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Two new AlE-active dinuclear Schiff base Ir(n) complexes exhibit
highly reversible piezochromic phosphorescence behaviour enabling
the construction of a re-writable phosphorescence data recording
device.

Phosphorescent transition metal complexes are widely exploited
in various optoelectronic applications due to their rich excited-
state properties, such as high luminescence quantum yields, long
emission lifetimes, large Stokes shifts and high photo-stability
compared to fluorescent dyes." However, there have been only
limited studies focusing on the switching range of the phosphor-
escence emission of such materials in response to stimuli and
their potential applications such as data recording and storage.
Piezochromic materials, the emissions of which can be repeatedly
switched between different colours under external pressure or
mechanical grinding, have received considerable attention in the
construction of optical data recording and storage devices.>
Recently, a series of organic small-molecules, metal complexes,
liquid crystalline materials, polymers and metal-organic frame-
works with intriguing piezochromic properties have been investi-
gated.> However, piezochromic phosphorescence has only rarely
been observed in transition metal complexes and the relationship
between changes in molecular assembly and their luminescence
properties are not well understood. Moreover, similar to most
conventional dyes, transition metal complexes usually suffer from
low luminescence efficiency in the solid or aggregated state,
due to aggregation-caused quenching (ACQ).* This drawback in
piezochromic materials significantly limits the real-world appli-
cations of these luminophores.
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Aggregation-induced emission (AIE) in the solid or aggregated
state, which is the opposite of ACQ, was first reported by Tang et al.
in 2001.> Recently, a number of pure organic fluorescent small
molecules have been shown to simultaneously exhibit AIE and
piezochromism.® Very recently, Chi et al. proved that the positive
effect of AIE on luminescence enhancement may provide a
direction for the development of more efficient piezochromic
materials.” Therefore, AIE materials may become important
alternative sources of piezochromic materials. However, phos-
phorescent luminophores with these dual properties are largely
unexplored. Previous reports have focused on charged mono-
iridium complexes with dendrimer-like or flexible alkyl chain
substituents which exhibit piezochromism.®

Schiff base ligands play an important role in metal coordination
chemistry, even after almost a century since their discovery, due to
their facile synthesis, remarkable versatility and good solubility in
common solvents.” In general, compared with rigid ligands, a
metal-coordinated Schiff base ligand can readily form intermole-
cular n-n or C-H- - -1 interactions in the aggregated or crystal state
because of the high flexibility of the imine unit. However, this
structural flexibility can also induce relatively loose molecular
packing, which might be easily collapsed by external pressure with
a resulting effect on the HOMO-LUMO energy levels which would
alter the luminescent properties.'’® Thus, it is of interest to ask:
“What will happen when Schiff base complexes are stimulated by
external pressure?” Therefore, the development of a new class
of Schiff base piezochromic materials with high luminescent
efficiency is of fundamental importance in exploring the relation-
ship between solid state structure and luminescence.

Inspired by this idea, herein, we describe two new dinuclear
cationic Ir(m) complexes, [(2F-ppz),Ir-(L1)-Ir(2F-ppz),] [PFs]» (1)
and [(2F-ppz),Ir-(L2)-Ir(2F-ppz),] [PFe], (2) with Schiff base
bridging ligands (L1) and (L2), respectively (Scheme 1). Their
'H NMR spectra, photophysical properties, powder X-ray dif-
fraction, single-crystal X-ray structure (for 1) and differential
scanning calorimetric (DSC) data are presented. The results
obtained demonstrate that both complexes 1 and 2 are AIE-active
and simultaneously show piezochromism and vapochromic
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Scheme 1 Chemical structures of the complexes, with bridging phenyl (1)
and 4,4’-biphenyl (2) units.

phosphorescence. We conclude that the flexible bridging
ligands play a significant role in achieving these combined
properties. Most importantly, the highly reversible piezochromic
behaviour makes both complexes competitive candidates for
practical applications. Indeed, we have shown that complex 2
provides a fast-responding re-writable phosphorescence data
recording device.

The UV/vis absorption and emission spectra of complexes 1 and
2 in degassed solution (CH3;CN) are depicted in Fig. 1la. Upon
photoexcitation, complexes 1 and 2 are almost non-emissive in
pure CH;CN solution. However, the powdered samples of 1 and 2
exhibit intense phosphorescence at room temperature, with @,
0.31 and 0.24, respectively (Table S1, ESI{). Such strong lumines-
cence in the solid state is a requirement for luminescence switch-
ing in experiments of piezochromic behaviour (see below).

