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Transition metal-containing materials with aggregation-induced emission (AIE) have brought new
opportunities for the development of biological probes, optoelectronic materials, stimuli-responsive
materials, sensors, and detectors. Coordination compounds containing the platinum metal have
emerged as a promising option for constructing effective AIE platinum complexes. In this review, we
classified AIE platinum complexes based on the number of ligands. We focused on the development and
performance of AIE platinum complexes with different numbers of ligands and discussed the impact of
platinum ion coordination and ligand structure variation on the optoelectronic properties. Furthermore,
this review analyzes and summarizes the influence of molecular geometries, stacking models, and
aggregation environments on the optoelectronic performance of these complexes. We provided a
comprehensive overview of the AIE mechanisms exhibited by various AIE platinum complexes. Based on
the unique properties of AIE platinum complexes with different numbers of ligands, we systematically
Received 6th March 2024 summarized their applications in electronics, biological fields, etc. Finally, we illustrated the challenges
and opportunities for future research on AIE platinum complexes, aiming at giving a comprehensive
summary and outlook on the latest developments of functional AIE platinum complexes and also

DOI: 10.1039/d4cs00218k

rsc.li/chem-soc-rev encouraging more researchers to contribute to this promising field.

Key learning points

1. The design strategies and applications of AIE cyclometallic platinum complexes.

2. The effects of the molecular structure, coordination mode, and aggregation environment of AIE cyclometallic platinum complexes.
3. The AIE mechanisms of cyclometallic platinum complexes.

4. The challenges for AIE cyclometallic platinum complexes and the prospects for their future development were discussed.

1. Introduction

Aggregation-induced emission (AIE) is a phenomenon in which
certain molecules exhibit low or no fluorescence efficiency
when present as monomers, but their fluorescence properties
are significantly enhanced when the molecules aggregate to
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form aggregates. This phenomenon is opposite to that of
conventional fluorescent molecules, which emit light in
solution but undergo quenching in the aggregated state or at
high concentrations, known as the phenomenon of
aggregation-caused quenching (ACQ)." Since the introduction
of the concept of AIE by Tang et al. in 2001, rapid development
of AIE-functionalized compounds has been observed.>> Among
them, AIE metal complexes represent an important subgroup of
the AIE family.>®™® For example, in 2002, Lu et al. reported the
AIE phenomenon of rhenium complexes, initiating a new era
for AIE phosphorescent complexes.” In the same year, Yam
et al. reported the self-assembly behavior of tridentate cyclo-
metalated platinum(u) complexes and discovered the lumines-
cence enhancement of these complexes in the aggregate state
attributed to the Pt-Pt interactions.'® Compared to AIE iridium
(Ir),"* rhenium (Re),*? gold (Au),"* zinc (zn),"* and copper (Cu)
complexes,” AIE platinum complexes exhibit significant

This journal is © The Royal Society of Chemistry 2024
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variations in their optoelectronic properties due to the differ-
ences in their ligand number, ligand structure, oxidation state,
coordination mode, geometric shape, stacking state, and aggre-
gation environment (Table S1, ESIt). These variations provide
AIE platinum complexes with significant research and applica-
tion value.>*®

AIE platinum complexes reveal diverse optoelectronic prop-
erties and hold great promise for various applications on
account of their versatile coordination modes and molecular
structures. However, existing reviews on AIE platinum com-
plexes suffer from certain limitations.®® First, only a small
fraction of AIE platinum complexes are covered, lacking a
comprehensive and systematic discussion. Second, recent
advancements in the development of novel AIE platinum com-
plexes and the exploration of new AIE mechanisms and their
applications require a corresponding review to summarize and
discuss this progress. Last, a comprehensive analysis is lacking
for the relationship between molecular structures, properties,
and applications in previous reviews.>®®
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In this review, based on the number of ligands in platinum
complexes, mononuclear platinum complexes are classified
into five categories. Among them, platinum complexes with a
two-ligand framework were further divided into homoleptic
bidentate ligand, heteroleptic bidentate ligand, and tridentate
ligand complexes (Fig. 1A). Furthermore, based on the types of
bridging groups in polynuclear platinum complexes, they are
classified into three categories (Fig. 1B). In Fig. 1C, the devel-
opment history of AIE platinum complexes is detailed accord-
ing to the number of ligands, and the corresponding molecular
structures as well as their AIE mechanisms are provided for
better understanding. So far, there have been approximately ten
proposed AIE mechanisms based on cyclometalated platinum
complexes, including restriction of intramolecular motion
(RIM),> %1519 pt—Pt interactions,'®*°>* restricted distortion
of excited-state structure (RDES),>**® restriction of coordina-
tion skeletal deformation (RCSD),>*™*® restrained D,q deforma-
tion of the coordinating skeleton, restriction of molecular
configuration transformation (RMCT),*® dimer emission,*! and
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the oxygen-shielding effect.*” These mechanisms will be further
explained in the subsequent section. Based on the unique
properties of AIE platinum complexes with different numbers
of ligands, we systematically introduce their applications. For
instance, platinum(i) complexes,'® and polynuclear platinum
complexes'® with two-ligand,**® three-ligand molecular fra-
meworks, rigid molecular structures and high quantum yields
are suitable for optoelectronic devices.?” Platinum(i) complexes
with four-ligand molecular frameworks and platinum(v) com-
plexes with six-ligand molecular frameworks, on the other
hand, have found extensive applications in the field of biome-
dical imaging and therapy due to their correlation with cispla-
tin  drugs.*®*' Platinum(u) complexes with two-ligand
molecular frameworks and tridentate ligands, owing to their
significant Pt-Pt interactions and pronounced multi-stimuli
response under external stimuli, have found broad applications
in detection and sensing.”®*"*>** This review explores inter-
disciplinary ideas and can serve as a valuable learning resource
for researchers in this field.

2. Platinum complexes with
aggregation-induced emission
2.1 One-ligand molecular framework

Platinum(u) complexes with one-ligand molecular frame-
works refer to cyclometalated platinum(u) complexes that con-
tain only one ligand. These complexes are also known as
tetradentate ligand complexes. Based on the ligand structure,
they can be roughly classified into porphyrin-,** Schiff base-,**
polypyridine-,*® N-heterocyclic carbene-,*” and phthalocyanine-
cyclometalated platinum(u) complexes.*® Taking into account
the structural elements that impact the efficiency, chromatic
purity, and durability of luminescence, incorporating rigid
tetradentate ligand frameworks comprising robust c-donating
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atoms proves advantageous in the quest to engineer exception-
ally stable cyclometalated platinum(u) complexes. For example,
expanding the m-conjugated system of porphyrin-/
phthalocyanine-cyclometalated platinum(u) complexes (Pt1,
Pt2) is an effective method to achieve near-infrared (NIR)
absorption and phosphorescence.*®*° However, these classical
four-coordinate complexes tend to exhibit an aggregation-
caused quenching effect due to their planar square geometry
(Fig. 2A). To weaken the ACQ effect of molecules, on the one
hand, large steric hindrance groups are introduced on the
planar skeleton of the molecules to weaken the n-m stacking
(Pt3).>® On the other hand, a twisted polycyclic aromatic
hydrocarbon skeleton is constructed to break the planar mole-
cular structure, thereby affecting the stacking method, and
realizing the transformation of molecules from the ACQ to AIE
effect.”

Up to now, the AIE properties of Schiff base platinum
complexes have been widely reported.**>® In 2004, Che
et al. reported a Schiff base-based cyclometalated platinum(u)
complex (Pt4) with strong phosphorescence both in acetonitrile
solution and solid state at room temperature.”> As shown in
Fig. 2B, the n-m stacking of the molecule was effectively
suppressed due to the steric hindrance of the four methyl
groups on the ligand. Additionally, numerous C-H- - -7 interac-
tions between molecules were present, which effectively sup-
pressed non-radiative transitions. To further increase the steric
hindrance, in 2011, Naota et al. reported a series of arched
platinum(ir) complexes with trans-bis(salicylaldehyde diamine)
and different lengths of alkyl or alkoxyl linkers (Pt5, Pt6, and
Pt8).>> By changing the type of bridging group, the stacking
method between molecules is adjusted. Compared to Pt5, due
to the Pt-Pt interactions, the photoluminescence quantum
yield (PLQY) of Pt6 (crystal state, room temperature) is signifi-
cantly improved to 32.0%. Furthermore, Pt8 with a polyethylene
glycol bridge exhibited strong yellow phosphorescence at 298 K.
The PLQY of the crystal at 298 K was determined to be 38.0%,
which was the highest value for phosphorescent crystal emis-
sion at that time. At room temperature, Pt8 exhibited almost no
emission in different polar solvents (cyclohexane, PLQY <
0.1%; 2-methyl tetrahydrofuran, PLQY < 0.1%), and the amor-
phous solid of Pt8 showed a lower PLQY (14.0%, room tem-
perature), indicating that crystal packing minimized the energy
loss of phosphorescence. Single-crystal structure analysis
revealed that Pt8 formed molecular dimers through intermole-
cular Pt-Pt interactions, and there existed a hydrogen bonding
network between adjacent polyethylene glycol units. These
intermolecular interactions in the crystal hindered non-
radiative transition pathways, resulting in crystallization-
induced emission.

In 2019, Naota et al. further developed a series of arched
trans-bis[2-(aminomethyl)imidazolyl] platinum(n) complexes
with multiple methylene linkers and found that this complex
did not exhibit the ACQ phenomenon over the entire concen-
tration range.>' Take Pt9 as an example, based on the single-
crystal structure analysis (Fig. 2B), the AIE phenomenon of Pt9
was attributed to the increased contribution of metal-metal-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00218k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 May 2024. Downloaded on 10/20/2025 7:43:13 AM.

