminescence images of their crystals under 365 nm UV light.

gates formed with an excessively large average particle size after

aggregation, and there was no significant intermolecular aurophilic

interactions; thus, the AIE was not present in 5-CCl. In addition,

at fw = 90%, a new absorption peak appeared at 324 nm, which

could be attributed to intermolecular charge transfer (ICT). The ICT

process also dissipated the energy of the complex, resulting in the

absence of observable luminescence.

In order to further explore the possible solid-state long-lifetime

RTP mechanism, the crystal structures of complexes 1-Cl (CCDC:

2008407), 2-B (CCDC: 2012927), 3-I (CCDC: 1958066) and 4-H

(CCDC: 2012926) were then established and analyzed (Fig. 4). For

single molecules, the dihedral angles of the isocyanide phenyl and

pentafluorophenyl groups were 15.13° (1-Cl), 15.43° (2-Br), 1.58°
(3-I), and 6.00° (4-H), showing a coplanar conjugation. The head-

to-head stacking patterns of 1-Cl and 2-Br were caused by inter-

molecular C–H···π and C–H···O interactions, respectively; while 3-I

and 4-H adopted head-to-tail stacking with weak π-π interactions

(Fig. S17 in Supporting information). Different distances of Au···Au
were found (4.653 Å for 1-Cl; 4.720 Å for 2-Br; 3.532 and 4.558 Å

for 3-I; 4.170 and 5.014 Å for 4-H), indicating no intermolecular

aurophilic interaction.

Multiple hydrogen-bonding interactions were found between

complexes, such as C–H···F interactions and C–H···O interactions,

providing a rigid environment and limiting the change in molecu-

lar conformation. Among them, 1-Cl possessed the greatest num-

ber and strongest C–H···F and C–H···O interactions (Fig. S18a in

Supporting information). Each molecule was connected to the

surrounding molecules via six C–H···F interactions. The compact

stacking mode minimized the possibility of non-radiative transi-

tions [50,51]. The strongest C–H···F (2.540, 2.543, 2.546 Å) and

C–H···O (2.424 Å) interactions were found in 1-Cl, while other

complexes with relatively weaker hydrogen-bonding interactions

(C–H···F: 2.584, 2.629 Å for 2-Br; 2.527, 2.603, 2.612 Å for 3-I;

2.552, 2.727 Å for 4-H; C–H···O: 2.470, 2.706 Å for 2-Br; 2.531 Å

for 3-I; 2.838, 2.845, 2.903, 2.966 Å for 4-H). Stronger intermolec-

ular interactions mean closer electronic communications and are

more conducive to improving their luminescence lifetimes.

By analyzing the structure-property relationship, the introduc-

tion of heavy atoms in the flexible chains was determined to be

beneficial for increasing the rate of intersystem crossing and en-

hancing the spin-orbit coupling effect. Halogen bonds were formed

in 1-Cl (dCl···Cl = 3.354 Å) and 2-Br (dBr···Br = 3.460 Å). In addition

to the halogen atoms at the end of the flexible chains, there were

also F···F interactions in 1-Cl and 2-Br, which were formed by flu-

orine atoms on the benzene rings (dF···F = 2.878 Å (1-Cl), 2.915 Å
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(2-Br)) (Fig. S19 in Supporting information). The head-to-tail struc-

ture of 3-I increased the distance between iodine atoms, and there

was no halogen bond interaction between molecules. However, 5-

CCl might have a poor crystallization ability because of the lack

of oxygen atoms and multiple C–H···O interactions in the flexible

chain, resulting in a failure to obtain its single crystal structure. On

the whole, the intermolecular interactions played a decisive role

in the solid luminescence properties and decay lifetimes of these

gold(I) complexes.

In summary, three halogen-containing and two reference gold(I)

complexes are designed and synthesized in this paper. By explor-

ing the structure-property relationship, we find that multiple inter-

molecular interactions and compact molecular stacking are impor-

tant factors for achieving long-lifetime RTP of gold(I) complexes.

For complexes 1-Cl and 5-CCl, the presence of more oxygen atoms

is beneficial to the formation of multiple hydrogen-bonding inter-

actions, which contributes to increase the phosphorescence life-

time of 1-Cl. By comparing their phosphorescence lifetimes of

complexes 1-Cl, 2-Br, 3-I and 4-H, it is found that the introduc-

tion of halogen atoms does not necessarily increase the lifetime

values of gold(I) complexes. However, the existence of chlorine

atom seems to be helpful to realize long-lifetime RTP of gold(I)

complexes. In the solid state, these complexes with tunable col-

ors exhibit reversible phosphorescent mechanochromic properties.

We also study the effect of the halogen and oxygen atoms on

the aggregation-induced emission behaviors of gold(I) complexes

and find that the different halogen atoms do not significantly

change their AIE properties, but the absence of oxygen atoms in

the flexible chain leads to the suppression of AIE in the complexes.

Through crystal structure analysis, it is clearly demonstrated that

intermolecular hydrogen-bonding interactions play a vital role in

the photophysical properties of the complexes. In conclusion, this

work provides a valuable reference for constructing novel function-

alized materials with RTP, phosphorescent mechanochromism, and

AIE characteristics.
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