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arbazole-based gold(I) complex
with a long room-temperature phosphorescence
lifetime and self-reversible mechanochromism
characteristics†

Zhao Chen, Gang Liu, Renjie Wang and Shouzhi Pu*

We report a highly emissive carbazole-based mononuclear gold(I) complex. Its solid shows a long room-

temperature phosphorescence lifetime up to 29.91 ms. Furthermore, the luminogen exhibits self-

reversible mechanochromic behavior.
The synthesis of efficient luminogenic materials is a hot and
popular research topic.1 Of particular interest are those lumi-
nescent materials that exhibit a luminescence response to
external mechanical stimuli because of their potential practical
applications in various areas, such as uorescence sensors, data
storage and optoelectronic devices.2 In recent years,
mechanical-stimuli-responsive materials have been generally
regarded as extremely “smart” materials; this is because the
external mechanical force is one of the most common stimuli,
and it can be easily modulated.3 Bright solid-state luminescence
and an obvious color contrast upon grinding are two very
important factors for the practical application of mechano-
chromic materials.4 To date, a lot of mechanochromic lumi-
nogens based on organic compounds have been reported.5 In
contrast, metal complexes with mechanochromic behavior are
rare. In the last decade, gold(I) chemistry has attracted
substantial interest,6 and gold(I) complexes with mechano-
chromism properties have received a lot of attention.7 However,
the number of gold(I) complexes exhibiting mechanochromism
behavior is still insufficient. Furthermore, the majority of re-
ported mechanochromic gold(I) complexes are known to
a contain pentauorophenyl unit.8

It is well known that compounds with carbazole skeletons
are very valuable candidates in the domain of optoelectronic
devices.9 Unfortunately, the notorious aggregation-caused
quenching (ACQ) phenomenon leads to the poor solid-state
emission efficiency of numerous luminescent molecules.10

Indeed, the luminous efficiency of many carbazole-based
luminescent molecules in the solid state generally decreases
with the formation of crystalline state, which is
, Jiangxi Science and Technology Normal

-mail: pushouzhi@tsinghua.org.cn; Fax:

(ESI) available: Detailed experimental
characterization datas mentioned in
disadvantageous for efficient application of these carbazole-
based derivatives. To date, carbazole-based mechanochromic
gold(I) complexes are quite scarce.11 Therefore, it is urgent and
challenging to develop highly solid-state emissive carbazole-
based mechanochromic gold(I) complexes. On the other hand,
it is meaningful to synthesize luminescent molecules with
a long room-temperature phosphorescence (RTP) lifetime.12

Meanwhile, it is also valuable for fundamental research and
practical applications of mechanochromism materials to ach-
ieve spontaneous recovery of their mechanochromic lumines-
cence without using any stimuli.13 For example, self-reversible
mechanochromism materials can be used to realize dynamic
random access memory (DRAM).14

In this article, we demonstrate a highly emissive carbazole-
based gold(I) complex 1 with a long RTP lifetime (Scheme 1).
The luminogen 1 exhibits mechanochromic behavior involving
the luminescence changes between yellow and yellow-green
emissions. More interestingly, the mechanochromic lumines-
cence of 1 can be restored to the initial color spontaneously
without applying other stimuli.

Gold(I) complex 1 was synthesized as a white solid in
accordance with the simple and reasonable synthetic strategy
shown in Scheme S1 (ESI†). Intermediate product 1-d as
starting material reacted with AuCl(tht) (tht ¼ thiophane) to
afford the target mononuclear gold(I) complex 1 in 81% yield.
The corresponding information about the synthetic proce-
dures and characterization of luminogen 1 can be found in the
ESI.†
Scheme 1 The structure of complex 1.
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Fig. 1 (a) Luminescence image of 1 (1.0 � 10�5 mol L�1) in pure DMF.
Excitation wavelength: 365 nm. (b) Luminescence image of the as-
synthesized solid sample 1. Excitation wavelength: 365 nm.

Fig. 3 Decay curve of emission at 546 nm. Delay time ¼ 0.2 ms.
Excitation wavelength: 365 nm.
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We initially evaluated the luminescence behavior of 1 in
various states. As can be seen in Fig. 1, luminogen 1 (1.0 �
10�5 mol L�1) in pure DMF exhibited very weak luminescence
under 365 nmUV light, and its absolute luminescence quantum
yield was 2.2%, likely due to the rotation of carbazole unit,
which consumes the bulk of the energy of the excited state.15