(cc)

View Article Online

Tutorial Review Chem Soc Rev

A B A——B A B A B A B A B
AN NS AN NS NS N

P P P Pt Pt E—P{—F
c{"> 7\ C/ N C/ N C/ \D VAN

One-ligand framework
(tetradentate ligand)

Two-ligand framework
(bidentate ligand)

1
1
1
1
1
1
1
1
1
1
1
1

Two-ligand framework  Three-ligand framework  Four-ligand framework Six-ligandframework:

(tridentate ligand) :

1
1
1
1
1
1
1
1
1
1
1
1

(B) Schematic illustration of the three subdivisions of polynuclear platinum complexes
Rigid linker

Polynuclear platinum(ll) complexes
with rigid bridges

Tr-Stacked structure

Flexible linker
&

Polynuclear platinum(ll) complexes
with flexible bridges

Polynuclear platinum(ll/1ll) complexes
with Tr-stacked structure

Q The concept of AIE
o8 > was proposed. Prof. §°\/%‘o

The first AIE platinum(IV) complex with six-ligand
framework. Prof. Liu et al. J. Am. Chem. Soc.2014,
5\ 4 Teng etal Ghem. Oé@ 136, 2546. 5 o o
Commun. 2001, 1740. 5= ® RIM OMNV\/\}HJfé .

HaN, o Oy NH
The first reported AIE platinum(Il) O Q o H:N, !\Cé,
complex with one-ligand framework. O d } O e ,U\,NNI J\’N)\)\ o

7

@ RIM

three-ligand framework.
Prof. Torroba et al. Inorg.
Chem. 2012, 51, 11665.

framework. Prof.
Liu et al. Chem.
Mater. 2020, 32,
4681.

J/

1

1

1

1

1

1

1

1

1

1

1

1

! og £o oq o Prof. Naota et al. J. Am. Chem. Soc. ' ood

' oc—h-n oo 2011, 133, 6493. Loon

1 rd R RO/ X N NE

; oc_\Ré_NO_CN_\Re/_CO @ The first reported AIE 0 0

! o o od Yo % platinum(1l) complex with 5 ,Q_},L

: ) 5. ) heteroleptic bidentate i — U, (yg =/

| The fll"St f'ipo;'tid AIIE ;n;etal < N ligand. Prof. Huang et al. J. . =<y

! complex. Prof. Lu et al. Inorg. Mater. Chem. 2012, 22 ' \/ \

! ey The first reported AIE a-plpicl

: Cherm. 2022’ #1,,5323. © RDES 22167 polynuclear platinum(lIl) ~ /o \{ PR

| complex. Prof. Zhu et al. J. Am. (%

! O Chem. S0c.2020, 142, 7469.

O

1

1

1

1

! e

| o RIM ]

! e N, @ O -shieldi ffect

| ©RIM f . The first reported YERISNISEING BTEs

: . AIE platinum(ll) AIE polynuclear platinum(ll)

I The first reported AIE 2 g complex with complex. Prof. Zhong et al.

: platinum(ll) complex with ol four-ligand Inorg. Chem. 2021, 60, 6607.
°

1

1

1

1

1

%
S

The first reported AIE polynuclear © RMCT

%9

@ RCSD

platinum(ll) complex. Prof. Che et al.
Chem. Eur. J. 2008, 14, 9736.

AIE platinum(ll) complex with
three-ligand framework. Prof.

AIE platinum(ll) complex
with homoleptic bidentate
ligand. Prof. Zhao et al.
Inorg. Chem. 2023, 62,

Cl Wong et al. Adv. Optical Mater.
0 2020, 8, 2000079. 19142.

Pt

] © Dimer emission - @ Restrained D,, deformation of the
© Pt-Ptinteraction I . ) [N coordinating skeleton

H AIE platinum(ll) complex with N N
The first reported AIE platinum(ll) one-ligand framework. Prof. g N_') OO \rj N AlE platinum(ll) complex with three-
complex with tridentate ligand. Prof. Yam Naota et al. Inorg. Chem. 2019, P‘, = ligand framework. Prof. Zhou et al. J.
etal. J. Am. Chem. Soc.2002, 124, 6506. 58, 9076. LN"‘ Mater. Chem. C 2021, 9, 2334.
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Fig. 2

AIE cyclometalated platinum(i) complexes with one-ligand molecular frameworks. Molecular structures, single crystal structures, stacking modes

of cyclometalated platinum(i) complexes based on (A) porphyrin, and phthalocyanine-ligand, (B) Schiff base ligand, and (C) poly(pyridyl) tetradentate

ligand.

ligand charge transfer (MMLCT) to the ground-state transition.
In addition to alkyl or alkoxyl chains as linking groups, in 2018,
Xiang et al. reported a Schiff base-cyclometalated platinum(u)
complex (Pt7) with larger steric hindrance introduced by 1,1'-
binaphthyl linkers. Due to the restricted movement of the
central 1,1’-binaphthyl moiety, Pt7 exhibited unusual near-
infrared aggregation-induced phosphorescence in a THF/H,O
mixture or solid state. Thus, by introducing functional groups
with significant steric hindrance to the Schiff base framework,
the n-n stacking could be effectively suppressed, which wea-
kened the ACQ effect but promoted the AIE property achieved,
following the design principles.”*

Poly(pyridyl) tetradentate platinum(u) complexes
another class of AIE cyclometalated platinum(u) complexes
with one-ligand molecular frameworks. In 2020, MacLachlan
et al. reported a rigid oxygen-bridged bis(phenylpyridine)-
containing platinum(u) complex (Pt10) with AIE properties.
From the single-crystal structure analysis, significant Pt-Pt
interactions were found to be a cause of the transformation
of the long-wavelength emission into the dimeric emission
(Fig. 2C).»®

In 2022, Tunik et al. reported an asymmetric nitrogen-
bridged bis(phenylpyridine) platinum(u) complex (Pt11) with
AIE characteristics in a THF/H,O mixture. According to the
single-crystal structure analysis, introducing heteroatoms (F,
Cl, and O atoms) into the molecular skeleton, the AIE effect
originated from intermolecular interactions such as C-H---n
and C-H- - -0, in aggregates (Fig. 2C).”° In the same year, Zhang
et al. reported a rigid oxygen-bridged p-menthane-modified
tetradentate cyclometalated platinum(i) complex (Pt12).'®
Pt12 exhibited significant aggregation-enhanced emission
(AEE) in a DMSO/H,0 mixture (5 x 10> mol L") with a high
PLQY of 73.2%. Single-crystal structure analysis (Fig. 2C)
revealed that the introduction of the p-menthane group effec-
tively suppressed n-n stacking between Pt12 molecules due to

are
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steric hindrance. Additionally, the incorporation of multiple
C-H---m interactions played a synergistic role, leading to
the observed AEE phenomenon.'® As mentioned above,
platinum(u) porphyrins, platinum(u) tetrapyrrolic macrocycles,
and platinum(u) phthalocyanines have larger n-n stacking and
more planar geometries, which typically show the ACQ rather
than AIE effect. To overcome the ACQ phenomenon, on the one
hand, we need to introduce functional groups with large spatial
hindrances to prevent intermolecular n-n stacking. Further-
more, in general, the energy gap law and its inherent influence
on luminescence, especially in the NIR region, need to be
considered. The energy gap law is a recognized phenomenon
that describes the lower emission intensities observed in the
NIR region for polyatomic molecules in the condensed phase.
According to this law, the main mechanism responsible for the
quenching of NIR emission is non-radiative deactivation, which
occurs due to the energy gap between the excited state and the
ground state of the molecule. On the other hand, how to utilize
the planar configuration of cyclometalated platinum(u) com-
plexes and Pt-Pt interactions to construct luminescent dimers
and enhance the contribution of ®MMLCT to the ground-state
transition is an effective approach to addressing the ACQ
phenomenon in planar cyclometalated platinum(u) complexes.
Additionally, a feasible strategy is to decompose tetradentate
ligands into bidentate and/or tridentate ligands to obtain
platinum(un) complexes with AIE properties. Another viable
strategy is to further oxidize tetradentate platinum(u) com-
plexes to construct platinum(u/iv) complexes with n-stacking
structures or binuclear platinum(u) or platinum(u) complexes,
which will be discussed in subsequent sections.'®*%*!

2.2 Two-ligand molecular framework

2.2.1 Homoleptic bidentate ligand platinum(u) complexes.
Homoleptic bidentate ligand platinum(u) complexes can be
derived from tetradentate ligand platinum(u) complexes, for

This journal is © The Royal Society of Chemistry 2024
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example, breaking the porphyrin-like structure and anchoring
it with a platinum ion. Homoleptic bidentate platinum(u)
complexes acquire rich modification sites, enabling the multi-
functional derivatization of these platinum(ir) complexes. More-
over, these homoleptic bidentate cyclometalated platinum(u)
complexes exhibit excellent molecular rigidity and self-
assembly properties, leading to their rapid development in
recent years,*0?3736:57:58

In 2017, Chi et al. designed and synthesized a novel bipyr-
azole cyclometalated platinum(u) complex (Pt13, Fig. 3A).>* The
presence of multiple nitrogen atoms in the complex reduced
the electron density around the metal centre. The introduction
of trifluoromethyl groups further enhanced the electron-
deficiency of the complex. Additionally, the incorporation of
less sterically hindered trifluoromethyl groups facilitates the
formation of crystalline thin films. Grazing angle X-ray diffrac-
tion analysis revealed that Pt13 exhibited a tilted domino-like
stacking arrangement, with Pt-Pt distances of around 3.9-4.2 A
and intermolecular t-n distances of 3.4-3.7 A. As a result, Pt13
displayed steady-state absorption spectra in a thin film state,
indicative of MMLCT transitions.****

To further shift the MMLCT emission to longer wavelengths,
in 2020, Chi et al. replaced the bipyrazole ligand with a pyridine
ligand containing a pyrimidine group and constructed a homo-
leptic bidentate cyclometalated platinum(u) complex abbre-
viated as Pt14. Compared to Pt13, Pt14 with solid-state
exhibited further red-shifted emission at 866 nm and a PLQY
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of 12%.> In 2022, the research group further expanded the
conjugation degree of the ligands and developed Pt15,
which emitted light at 965 nm with a high PLQY of 13.3%
(vacuum  deposited thin film, room temperature).*®
Although the AIE properties of these molecules were not tested,
a detailed analysis revealed that these complexes utilized
intermolecular Pt-Pt interactions and n-r interactions to adopt
a domino-like stacking arrangement and MMLCT to induce
NIR emission.*®

This class of molecules showing AIE behaviors was charac-
terized and reported in 2020. Carlos et al. prepared a bidentate
AlE-active cyclometalated platinum(u) complex with a homo-
leptic bidentate ligand (Pt16).°” Due to the hydrogen bonding
between the two coordinating ligands, these complexes main-
tained planarity similar to that of tetradentate ligand
platinum(n) complexes. By introducing alkoxyl chains to the
ligands, these complexes further revealed liquid crystalline
properties. They could self-assemble into nanoparticles
through intermolecular Pt-Pt interactions induced by Hg*
and displayed AIE properties.