To probe the AIE of complexes 1 and 2, their photoluminescence
(PL) spectra in CH;CN-H,O mixtures with various water contents
were obtained (Fig. 1b and Fig. S1, ESIt). The phosphorescence
intensity of both complexes is dramatically enhanced when the water
fraction reached 60%. Furthermore, transmission electron micro-
scopy (TEM) and electron diffraction (ED) experiments indicated
that amorphous molecular aggregates are formed in the mixtures
(Fig. S2, ESI).%* The results confirm that complexes 1 and 2 are AIE
active. To gain further understanding of the unusual solid-state
emission properties, the geometry of complex 1 was optimized by
referring to the X-ray diffraction data, and the electronic properties of
the frontier orbitals were studied in the solution and the solid state
structures using density functional theory (DFT) methods (Fig. 2).

In the solution state of complex 1, both the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
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Fig.1 (a) Absorption and emission spectra of complexes 1 and 2 in
acetonitrile solution at room temperature. Inset: emission image of com-
plexes 1 and 2 in pure acetonitrile solution under 365 nm UV illumination;
(b) emission spectra of complex 1 in CH3zCN—-water mixtures with different
water fractions (0—-90% v/v) at room temperature. Inset: emission image of
complex 1 in pure acetonitrile solution and CHsCN—-water mixture (f,, = 90%)
under 365 nm UV illumination.
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Fig. 2 Molecular orbital diagrams, HOMO and LUMO energies for
complex 1 at its Sg optimized geometries in solution state and solid state.
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orbital (LUMO) mainly reside on the Schiff base bridging ligand.
In essence, this Intra-Ligand Charge Transfer (ILCT) excited state
is harmful for luminescence.'* Moreover, based on the crystallo-
graphic analysis and DFT data for 1 there are large structural
distortions in the T; geometry compared to the S, geometry.
These distortions induce an excited state relaxation and may
result in an effective pathway for nonradiative decay, which can
explain the weak emission in the solution state (Table S3,
ESIf)."> By comparison, in the solid state, obvious Metal-to-
Ligand Charge Transfer (MLCT) and Ligand-to-Ligand Charge
Transfer (LLCT) excited states exist and these will favour more
radiative processes than ILCT excited states and thereby greatly
enhance the luminescence in the solid state.™

Under UV light irradiation the as-prepared powders 1 and 2
exhibit yellow and orange phosphorescence at A, 612 nm and
627 nm, respectively (Fig. S3, ESIt). These samples are hereafter
referred to as P1 and P2. Interestingly, grinding both complexes
on quartz plates (to give samples referred to as G1 and G2,
respectively) induced a red-shift of the emission by ca. 20 nm to
Amax 635 nm and 648 nm, respectively (Fig. S4 and S5, ESIf),
clearly visible to naked eyes. Evidently, both P1 and P2 exhibit
pressure-induced piezochromic behaviour. To investigate the
reversibility of this behaviour, G1 and G2 were exposed to
CH,Cl, solvent vapour which caused the emission spectra to
revert to the original spectra of P1 and P2 within a few seconds
(Fig. S5, ESIt), demonstrating a vapochromic effect because of
vapour-induced recrystallization.™*

By exploiting the piezochromic and vapochromic responses of
complex 2, a re-writable phosphorescence data recording device has
been constructed (Fig. 3). The procedure is as follows. When the as-
prepared ground powder G2 is carefully spread on a filter paper
using a porcelain pestle to make a thin film, it emits red light upon
excitation with a UV lamp. Then a letter “r” was written on the
‘paper’ using a ‘pen’ (made from a glass pipette) with CH,Cl, vapour
as the ‘nk’, and an orange-emitting symbol with large colour
contrast is observed. Erasing the letter “r” by grinding reinstalls
the original red background. A new letter “I” can now be written on
the paper and erased using the same method described above. The
writing and erasing processes can be repeated many times.

To understand the origin of this reversible piezochromic
behaviour of complexes 1 and 2, NMR spectroscopy, X-ray
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Fig. 3 A phosphorescence re-writable data recording device based on
mechanochromic and vapochromic phosphorescence of complex 2.

crystallographic analysis, time-resolved emission decay, powder
X-ray diffraction (PXRD) combined with differential scanning
calorimetry (DSC) studies were performed. "H NMR spectra
showed similar peak shapes and chemical shift values for both
samples P2 and G2 (Fig. S11, ESIt). This result proves that no
chemical reaction occurs during the grinding process. There-
fore, we conclude that piezochromic behaviour is caused by
physical processes, such as changing the intermolecular inter-
actions and/or the mode of the molecular packing.