However, the solid sample of 1 showed a bright yellow lumi-
nescence under 365 nm UV light with an absolute luminescence
quantum yield up to 33.8%, the bright yellow emission of
complex 1 in solid state is possibly triggered by the synergistic
effects of the restricted intramolecular rotation of carbazole
unit and the formation of intermolecular gold–gold interac-
tions.16 As shown in Fig. 2, the solid sample of luminogen 1 was
surveyed by scanning electron microscope (SEM), and the SEM
image demonstrated the possible crystalline character of the
corresponding solid powder. Next, the solid-state emission
lifetime of 1 was tested. As presented in Fig. 3, the room-
temperature solid-state emission lifetime of 1 was as high as
29.91 ms. Thus, the luminescence of 1 belonged to a long RTP
emission.17 Multiple weak intermolecular interactions and
intermolecular gold–gold interactions possible promote the
formation of room-temperature phosphorescence behavior.18

Subsequently, the mechanochromic behavior of 1 was
investigated by solid-state photoluminescence (PL) spectros-
copy. As shown in Fig. 4, the luminescence spectrum of solid
sample 1 showed two emission bands with lmax at 436 nm,
460 nm, 546 nm and 594 nm, corresponding to a bright yellow
emission under irradiation with 365 nm UV light. Interestingly,
aer mechanical grinding using a mortar, the yellow-emitting
solid sample is changed into a yellow-green-emitting solid
Fig. 2 SEM image (20 mm) of the solid sample 1.

This journal is © The Royal Society of Chemistry 2017
sample, and two emission bands with lmax at 468 nm, 546 nm
and 594 nm were observed.

Aer fuming with dichloromethane solvent vapor for 30 s,
the initial intense yellow luminescence reappeared. In addition,
this mechanochromic luminescence transition of 1 can be
repeated many times between the yellow luminescence and
yellow-green luminescence by alternating grinding and fuming
processes (Fig. 5). More importantly, as can be seen in Fig. 6, the
yellow-green-emitting solid powder can be robustly self-
recovered back to yellow-emitting solid powder within 10 h,
and two new emission bands with lmax at 472 nm, 564 nm and
596 nm can be observed clearly. This self-reversible mechano-
chromic phenomenon is very benecial for realizing volatile
optical memory.

It is conjectured that the corresponding mechanochromic
mechanism should be related with the transformation of
molecular morphology. In order to further verify this proposed
mechanism responsible for the observed mechanochromism
phenomenon, the structural transformation of the powder
sample of luminogen 1 was tested by X-ray diffraction (XRD)
measurements. As shown in Fig. 7, the XRD pattern for the
freshly synthesized form of 1 exhibited a lot of sharp and
intense peaks, which suggested the crystalline nature of the
Fig. 4 (a) PL spectra of complex 1 before grinding, after grinding, and
after treatment with dichloromethane vapor. Excitation wavelength:
365 nm. Photographic images of luminogen 1 under 365 nm UV light:
(b) the as-synthesized sample. (c) The entirely ground sample. (d) The
sample after treatment with dichloromethane vapor.
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Fig. 5 Reversible grinding–fuming processes of the photo-
luminescence of complex 1 at 468 nm.

Fig. 7 XRD patterns of luminogen 1: unground, ground and after
treatment with dichloromethane vapor.
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initial solid sample. As a consequence, 1 exhibited obvious
crystallization-induced emission enhancement (CIEE) behavior.
In contrast, aer grinding, the intense crystalline peaks dis-
appeared and a pattern with weak diffraction peaks was
observed, indicating the amorphous nature of the ground
sample. Moreover, upon treatment of ground solid sample 1
with dichloromethane solvent vapor, the recovery of the
amorphous-to-crystal phase could be realized. Hence, the
powder XRD measurement results indicate that the mechano-
chromic property of 1 is due to the switchable morphology
transition between the crystalline and amorphous phases.

In summary, a carbazole-based gold(I) complex was synthe-
sized. This luminogen exhibits a bright yellow luminescence
and a long RTP lifetime, which is as high as 29.91 ms.
Furthermore, it also shows reversible mechanochromic
behavior involving the luminescence changes between yellow
and yellow-green emissions. More interestingly, the mechano-
chromic yellow-green luminescence of 1 can be restored to the
initial yellow color spontaneously without using other stimuli.
To the best of our knowledge, this carbazole-based mono-
nuclear gold(I) complex is the rst example of metal-bearing
luminogen with a long RTP lifetime and self-reversible mecha-
nochromic behavior. Further studies on the design of new
Fig. 6 (a) PL spectra of complex 1 at different conditions. Excitation
wavelength: 365 nm. Photographic images of luminogen 1 under
365 nm UV light: (b) the entirely ground sample; (c) 10 h after grinding.

15114 | RSC Adv., 2017, 7, 15112–15115
luminogens with a long RTP lifetime and self-reversible multi-
stimuli responsive behaviors are in progress.
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