As mentioned above, up to now, achieving control over the
AIE properties requires striking a balance between the strength
of n-m/Pt-Pt interactions and the steric hindrance between
complexes.”” It was deduced that by introducing appropriate
heteroatoms or functional groups to ligands, the molecular
structure can be modulated to alter the aggregation mode. On
the other hand, by introducing heteroatoms or functional
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This journal is © The Royal Society of Chemistry 2024

Chem. Soc. Rev,, 2024, 53, 5366-5393 | 5371


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00218k

Open Access Article. Published on 07 May 2024. Downloaded on 10/20/2025 7:43:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

groups, the photophysical properties of the complexes can be
modified to meet the requirements of different applications.>®

2.2.2 Heteroleptic bidentate ligand platinum(n) com-
plexes. Heteroleptic bidentate cyclometalated platinum(ir) com-
plexes refer to cyclometalated platinum(u) complexes with two
different bidentate ligands. Compared to bidentate homoleptic
cyclometalated platinum(u) complexes, these complexes pos-
sess greater flexibility and variety in molecular structure and
types.®®'72*2% By introducing different functional groups into
the ligands, the derivatization options, the number of com-
plexes, and the applications can be notably increased.’®®° Until
now, many bidentate heteroleptic complexes with AIE proper-
ties have been reported. According to the type of ligands, the
most classic complexes include phenyl-pyridine complexes and
Schiff base complexes (Fig. 3B).

In 2012, Huang et al. reported a series of heteroleptic
bidentate platinum(i) complexes (Pt17-Pt20).>* Among them,
Pt17, Pt18, and Pt19 are AlE-active while Pt20 does not display
the AIE phenomenon. Pt17 showed a high PLQY of 38.0%
(crystal state) at room temperature. In Pt17, Pt18, and Pt19,
the phenyl, naphthyl and alkyl chain groups could act as rotors
to consume the excited-state energy through nonradiative
relaxation pathways. Thus, their AIE behaviours could be
explained by the RIM mechanism. However, for Pt20, there
was an obvious rotor in the molecular structure, yet it did not
exhibit distinct AIE properties. Therefore, the RIM mechanism
may not be the sole origin of the AIE properties in these
cyclometalated platinum(u) complexes. Experimental and the-
oretical calculations uncovered that in the crystalline state of
Pt17-Pt19, the structural deformations from the ground state to
the excited state were restricted, allowing the complexes to
maintain their geometric shape upon excitation. As a result, the
RDES involving the phenyl-pyridine ligands contributed to the
efficient emission in the crystalline state (Fig. 3B).>**°

The AIE properties of molecules can be availably modulated
by changing the ligand structure, which affects the molecular
packing and excited-state geometry. In line with this strategy, in
2021, Liu et al. explored the AIE properties of cyclometalated
platinum(u) complexes (Pt21, Pt22) with phenyl pyridine deri-
vatives as the main ligands and acetylacetone as the ancillary
ligand (Fig. 3B)."” The results showed that Pt21 exhibited ACQ
behavior in a dichloromethane/n-hexane system. For Pt21, as
the content of n-hexane increased in the solution, the emission
intensity gradually decreased but maintained a certain level
while Pt22 exhibited AIE properties. The single-crystal struc-
tures showed that Pt21 had a planar configuration without Pt-
Pt interactions but had a significant number of C-H:- &, C-
H---F, and C-H---O interactions. Hence, it retained emission
intensity in the aggregated state. In the case of Pt22, the
introduction of a diphenylamine group acted as a rotor. Initi-
ally, its emission intensity in dichloromethane was lower than
that of Pt21. However, numerous intermolecular interactions in
the aggregated state restricted molecular motion, resulting in
the classical AIE phenomenon. Similarly, Yang et al. further
modified the phenyl-pyridine ligand and constructed an AIE-
active cyclometalated platinum(u) complex (Pt23), as shown in
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Fig. 3B.%° This series of work demonstrated that introducing
bulky functional groups on the planar phenyl-pyridine ligands
efficiently modulated the molecular packing. By utilizing inter-
molecular interactions, nonradiative transitions were effec-
tually suppressed, resulting in the AIE properties of the
complexes.

Based on these results, introducing bulky functional groups
on rigid ligands and influencing the molecular arrangement
and various intermolecular interactions, such as Pt-Pt interac-
tions, C-H- - -m, or n—n interactions, can affect the phosphores-
cence properties of the complexes in the solid-state. In 2023,
Nishikawa et al. utilized the binaphthol group and bipyridine
group to construct a cyclometalated platinum(u) complex,
Pt24.°° As shown in Fig. 3B, due to the direct coordination of
the binaphthol with the platinum(u) ion, a twisted seven-
membered ring structure was formed. This twisted structure
caused weak emission in the solution state. However, in the
solid state, molecular motion was restricted, and the twisted
structure suppressed n-m interactions between the molecules.
The intermolecular interactions in Pt24 effectively suppressed
nonradiative transitions, resulting in pronounced AIE proper-
ties in the solid-state or THF/H,O system.>’

2.2.3 Tridentate ligand platinum(u) complexes. Platinum(m)
complexes with pyridine-related tridentate ligands, such as bipyr-
idine or terpyridine, exhibit rich photophysical properties. These
complexes typically exhibit polymorphism, with wide absorption
and emission ranges in the solid state. The Pt-Pt and m-n
interactions between the tridentate cyclometalated platinum(u)
complexes are recognized to be the source of molecular poly-
morphism, owing to the square planar coordination geometry of
the platinum(n) ion (Fig. 3C)."*%'"%

In 2002, Yam et al. reported a cyclometalated platinum(i)
complex with a tridentate ligand (Pt25) based on a terpyridine
ligand and a butadiynyl ligand.'® Recrystallization of Pt25
yielded two different crystal forms: one was red (from evapora-
tion of an acetone solution), and the other was deep green
(from an ether/acetonitrile system). Crystal analysis clarified
that in the deep green crystal form, the complexes were evenly
spaced, with a Pt-Pt distance of 3.388 A. In the red crystal form,
the complexes exhibited a zig-zag arrangement with different
Pt-Pt distances of 3.394 A and 3.648 A, respectively. Changes in
the molecular arrangement and the degree of Pt-Pt and n-n
interactions result in crystals of different colors (Fig. 3C). A
series of studies reported by Yam et al showed that the
absorbance and emission wavelengths in these solvent-
induced self-assembled structures are influenced by the nature
of the counterions (Pt25-Pt28),°' negatively charged polymers
(Pt29),°> and oligonucleotides (Pt30).°> The driving force
behind the self-assembly is the electrostatic binding between
the complexes and polymers, bringing the complexes closer to
each other and triggering Pt-Pt and n-r interactions, resulting
in significant color changes and enhanced emission.

To date, these platinum complexes have been roughly
divided into three categories based on the ligand type, namely
cyclometalated platinum(n) complexes with polypyridine
ligands,***® 2,6-bis(benzimidazol-2'-yl)pyridine ligands,****%’

This journal is © The Royal Society of Chemistry 2024
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and 2,6-di(1H-tetrazol-5-yl)pyridine ligands (Fig. 3C).°*”""
In 2017, Yam et al reported a series of tridentate cyclo-
metalated platinum(n) complexes (Pt32-Pt40, Fig. 3C) with
tetraphenylethene-modified alkyne ligands. The introduction
of tetraphenyl ethene groups resulted in AIE properties, and
self-assembly formed stable MMLCT behavior driven by Pt-Pt
and/or n-r interactions.®* By introducing different lengths of
hydrophilic groups on the terpyridine ligand to modulate its
hydrophilicity, Pt32-Pt36 successfully formed different self-
assembled supramolecular structures (including nanorods,
nanospheres, nanowires, and nanosheets) in an acetonitrile/
H,O system. It elucidates that the introduction of alkyl ether
chains does not hinder aggregation. In contrast, when ¢-butyl
groups were introduced into the molecule, the lower energy
absorption of Pt40 exhibited a linear relationship with the
water content at 90%, expounding the absence of Pt-Pt inter-
actions during the aggregation process, which implied that the
introduction of ¢-butyl could effectively restrict the intermole-
cular Pt-Pt interactions. Interestingly, in 2018, Wong et al
incorporated tetraphenylethene groups on the terpyridine
ligand rather than on the alkynyl ligand, and constructed an
AIE tridentate cyclometalated platinum(n) complex (Pt31,
Fig. 3C).*® Owing to the tendency of Pt31 to form molecular
aggregates in water, in an acetonitrile/H,O mixtures, a NIR
emission peak at 730 nm was observed when the water content
reached 70%. This emission peak can be attributed to the
MMLCT emission induced by solvent-promoted Pt-Pt and/or
n-m interactions in the aggregated state. By comparing the work
of Yam and Wong et al., the introduction of a molecular rotor
into a rigid terpyridine-based platinum(im) complex can validly
impart the AIE properties to the molecule without affecting the
Pt-Pt interaction of the molecule. At the same time, we need to
note that this type of platinum(u) complex may contain multi-
ple AIE mechanisms, such as RIM and Pt-Pt interactions,
which will be explained in subsequent sections.