The single crystal packing structure of complex 1 reveals an
obvious intermolecular n-r interaction between the neighbouring
pyrazole rings which induces a face-to-face aggregation (Fig. 4).
This packing might be easily modified by external mechanical
pressure resulting in increased molecular conjugation, thereby
facilitating a red-shift of the PL spectrum.”” The excited-state
lifetimes (z) for the as-synthesized samples P1 (0.18 ps) and P2
(0.17 ps) are significantly different from those of ground samples
G1 (0.22 ps) and G2 (0.20 ps): the grinding results in an increase of
1, indicating that the mode of solid-state molecular packing and/or
the intermolecular interactions are altered after grinding which
weakens the intermolecular n—r interactions.'® For G1 and G2 the
excited-state lifetimes () of heated or CH,Cl, fumed samples and
as-synthesized samples are almost identical (Table S2, ESIt) con-
firming that they are the same species.

The powder X-ray diffraction (PXRD) patterns (Fig. 5a and b) are
consistent with the single-crystal diffraction data. The intense and
sharp reflection peaks demonstrate that P1 and P2 are well-ordered
aggregates. In contrast, the ground samples G1 and G2 show very
weak and broad diffraction signals, indicating their amorphous
states. After heating or exposing the ground samples to CH,Cl,

Fig. 4 Interaction between two molecules of complex 1 in the X-ray
crystal structure. The PFg™ anions are omitted for clarity.
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some sharp diffraction peaks reappeared. Thus, piezochromic
reversibility for complexes 1 and 2 is ascribed to crystallization and
amorphization upon the grinding-heating (or vapour exposure)
process. Small differences in the patterns between P and Heated G
and Fumed G samples could be ascribed to different aggregated
states after treatment. In addition, upon heating G1 and G2
to 350 °C, the DSC traces exhibited a clear broad exothermic
recrystallization peak at ca. 280 °C and 290 °C, respectively
(Fig. 5c and d). This peak is at a similar temperature at which
thermal recrystallization begins to take place. When G1 and G2
were heated at 290 °C for 1 min, the emission colours also reverted
to their original colours. Upon further grinding of the heated
samples again, a highly reproducible red-shift of the emission
again occurred. This piezochromic behaviour of complexes 1 and
2 was shown to be reversible for many cycles (Fig. 5e and f).

In summary, two new AlE-active cationic dinuclear Ir(m)
complexes which show highly reversible piezochromic phos-
phorescence are reported. It is proposed that the flexible imine
units of the Schiff base bridging ligand play an important role
in achieving AIE, while the phenylpyrazole groups lead to
simultaneous piezochromism. Developing new Ir(m) complexes
with versatile and flexible bridging ligands holds great promise
as a new strategy to achieve highly efficient piezochromic and
AIE phosphorescence materials in the future.

The work in China was funded by NSFC (No. 51203017, No.
51473028 and No. 21303012), the key scientific and technological
project of Jilin province (20150204011GX). EPSRC funded the work
in Durham.

(a) J J‘UJ m simulatea xkp  [(P) | \ P2
| A wl“w,! NG oot LUV Y [
i P1

2 AN s )

£ £

s - g0 41 Heated G2

= Lt bl &1 & [ ko

o R i CH:2CL: fumed G2
CH2CL: fumed G1
10 2 %0 20 50 10 20 30 40 50
20/ degree 20 / degree
() (d
P1 P2
G1 G2
3 s[ ——— ;
Heated G1 Heated G2
W 10 20 2 a0 W0 s 0z a0

(e) Temperature /'C (f) Temperature /'C

650
_ =Heated P1 el Heated P2
g *G1 £ *G2
Sl -P1 s -P2
£ Fesof
Seant E
: £ 640
2 e} z
g Sea}
£ e10f 4
8 S onl

600 Lt . . . . A . . i i i i

0 5 0 4 5

2 3 2 3
Cycle Numbers Cycle Numbers

Fig. 5 Powder X-ray diffraction patterns (a) and (b) and the DSC traces
(c) and (d) of the corresponding samples; repeated cycles of the piezo-
chromism (e) and (f).
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