In 2011, Yam et al reported a series of water-soluble
tridentate cyclometalated platinum(n) complexes containing
hydrophilic anionic benzimidazole ligands (Pt41-Pt43). Inter-
estingly, Pt41 (with K" as the cation) disclosed a strong solvent-
induced color changing phenomenon in an acetone/H,O
mixture. The prevailing notion suggests that creating a
more hydrophobic environment would promote the aggrega-
tion of sulfonate ionic heads, thereby facilitating the
formation of nanofibers or nanorods through enhanced Pt-Pt
and m-n interactions.®® In 2017, Yam et al. further designed
and synthesized a water-soluble anionic alkynyl -cyclo-
metalated platinum(un) complex (Pt44, Fig. 3C) with a 2,6-
bis(benzimidazol-2/-yl)pyridine ligand.*> It was found that
Pt44 underwent supramolecular self-assembly with cationic
peptides rich in arginine, resulting in aggregation through
intermolecular Pt-Pt and n—= interactions, and enhanced lumi-
nescence. Upon addition of pancreatic trypsin, the peptide rich
in arginine undergoes hydrolysis, leading to the disassembly of
Pt44 and an obvious decrease in luminescence intensity. There-
fore, this method allows for the highly sensitive screening of
pancreatic trypsin inhibitors and the accurate detection of
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pancreatic trypsin in serum solutions. In 2021, Yam et al.
further joined a guanidine group to construct a tridentate
cyclometalated platinum(u) complex (Pt45).” The non-
covalent interaction between the guanidine group and RNA
induces aggregation of Pt45, resulting in significant emission
enhancement upon binding to RNA. The authors further found
that Pt45 not only displayed pronounced spectral changes and
emission enhancement upon binding to RNA but also enabled
specific nucleolus imaging in cells. Compared to fluorescent
dyes, Pt45 showed red emission and a large Stokes shift,
providing a high signal-to-background autofluorescence ratio
for nucleolus imaging.®”

In 2011, Cola et al. reported the cyclometalated platinum(u)
complex Pt46 based on the 2,6-bis(tetrazolyl)pyridine ligand.®®
By coordinating alkylpyridine auxiliary ligands to the 2,6-
bis(tetrazolyl)pyridine complex, the solubility and processabil-
ity of the complex were improved. Pt46 did not emit light in
dilute solution at room temperature but produced enhanced
emission in frozen dichloromethane at 77 K or in thin films.
The PLQY of Pt46 in a neat film and a poly(methyl methacry-
late) (PMMA) matrix reached 87%. After that, Cola et al. further
adjusted the molecular structure by attaching two tetra-
ethylene glycol chains to the auxiliary ligand, obtaining Pt47
with water solubility.®® Pt47 formed a water gel through inter-
action with cyclodextrin. Then, in 2016, Cola et al. used the
spectroscopic changes induced by Pt-Pt interactions to probe
the evolution of complex supramolecular processes. The intro-
duction of hydrophilic tri-ethylene glycol side chains made the
complex Pt48 amphiphilic.”’ Additionally, Pt48 contained
imine groups capable of participating in directional hydrogen
bonding, which played crucial roles in self-assembly. They
tracked each assembly in the aggregate system in real time by
observing the different fluorescent colors in the aggregate state.

In 2017, Cola et al. further synthesized Pt49 and applied Pt48
and Pt49 to the field of electrochemiluminescence, reporting
for the first time the aggregation-induced electrochemilumi-
nescence phenomenon through intermolecular Pt-Pt and n-n
interactions.”" In 2020, Xie et al. further adjusted the aggrega-
tion behavior of the complexes by modulating the length of
alkoxyl chains and constructed the tridentate cyclometalated
platinum(i) complexes Pt50 and Pt51, which exhibited fluor-
escent liquid crystal phases in hexagonal and rectangular
columnar arrangements, respectively.”” Through intermolecu-
lar Pt-Pt and n-w interactions, Pt50 and Pt51 not only displayed
strong luminescence and the AIE effect at high temperatures
but also demonstrated a reversible vapor-induced color change
under alternate vapor exposure to dichloromethane and
ethanol.

The tridentate AIE cyclometalated platinum(u) complexes
with two-ligand molecular framework show rich photophysical
changes at the molecular level when in the aggregated state due
to their planar rigid structures. The intermolecular Pt-Pt and n-
7 interactions impart prominent variations in absorption and
emission, which are manifested macroscopically. The lumines-
cent properties of this series of molecules are highly dependent
on factors such as temperature, type of counterions, and
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solvent systems. Therefore, tridentate AIE cyclometalated
platinum(u) complexes with a two-ligand molecular framework
can serve as detectors for specific influencing factors.*!

2.3 Three-ligand molecular framework

As mentioned above, the photophysical properties of
platinum(un) complexes can be easily modulated by altering
the ligand structure. However, conventional cyclometalated
platinum(u) complexes, such as AIE platinum(u) complexes
with one-ligand or two-ligand molecular frameworks, have a
rigid planar structure that tends to form close n-n stacking,
causing limited variations in the emission spectra. Addition-
ally, it is relatively challenging to simultaneously introduce
electron donors and acceptors into a single molecule in these
two molecular systems to improve the electron and hole injec-
tion/transfer processes.”>””” Therefore, platinum(i) complexes
with a three-ligand molecular framework have emerged, where
the complexes consist of one bidentate ligand and two inde-
pendent monodentate ligands. This molecular structure effec-
tively suppresses the m-rn interactions observed in traditional
cyclometalated platinum(u) complexes and improves the bal-
ance of electron and hole injection/transfer behavior, especially
in optoelectronic devices.*®**”>”77 Representative molecules
Pt52-Pt56 and their corresponding single-crystal structures
are listed in Fig. 4A. For instance, in 2012, Lalinde et al
reported a platinum(u) complex (Pt52, Fig. 4A) with a three-
ligand molecular framework based on phenanthroline and

(A) Platinum(11/IV) complexes based on three-ligand framework
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pentafluoro-benzene ligands.” Pt52 had AIE properties in the
solid state. Single-crystal structure analysis revealed that Pt52
displayed the characteristic twisted molecular structure. From
the molecular packing perspective, there were evident n-m and
multi-intermolecular interactions between the pentafluorophe-
nyl units, expounding that Pt52 underwent aggregation-
induced m-n emission in the solid state.

To construct efficient AIE platinum(u) complexes with a
three-ligand molecular framework, Zhou et al. made significant
contributions in this field.?*>®”” In 2020, Zhou et al. con-
structed a series of cyclometalated platinum(u) complexes with
a three-ligand molecular framework, Pt57-Pt59, using phenyl-
pyridine as the main ligand, pyridine-derived groups as the
second ligand, and phenyl ethynyl derivatives as the third
ligand (Fig. 4B).”” The authors systematically studied the influ-
ence of the alkynyl ligand’s structure and electronic effects on
the luminescent properties of the entire complexes. Compared
to traditional rigid platinum() complexes with two bidentate
ligands or one tridentate/tetradentate ligand, Pt57-Pt59 have
more deformation space in their planar square geometry in the
ground state, allowing for a transition to a quasi-tetrahedral
configuration in the excited state, resulting in poor solution
emission. However, Pt57-Pt59 disclosed notable AIE effects in
doped films and aggregated states and possessed higher PLQY
(56%, 80%, 65%, respectively) in the doped film (PMMA film
doped with x 1.0 wt% platinum complex at room temperature).
This work demonstrated that restricted structural distortion

(C) AIE platinum(ll) complexes based on 2,2"-bipyridine ligands
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was one of the important mechanisms behind the AIE
properties.

After that, in 2021, Zhou et al. replaced the phenyl-pyridine
ligand with naphthyl-pyridine ligands and synthesized cyclo-
metalated platinum(u) complexes (Pt60-Pt62, Fig. 4B) with a
three-ligand molecular framework.”® Pt60-Pt62 exhibited dis-
tinct AIE effects in the THF/H,O system. This work further
investigated the influence of the pyridine-based ligand’s struc-
ture and electronic properties on the luminescent performance
of the entire complexes. It was found that increasing the
conjugation degree of the ligands and introducing donor/
acceptor structures effectively red-shifted the absorption and
emission of the molecules. By extending the conjugation degree
of the pyridine-based ligand, a new AIE mechanism was
revealed, where the restricted structural distortion from the
ground state to the excited state was the main mechanism
behind the AIE properties.

Very recently, in 2023, Zhou et al. further systematically
analyzed the impact of phenyl-pyridine ligands’ structural
variations on the luminescent properties of the complexes.
They designed and synthesized cyclometalated platinum(u)
complexes (Pt63-Pt65, Fig. 4B) with a three-ligand molecular
framework.”® It was revealed that introducing ligands with
donor/acceptor structures could effectively regulate the elec-
tron/hole transport ability of the molecules, making them more
suitable for applications in optoelectronic devices. Additionally,
as mentioned earlier, the steric hindrance effect of the ligands
had a significant impact on intermolecular stacking, efficiently
reducing n-n stacking between molecules and suppressing the
ACQ phenomenon. Thus, Pt63-Pt65 produced substantial AIE
effects in the THF/H,O mixture.

Apart from AIE cyclometalated platinum(u) complexes with
three ligands based on phenyl-pyridine ligands, rapid develop-
ment was attained in AIE platinum(u) complexes with 2,2'-
bipyridine ligands (Pt55, Pt66-Pt73, Fig. 4C).”>”%%% For
instance, in 2014, Yam et al. reported the synthesis of AIE
platinum(u) complexes (Pt66) with a three-ligand molecular
framework.”® Pt66 showed a low PLQY of only 18.0% in
dichloromethane solution (room temperature using
[Ru(bpy);]Cl, as a standard), but when doped in mCP (1,3-
bis(9-carbazolyl)benzene), the PLQY increased to 71.0%,
demonstrating a significant AIE effect. Additionally, Pt66 exhib-
ited AIE behavior in THF/H,O mixtures. In dilute solutions, the
aromatic triazole units acted as rotors and dissipated energy
through non-radiative transitions, resulting in weak emission.
In the aggregated state, the rigidification of Pt66 molecules
restricted their rotational motion, slowing down the non-
radiative decay rate and enhancing the emission intensity of
*MLCT.

In 2017, Zhu et al. studied a series of AIE platinum(u)
complexes (Pt67-Pt69) with a three-ligand molecular frame-
work. All complexes exhibit 'n-n* transitions/'MLCT absorp-
tion bands and green fluorescence originates from 'n-n*state
mixed '"MLCT character. These complexes exhibited obvious
AIE behavior in acetonitrile/H,O mixtures. Moreover, this work
perfectly combines AIE and optical power limiting properties in
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one molecule.”” In 2019, Yam et al. introduced a functional
group derived from r-glutamine into the bis(arylalkynyl)
ligands, constructing a platinum(un) complex (Pt70) with a
three-ligand molecular framework.®® Due to the introduction
of a long alkyl chain on the 2,2'-bipyridine ligand, the mole-
cules aggregated through hydrogen bonding, n-n, and Pt-Pt
interactions and form a metal gel at room temperature.
Furthermore, in 2023, Zhu et al. introduced alkyl chains into
the alkynylpyrene imine ligands and the 2,2'-bipyridine
ligands, synthesizing a series of platinum(u) complexes (Pt55,
Pt71-Pt73, Fig. 4C) with a three-ligand molecular framework.”>
It was shown that the introduction of alkyl chains had no
significant impact on the absorption and emission properties
of these complexes in dilute solutions but affected the AIE
properties in the aggregated state. For example, in a THEF/
ethylene glycol mixed solvent system, the shorter alkyl chain
on the 2,2'-bipyridine ligand enhanced the AIE of the com-
plexes. However, the introduction of different alkyl chains on
the alkynylpyrene imine ligand did not affect their AIE proper-
ties. Single-crystal analysis revealed that the photophysical
properties of these complexes in the aggregated state were
influenced by the stacking pattern due to different intermole-
cular interactions (Pt55, Fig. 4A).

2.4 Four-ligand molecular framework

Platinum(n) complexes with a four-ligand molecular frame-
work, which are platinum(u) complexes with four monodentate
ligands, generally exhibit poor luminescent properties. In these
complexes, due to their highly flexible molecular structure,
the excited-state molecules can undergo deactivation
through nonradiative relaxation pathways, including relaxation
via the metal-centered transitions and other nonradiative
processes.*"®"

In 2020, Thomas et al. reported an AIE platinum(u) complex
(Pt74) with a four-ligand molecular framework.®" The molecular
and its single-crystal structure are shown in Fig. 5A. Pt74
possesses a classic ethynyl platinum(u) structure, with the other
two coordination sites occupied by three ter¢t-butyl phosphine
groups. Single-crystal analysis reveals that the two fluorophenyl
rings interact coplanar with the terminal rings of adjacent
molecules. Due to steric hindrance from the alkyl chains,
numerous intermolecular interactions prevent n-n stacking of
the molecules and reduce nonradiative transitions.

Another classic platinum(n) complex with a four-ligand
framework is the cisplatin-like platinum(u) complex. Cisplatin
has established great importance in the treatment of various
cancers in the human body.*"®> However, on the one hand, the
application and therapeutic effectiveness of cisplatin are greatly
limited by drug resistance and systemic toxicity. On the other
hand, the existing cisplatin drugs cannot be tracked in terms of
their mechanism of action, and the integration of diagnosis
and treatment cannot be achieved. Therefore, cisplatin deriva-
tives with AIE properties have emerged (Pt75-Pt77).""® As
shown in Fig. 5A, these complexes are generally composed of
a classic AIE motif and a cisplatin derivative. On the one hand,
cisplatin drugs can be tracked through the fluorescence
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platinum(iv) complexes based on the six-ligand frameworks.

imaging of AlE-active nanoparticles. On the other hand, the
synergistic effect between the spin-orbit coupling of the
platinum(u) center and the nanoparticles can enhance the
efficiency of reactive oxygen species (ROS) generation, thereby
improving the therapeutic effectiveness against tumors.

2.5 Six-ligand molecular framework

Platinum(iv) complexes with a six-ligand molecular framework
are considered to be prodrugs of their platinum(u) counter-
parts. Octahedral platinum(iv) complexes are more resistant to
ligand exchange compared to planar square platinum(u) com-
plexes, thereby reducing adverse reactions with biomolecules
before reaching the biological target and effectively lowering
toxicity and side effects. Additionally, platinum(iv) complexes
can easily bind to other biologically active ligands to construct
multifunctional anticancer agents.*” As shown in Fig. 5B,
platinum(iv) complexes with AIE properties (Pt78-Pt81) have
more complex molecular structures.’®**° According to the
functionalities of different molecular segments, they can be
roughly divided into AIE luminophores, hydrophilic units,
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platinum(iv) drug precursors, and biologically active peptide
chains (targeting units). Similar to the AIE unit in platinum(u)
complexes with a four-ligand molecular framework, the AIE
luminophore in the molecule can effectively track cisplatin
drugs through fluorescence imaging. The specific details of
this process will be elaborated on in the application section.

2.6 Polynuclear platinum small molecules

2.6.1 Polynuclear platinum(u) small molecules. In poly-
nuclear platinum(n) complexes containing two or more differ-
ent platinum(u) units connected by covalent bonds, Pt-Pt
interactions can occur both within and between molecules.
On account of the molecular structure of cyclometalated
platinum(n) complexes, and whether intramolecular or inter-
molecular Pt-Pt interactions take place, this review roughly
categorizes them into three types (Fig. 6). In the first type of
molecules (Pt82-Pt86), we focus on structures with rigid con-
necting units between metal centers, which prevent intra-
molecular Pt-Pt interactions.’*®**®” For example, in 2008,
Che et al reported an AIE polynuclear cyclometalated

This journal is © The Royal Society of Chemistry 2024
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platinum(u) complex (Pt82, Fig. 6A) based on bridging ligands
of ortho-phenylethynyl with a partially folded molecular
conformation.®* Pt82 displayed an evident AIE phenomenon
in an acetonitrile/H,O system. The emission intensity increased
and the emission wavelength red-shifted from 567 nm to
670 nm when the water content exceeded 40%. The single-
crystal structure, dynamic light scattering, and transmission
electron microscopy collectively revealed that Pt82 aggregated
into nanoparticles in the acetonitrile/H,O mixture, with the
ortho-phenylethynyl bridging ligand undergoing hydrophobic
folding.

In the second type of molecules, our attention is paid to
structures with flexible connecting units between metal cen-
ters, allowing for the possibility of intramolecular Pt-Pt inter-
actions (Pt87-Pt95).>>**°° These complexes may exhibit dual
emission features from mononuclear and binuclear excited

This journal is © The Royal Society of Chemistry 2024

states, impacted by a range of environmental factors such as
temperature, polarity, and charged particles. For instance, Yam
et al. reported a series of binuclear alkyne-bridged platinum(u)
terpyridine complexes (Pt87-Pt91, Fig. 6B) in 2006, where two
platinum(u) units were connected by a flexible bridge.*® This
work studied the intramolecular aggregation properties in
solution. Pt87 and Pt88 with shorter connecting chains did
not undergo self-aggregation or aggregation at room tempera-
ture. Conversely, Pt89-Pt91 with longer flexible bridges could
readily self-aggregate and aggregate in solution, and Pt90 and
Pt91 were more prone to aggregation than the shorter chain
Pt89. Thus, at room temperature, the solution of Pt89-Pt91 was
primarily intramolecularly aggregated, while dissociation
occurred upon heating the sample. This study also demon-
strated that Pt-Pt and n-n interactions could be regulated by
temperature. In 2011, the group further replaced the central

Chem. Soc. Rev,, 2024, 53, 5366-5393 | 5377
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flexible bridge with a triblock copolymer unit and synthesized
AlE-active binuclear platinum(u) complexes (Pt92 and Pt93,
Fig. 6B) based on the terpyridine ligand.*® They aggregated
through Pt-Pt and/or n—= interactions at elevated temperatures.
Transmission electron microscopy and dynamic light scattering
studies revealed that above the critical micelle temperature, the
presence of the block copolymer induced the formation of
spherical micelles, leading to the observation of the AIE
phenomenon.

In the third type of molecule, the entire molecule adopts a
rigid m-stacking structure through bridging ligands and cyclo-
metalated ligands. This n-stacking conformation is favorable
for ground-state and/or excited-state interactions between the
metal and/or its aromatic ligands (Pt96-Pt103).>*27°1%% For
example, in 2011, Naota et al. reported a series of “sandwich-
type” binuclear platinum(u) complexes (Pt96-Pt98, Fig. 6C)
based on Schiff base ligands.** This work demonstrated the
gelation of cyclohexane solutions with Pt96-Pt98 induced by
ultrasound, enabling precise control over phosphorescence
emission. The specific process and mechanism will be
explained in the following sections. In 2019, Xiang et al
reported a novel m-stacking AlE-active binuclear platinum(u)
complex (Pt99), which revealed an apparent AIE effect in a
mixed solvent of THF/H,0.°* Due to the hindered intra-
molecular rotation of the bridging Schiff base ligands, the
n-stacking Pt99 displayed strong intramolecular Pt-Pt interac-
tions (3.37 A) and powerful intermolecular interactions, such as
C-H:--m, C-H---0, and C-H---Cl interactions, resulting in a
high solid-state PLQY of 35% (room temperature). Through the
utilization of a nonchiral ligand, specifically 1,3,4-oxadiazole-2-
thiol, to bridge two planar cyclometalated platinum(u) com-
plexes, an enantiomeric pair of racemic R/S planar chiral
binuclear platinum(u) complexes (referred to as Pt100) was
successfully synthesized. Additionally, by using chiral (R)-/(S)-
binaphthyl-derived ligands, enantiomerically pure R, R, R, or S,
S, S complex (Pt101) could be prepared with 99% enantiomeric
selectivity without the need for chiral HPLC separation. For
Pt100, and Pt101, the cyclohexane or naphthyl groups on the
peripheral bridging ligands can act as molecular rotors, allow-
ing the molecules to dissipate energy through nonradiative
pathways.?” Thus, polynuclear platinum(un) complexes can be
constructed in various ways and exhibit photoelectric proper-
ties that are different from those of mononuclear platinum(u)
complexes. They have great application prospects in the field of
NIR OLEDs and multi-stimulus response. However, how to
further efficiently fabricate polynuclear platinum(u) complexes
or polynuclear multi-metal complexes with high yield will be
the focus of future research.

2.6.2 Polynuclear platinum(m) small molecules. Cyclome-
talated platinum(m) complexes are commonly used in catalytic
reactions, yet, there have been few reports on their luminescent
properties so far. Typically, binuclear platinum(m) complexes
exhibit short-lived lowest triplet states, resulting in very weak or
no phosphorescence. Additionally, platinum(ur) complexes with
low luminescence efficiency primarily undergo metal-centered
transitions as the lowest electronic excited state. Interestingly,
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binuclear platinum(im) complexes with a d’-d” electron configu-
ration and an octahedral coordination structure possess
several attractive features. For example, in 2020, Zhu et al
first reported an AIE binuclear platinum(ui) complex (Pt103)
with donor-acceptor-type bridging auxiliary ligands.'® They
proposed and validated the phosphorescence mechanism of
these binuclear platinum(m) complexes, breaking the tradi-
tional non-luminescent behavior of platinum(m) complexes
and achieving room-temperature multiple phosphorescence
of platinum(m) complexes (Fig. 6C). According to the single-
crystal structure, first, the corresponding spatial structures
facilitate a reduction in intermolecular interactions (such as
n-r stacking), thereby weakening the ACQ effect. Additionally,
there were numerous weak intermolecular interactions, such as
C-H:--n and hydrogen bonding, which effectively inhibited
nonradiative transitions, imparting AIE properties to the
complex in the aggregate state.

3. Mechanisms
3.1 Restriction of intramolecular motion

As is well known, RIM is the main mechanism behind the AIE
properties.>*° Like AIE fluorescent molecules, AIE cyclometa-
lated platinum complexes consist of luminescent molecules
with rotatable moieties (rotors) that undergo low-frequency
rotation or torsional motion in dilute solutions. These motion
modes lead to the dissipation of energy from the excited state
triplet excitons through nonradiative transitions.®® In the
aggregated state, molecular motion is restricted due to steric
hindrance and weak intermolecular interactions, resulting in
the manifestation of the AIE phenomenon (Fig. 7). For
instance, In 2023, Zhang et al. reported a cyclometalated
platinum(n) complex (Pt12, Fig. 7A) with a 5/6/6 ring
system.® This molecule possesses a more flexible molecular
structure compared to the 5/5/6 ring cyclometalated
platinum(n) complexes. The six-membered ring can undergo
up-and-down vibrations, resulting in weak luminescence in
dilute DMSO solution (5 x 107> mol L") with a PLQY of less
than 1%. However, when a poor solvent like water is introduced
into the system, the classic AIE phenomenon is observed. At a
water content of 70%, the PLQY of the system reaches 73.2%.
Once the system forms aggregates, numerous weak intermole-
cular interactions restrain molecular vibrations and rotations,
effectively suppressing nonradiative decay and exhibiting the
AIE phenomenon (Fig. 7A). For other cyclometalated
platinum(u) complexes with two-ligand (Pt22, Fig. 7B)"” and
three-ligand molecular frameworks (Pt104, Fig. 7C),'® it is
crucial to inhibit intermolecular n-n stacking, which requires
the introduction of bulky steric hindrance groups. Further-
more, the rational introduction of heteroatoms (such as O, S,
F, Cl, and N) increases various weak intermolecular interac-
tions, further suppressing nonradiative transitions and impart-
ing AIE effects to the complexes.

In 2020, Zhu et al. synthesized a three-dimensional binuc-
lear cyclometalated platinum(m) complex (Pt103, Fig. 7D) with

This journal is © The Royal Society of Chemistry 2024
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American Chemical Society, respectively.

AIE properties. Pt103 possesses multiple molecular rotors,
resulting in weak luminescence in dilute THF solution."® How-
ever, when a non-polar solvent like water is introduced into the
system, the molecules undergo a certain degree of aggregation,
producing enhanced emission and exhibiting a pronounced
AIE phenomenon. The single-crystal structure of the molecule
reveals that, due to steric hindrance effects, there is no n-n
stacking between the molecules, thus effectively suppressing
the ACQ phenomenon. Additionally, the various weak intermo-
lecular interactions between the molecules reduce the nonra-
diative decay pathways in the aggregated state, resulting in the
observed AIE phenomenon (Fig. 6C). Compared to other cyclo-
metalated platinum complexes, the energy gap law and its
impact on luminescence should be taken into consideration
for polynuclear platinum complexes, especially in the NIR
region.>*> So far, the RIM mechanism can explain the AIE
phenomenon of most molecules. However, the RIM mecha-
nism is more like the result of molecules producing the AIE
phenomenon. Subsequently, we need to consider the specific
reasons that cause RIM to further grasp the essence of the AIE

This journal is © The Royal Society of Chemistry 2024

properties. In future investigations of the AIE mechanism of
cyclometalated platinum complexes, it is essential to delve
deeper into these mechanisms and conduct more in-depth
studies.”

3.2 Pt-Pt interactions

In cyclometalated platinum complexes, Pt-Pt interactions are a
new class of intermolecular interactions that can effectively
regulate the molecular self-assembly process and give rise to
completely different photophysical properties in the aggregated
state compared to the initial state.””*! The AIE phenomenon is
one specific manifestation of the self-assembly process of these
platinum complexes (Fig. 8). In 2002, Yam et al. first reported a
cyclometalated platinum(un) complex (Pt25, Fig. 8A), which was
modified with alkynyl groups to enhance the solubility of the
molecule.’® They investigated the self-assembly behavior of
Pt25 in diethyl ether/acetonitrile solution through Pt-Pt inter-
actions. It revealed that upon the addition of a non-polar
solvent diethyl ether to the acetonitrile solution of Pt25, the
color changed from yellow to green and then to blue,

Chem. Soc. Rev., 2024, 53, 5366-5393 | 5379
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Fig. 8 (A) Molecular structure and single molecular stacking modes of Pt25, color change of Pt25 in acetonitrile solution upon increasing the ether, UV-
visible and emission spectral changes of Pt25 in acetonitrile solution upon gradual addition of ether fraction. Reproduced with permission from ref. 10.
Copyright 2002, American Chemical Society. (B) Molecular structure of Pt92, emission of Pt92 at different temperatures. (C) Schematic diagram of the
aggregation of platinum(i) complexes due to micellization at above the critical micelle temperature of the PEO—-PPO-PEO block copolymer.
Reproduced with permission from ref. 23. Copyright 2011, Royal Society of Chemistry. (D) Molecular structure and single molecular stacking modes
of Pt98, emission changes of Pt98 upon sonication, and (E) schematic diagram of the aggregate morphology and conformational changes of Pt98 during

the ultrasound-induced gelation process. Reproduced with permission from ref. 22. Copyright 2011, American Chemical Society.

accompanied by NIR emission (Fig. 8A). These intriguing
photophysical properties were attributed to the directional
Pt-Pt interactions formed during the self-assembly and aggre-
gation process of the complex, eliciting enhanced MMLCT
absorption and *MMLCT emission and inducing the classical
AIE phenomenon. In cyclometalated platinum complexes, Pt-
Pt interactions are a new class of intermolecular interactions
that can effectively regulate the molecular self-assembly pro-
cess and give rise to completely different photophysical

5380 | Chem. Soc. Rev., 2024, 53, 5366-5393

properties in the aggregated state compared to the initial
state.>*>' The AIE phenomenon is one specific manifestation
of the self-assembly process of these platinum complexes.

In 2011, Yam et al. further reported a binuclear platinum(u)
complex (Pt92, Fig. 8B) based on a tridentate pyridine ligand.*®
The emission peak of Pt92 in the water solution was located at
698 nm. The emission intensity exhibited limited sensitivity to
variations in temperature below 21 °C. However, as the tem-
perature surpassed 21 °C, a gradual increase in emission

This journal is © The Royal Society of Chemistry 2024
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intensity was observed, with the most notable enhancement
occurring around 23 °C, corresponding to the lower critical
solution temperature of the triblock copolymer in Pt92. The
emission intensity saturated at around 31 °C, and further
temperature increase led to a decrease in emission intensity
(Fig. 8B). Within the temperature range of 15 to 31 °C, the
temperature increase likely induced the formation of polymer
micelles, which brought the platinum(u) tridentate pyridine
groups into proximity through intramolecular or intermolecu-
lar Pt-Pt interactions, resulting in observed MMLCT transitions
and emission arising from the aggregation (Fig. 8C).

In 2011, Naota et al. reported a clothespin-shaped binuclear
platinum(u) complex (Pt98, Fig. 8D) based on Schiff base
ligands.** Pt98 emitted rapid and intense luminescence upon
ultrasound-induced gelation in cyclohexane, demonstrating an
ultrasound-induced emission phenomenon. The formed lumi-
nescent gel was stable at room temperature but easily reverted
to the initial non-luminescent solution upon heating above the
gelation temperature. The single-crystal structure of Pt98
revealed that due to the overall clothespin-shaped structure of
the molecule, the Schiff base portion of the complex adopted a
planar quadrilateral structure. There was a n-n stacking
arrangement between the molecules, with a Pt-Pt distance of
3.319 A (Fig. 8D). Based on the experimental results, the
mechanism of the ultrasound-induced gelation process was
elucidated in Fig. 8E. Under non-ultrasound conditions, Pt98
formed colloidal particles in solution through loose and non-
penetrating intermolecular stacking. Imposing ultrasound
energy to these particles induced the formation of microcrys-
tals. Further ultrasound treatment disrupted the obtained
ultrasound crystals and induced spontaneous anisotropic
growth of flexible gel fibers. Under non-ultrasound conditions,
the weak emission of colloidal particles was owing to the loose
aggregation state of the molecules, allowing Pt98 to undergo
non-radiative transitions and dissipate energy. After ultrasound
treatment, the loose stacking of Pt98 units in the colloidal
solution transformed into rigid, inward stacking in the gel
fibers. This morphological change dramatically reduced the
average mobility of each monomer unit, thereby suppressing
energy loss in phosphorescence emission. In this work, the
Pt-Pt interaction acts as an important driving force for the self-
assembly and aggregation of planar platinum complexes. The
AIE phenomenon of this type of molecule can also be termed as
self-assembly-induced emission/enhancement. Utilizing the
different excited states formed after molecular aggregation to
emit light provides us with a new perspective to further study
the luminescence behavior of aggregates.

3.3 Restricted distortion of the excited-state structure

The principle of restricted molecular excited-state distortion
was proposed by Huang et al in 2012.** This mechanism
applies to the AIE cyclometalated platinum(n) complex with
phenyl-pyridine and Schiff base ligands, as illustrated in Fig. 9.
The authors synthesized a series of molecules, taking Pt17 and
Pt20 as examples. It was observed that both complexes did not
emit light in the solution state but exhibited completely

This journal is © The Royal Society of Chemistry 2024
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different phenomena in the crystalline state. Pt17 emitted
strong light in the crystal form, displaying an AIE effect, while
Pt20 remained non-emissive without AIE behavior (Fig. 9A).
Since these two molecules have similar structures and both
possess molecular rotors, the RIM mechanism may not be
responsible for the AIE phenomenon observed in Pt17. So,
the authors conducted theoretical calculations and found that
in the excited states of both molecules in solution, the LUMO
electron clouds were only distributed on the platinum ions and
the Schiff base ligands, without distribution on the phenyl-
pyridine moiety. This could be one of the reasons why these two
molecules did not emit light in the solution state (Fig. 9B).
Additionally, in the solution state, there was a significant
deformation of the molecular configuration in the T, excited
state of both molecules. The energy of the excited state was
dissipated through molecular distortion via non-radiative tran-
sitions, leading to non-emission (Fig. 9B). In contrast, in the
crystalline state, the LUMO electron cloud of Pt17 in the excited
state was distributed on both the phenyl-pyridine and Schiff
base ligands, with the involvement of the phenyl-pyridine
ligand in light emission (Fig. 9C). Meanwhile, the authors
found that the deformation of the excited state in Pt17 was
restricted in the crystalline state, leading to strong emission.
However, the phenyl-pyridine moiety in Pt20 still did not
participate in emission (Fig. 9D).>*?°

3.4 Restriction of coordination skeletal deformation

In comparison to traditional platinum(u) complexes, cyclome-
talated platinum(u) complexes with a three-ligand framework
allow easy rotation of two independent monodentate ligands.
According to the RIM mechanism, the weak emission of these
platinum(n) complexes in solution can be attributed to intra-
molecular bond rotation, promoting nonradiative decay and
significantly reducing the PLQYs. On the other hand, the strong
emission in the aggregated state results from the restriction of
intramolecular bond rotation, leading to a significant reduction
in nonradiative decay. However, recent studies have shown that
the molecular structure in the excited state is crucial for
understanding the fundamental working mechanism of AIE-
active emitters.”®®

In 2020, Wong et al. developed a platinum(u) complex
(Pt105, Fig. 10) with a three-ligand framework.”” Pt105 dis-
played minimal emission in dichloromethane solution (&2 X
10~ mol L") with a PLQY of only 0.8%. However, it emitted
bright blue-green light in doped films (PMMA film doped with
~1.0 wt% platinum complex at room temperature, PLQY =
29%) or the crystalline state, proving an evident AIE effect. The
authors also explored the luminescence of Pt105 under differ-
ent THF/H,O volume ratios, further confirming its AIE proper-
ties (Fig. 10E). After that, the authors first obtained the
optimized molecular configurations of the ground state (S),
singlet state (S;), and triplet state (T,) of Pt105 through theore-
tical calculations. The ground state configuration of Pt105
exhibited an overall planar structure, as shown in Fig. 104,
with a dihedral angle of only 2.7° between the yellow plane P1
(containing Pt ions, C2, and N2) and the blue plane P2
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(containing Pt ions, C1, and N1). In the S; state, the molecular
structure underwent a significant change, transitioning into a
tetrahedral configuration, with a dihedral angle of 43.2°
between P1 and P2 (Fig. 10B). For the T, state, it reverted to a
planar structure, with a dihedral angle of 3.3° between P1 and
P2 (Fig. 10C). Furthermore, Fig. 10D represents the linear
interpolated internal coordinate (LIIC) pathway of Pt105. In
the solution state, the molecule can easily reach the minimal
energy conical intersection (MECI) between S, and S; when
excited by light. At the same time, the intersystem crossing
(ISC) efficiency from S; to T, is low in solution, and the
molecule undergoes a process of coordination framework
deformation, achieving the S; to S, transition through ultrafast
internal conversion (IC) via non-radiative transitions, resulting
in the non-emissive behavior of Pt105 in solution. In the
aggregate state, the restriction of coordination skeletal defor-
mation would significantly enhance the energy gap between S;
and S, at the MECI and reduce the rate of the IC process.
Moreover, the T; state exhibited a planar geometry similar to
the Sy state at the Frank-Condon point, facilitating efficient ISC

5382 | Chem. Soc. Rev., 2024, 53, 5366-5393

from S; to T; and promoting emission from the T, state.”” In
2021, Zhou et al. further reported a model molecule (Pt106,
Fig. 10F) with AIE properties in THF/H,O solution and
proposed a new mechanism of AIE, named restrained D,q
deformation of the coordinating skeleton.”® As shown in
Fig. 10G, similar to the RCSD mechanism, in the solution state,
molecules dissipate energy through non-radiative transitions
by undergoing structural deformations, resulting in non-
emission. In the aggregated state, the deformation of the
square planar (D,y,) coordinating skeleton to tetrahedron (Tg)
is restricted, promoting the radiative transition of excitons and
thus exhibiting AIE characteristics.”®

3.5 Restriction of molecular configuration transformation

Choosing an appropriate molecular model is crucial to study
the AIE mechanism of platinum complexes. In 2023, Zhao et al.
reported the simplest cis-bis(2-phenylpyridine) platinum(u)
complex (Pt107, Fig. 11).>° Pt107 was non emissive in dilute
DMSO solutions. However, they produced intense red and
deep-red phosphorescence in the film states (doping

This journal is © The Royal Society of Chemistry 2024
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Ty minimum (hydrogen atoms are omitted for clarity). (D) The calculated LIIC

pathway from the Frank—Condon point to the MECI of Pt105. Molecular structures and AIE curves of (E) Pt105 and (F) Pt106. (G) Proposed AIE
mechanism of the restrained D,q4 deformation in Pt106. Reprinted with permission from (A)—(E) ref. 77, and (F) and (G) ref. 29. Copyright 2020 Wiley-VCH,

and 2021 Royal Society of Chemistry, respectively.

concentration of 5 wt% in PMMA), with PLQY up to 69.4%,
exhibiting unique AIE characteristics. Then, the authors also
obtained the optimized molecular configurations of Sy, S, and
T, of Pt107 through theoretical calculations (Fig. 11A). In the S,

Relative Energy (kcal/mol)

0
20 30 40 50 60 70 80 90 100 110
Dihedral angle 0 (°)

Fig. 11 AIE mechanism based on restriction of molecular configuration
transformation. (A) Geometries for the Sy and S; and T, states, obtained
from the single-crystal structure and theoretical optimization, respectively.
(B) Natural transition orbitals based on the optimized T; structure. (C)
Molecular structure of Pt107 and the relationships between the dihedral
angles and the relative energies based on the LIIC pathway calculations.
(D) Crystal packings and the intermolecular interactions of Pt107. Rep-
rinted with permission from ref. 30. Copyright 2023 American Chemical
Society.

This journal is © The Royal Society of Chemistry 2024

state, the molecule adopts a quasi-planar configuration, with a
dihedral angle of 21.82° between the yellow plane and the blue
plane (Fig. 11A). However, in the excited states (S; and Ty), the
molecular configuration undergoes significant changes, with
dihedral angles of 99.10° and 85.36°, respectively (Fig. 11A).
Additionally, the platinum ion contributes more than 66% and
51% to the hole and particle orbitals, respectively (Fig. 11B).
Therefore, in the excited states, d-d transitions in the metal
center may lead to substantial molecular deformations.
Fig. 11C illustrates the LIIC pathway of Pt107. So, it can be
observed that in the solution state, the molecule can easily
reach the MECI between S, and S; upon excitation, resulting in
non-emission. In the aggregated state, various interactions
between molecules, such as C-H---t and Pt-Pt interactions
(Fig. 11D), limit the deformation of the excited state, suppres-
sing non-radiative transitions and ultimately exhibiting the
phenomenon of AIE.*°

By summarizing the AIE mechanisms, current research on
the AIE mechanism of platinum complexes has gradually
shifted towards the deactivation processes of the excited states.
Table S2 (ESIt) provides a summary of the similarities and
differences between mechanisms RCSD, restrained D,q defor-
mation of the coordinating skeleton, and RMCT. The non-
emissive behavior of platinum complexes in the solution state
can be attributed to the deactivation of the excited states
through molecular deformations leading to non-radiative tran-
sitions. On the other hand, in the aggregated state, the
restricted deformation of the excited-state molecular structure
activates the radiative transition process, thereby exhibiting the
phenomenon of AIE.

Chem. Soc. Rev,, 2024, 53, 5366-5393 | 5383
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In addition to the AIE mechanisms, there are several other
mechanisms as well. For example, in 2021, Zhong et al. synthe-
sized and characterized a dimeric platinum(u) complex (Pt84,
Fig. 6A) with a rigid planar carbazole bridge. The design of Pt84
aimed to incorporate multiple non-covalent interaction sites to
regulate the aggregation behavior of the molecule, including
Pt-Pt interactions (Pt-Pt distance of only 3.408 A), n-r interac-
tions from the carbazole bridge and terminal aromatic groups,
as well as hydrophobic/hydrophobic interactions from alkyl
substituents on the carbazole nitrogen atoms. Based on the
analysis of the single crystal structure, as well as phosphores-
cence lifetime testing and PLQY testing in a nitrogen or air
atmosphere, the AIE phenomenon is considered being caused
by the oxygen-shielding effect and the molecular rigidification-
induced decrease of nonradiative decays in the aggregate
state.

4. Applications
4.1 Biological imaging and therapy

Compared to traditional ACQ molecules, AIE molecules
have been designed with high PLQY, excellent photostability,
and outstanding biocompatibility. AIE molecules have been
successfully employed in cellular imaging and in vivo
diagnostics.>*°> Some AIE molecules possess remarkable
ROS generation capability or efficient photothermal conversion
efficiency, enabling fluorescence imaging-guided photody-
namic therapy (PDT) or photothermal therapy (PTT) for cancer
treatment.”® Furthermore, by incorporating other anticancer
drugs into therapeutic AIE molecular systems, image-guided
combination therapy can be achieved to improve their thera-
peutic efficacy. Typically, transition metal complexes with
cytotoxicity are used as therapeutic agents but lack diagnostic
functionalities.®* It is challenging to timely and on-site track
the drugs without additional diagnostic agents. Therefore,
combining transition metal complexes with AIE molecules is
a promising strategy for constructing theranostic agents. More-
over, the introduction of transition metal atoms into AIE
molecular systems, facilitated by the heavy atom effect, can
promote the ISC process, stabilize the triplet excitons, and
potentially enhance ROS generation.*® %% For AIE platinum
complexes, the performance of fluorescence imaging can be
significantly improved by designing ligand structures and
introducing platinum ions. This includes enhancing PLQY,
red-shifting absorption, and emission wavelengths, prolonging
luminescence lifetimes, and increasing Stokes shifts. There-
fore, constructing AIE platinum complexes enables imaging of
specific cells, responsive imaging of cellular/tumor microenvir-
onments, activatable imaging of biological processes, and
localized imaging of cells/tumor tissues. These applications
provide new means for early detection and quantitative analysis
of tumors (Fig. 12).3871067:83

As shown in Fig. 12A (left), in a study conducted in 2021,
Yam et al. discovered that the incorporation of a guanidinium
group into the platinum(u) complex (Pt45) facilitated
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noncovalent interactions between the complex and RNA, result-
ing in a notable increase in RNA affinity.®” Remarkably,
the aggregation affinities inherent in platinum(u) complexes
allow for the manifestation of striking luminescence turn-on
(MMLCT) upon RNA binding, stemming from the enhanced
noncovalent interactions of Pt-Pt and n-n stacking. The com-
plexes not only demonstrate captivating spectroscopic altera-
tions and luminescence enhancement following RNA binding
but also enable targeted nucleolus imaging within cellular
environments. In comparison to fluorescent dyes, the low-
energy red luminescence and significant Stokes shifts exhibited
by platinum(i) complexes contribute to a heightened signal-to-
background autofluorescence ratio, particularly advantageous
for nucleolus imaging. The utilization of Pt45 has been
employed to track the dynamics of the nucleolus in response
to the introduction of RNA synthesis inhibitors. This capability
facilitates inhibitor screening and holds potential advantages
in the development of anti-tumor drugs.

In 2022, Yam et al. further developed a tridentate cyclome-
talated platinum(u) complex (Pt108), which revealed significant
concentration-dependent luminescence due to intermolecular
Pt-Pt interactions and n-n stacking interactions.®® As shown in
Fig. 12A (right), as the solution concentration increases, the
emission wavelength of the system can shift from green to red
light. To delve deeper into the impact of complex concentration
on the emission and localization of Pt108 in live cells, co-
localization experiments were conducted following the incuba-
tion of live HeLa cells with either 10 pM or 50 uM Pt108. When
the incubation concentration was further increased to 50 uM,
the co-localization of Pt108 with lysosomes gradually disap-
peared. In contrast, targeting the cell nucleus occurred accom-
panied by the red emission signal within live HeLa cells, which
further implies the concentration-dependent subcellular dis-
tribution behavior of Pt108. Moreover, the shorter incubation
time (0.5 h) suggested that the monomeric state of Pt108 can
easily pass through the cell membrane and diffuse and accu-
mulate inside the cells through passive diffusion. The accumu-
lation of red emission in the cell nucleus was achieved by
electrostatic interactions driven by the nuclear negative charge,
and this accumulation further promoted the self-assembly of
monomers. Therefore, Pt108 exhibited unique subcellular
redistribution and imaging capabilities from lysosomes to the
cell nucleus in both live and dead cells (Fig. 124).

Since cisplatin is approved for clinical treatment of solid
tumors, numerous cisplatin analogs have been synthesized.
Some cisplatin analogs have obtained clinical approval, such as
lobaplatin, nedaplatin, carboplatin, oxaliplatin, and picoplatin.
However, in practice, cisplatin and its analogs can cause
adverse reactions such as nephrotoxicity and neurotoxicity.
Their resistance may reduce the effectiveness of treatment,
making them unsuitable for clinical use.*"*>* The four-
ligand molecular framework of platinum(u) complexes has
similar molecular structures to commercially available che-
motherapeutic drugs such as cisplatin derivatives, making
them suitable for tumor diagnosis and treatment.*"** As shown
in Fig. 12B (left), in 2020, Liu et al. ingeniously integrated an

This journal is © The Royal Society of Chemistry 2024
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ref. 38. Copyright 2021 American Chemical Society, 2022 Wiley-VCH, 2020 American Chemical Society, and 2014 American Chemical Society,

respectively.

AIE fluorophore with cisplatin, synthesizing an AIE platinum(u)
complex (Pt75) for synergistic anticancer therapy. By adjusting
the donor structure coordinating with the cisplatin moiety,
balancing  hydrophobicity-hydrophilicity, = donor-acceptor
strength, and intramolecular charge transfer effects, the newly
designed AIE photosensitizer, Pt75, can be effectively taken up
by cells, exhibiting chemotherapy effects similar to cisplatin
and superior ROS generation ability compared to 5,10,15,20-
tetrakis(2-hydroxyphenyl)porphyrin (Ce6). Importantly, Pt75
manifested synergistic photodynamic and chemotherapy
effects on C6 glioma cells, showing 2.4-fold higher efficacy
than cisplatin under white light irradiation (15 J cm™2). The
authors further conducted cell cycle analysis and apoptosis
assays, which revealed that Pt75 could synergistically inhibit
DNA replication and induce cell apoptosis through its photo-
dynamic and chemotherapy functions.*'

Typically, platinum(v) drugs are considered prodrugs of
platinum(u) drugs. Compared to divalent cisplatin analogs,
platinum(wv) drugs can reduce drug resistance in tumor cells
and minimize toxicity to normal cells. To activate the anti-
cancer ability of platinum(iv) complexes, various reductants
such as metallothioneins, glutathione (GSH), ascorbic acid,
and cysteine are required to reduce platinum(v) to

This journal is © The Royal Society of Chemistry 2024

platinum(u).>**° To minimize the adverse reactions of

platinum(n) drugs and enhance their anticancer activity, com-
bining platinum(v) complexes with photosensitive nano-
particles is an available method, which can significantly
improve the bioavailability of platinum drugs, reduce adverse
reactions, and overcome current resistance. In addition, by
incorporating platinum(iv) complexes into the AIE molecular
system, image-guided combination therapy can be achieved,
enhancing both therapeutic and diagnostic capabilities while
enabling timely and in situ tracking of the drug.**™°
Tumor-targeted drug delivery is an effective method for
minimizing side effects, as cancer cells often overexpress
certain membrane receptors, including integrin avfp3, folate
receptors, and glucose receptors. This provides a practical
strategy for designing cancer-selective drugs. Platinum-based
anticancer drugs typically induce apoptosis in cancer cells. To
achieve real-time and non-invasive evaluation of the therapeu-
tic outcomes of platinum(iv) prodrugs, as shown in Fig. 12B
(right), Tang et al. developed Pt78. The AlE-active TPS is
coordinated to the platinum(iv) center through a caspase-3
enzyme-specific peptide, DEVD (Asp-Glu-Val-Asp). With the
presence of the cRGD peptide in the molecule, this platinum(v)
prodrug can be selectively taken up by U87-MG cancer cells

Chem. Soc. Rev., 2024, 53, 5366-5393 | 5385
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overexpressing avp3. Upon internalization into the cells, the
active platinum(u) unit is released to trigger apoptosis
and activate caspase-3. Subsequently, the activated caspase-3
cleaves TPS-DEVD, enhancing the AIE fluorescence of
1,1-dimethyl-2,3,4,5-tetraphenyl-1H-silole ~ derivatives (TPS).
Furthermore, in U87-MG cells, the fluorescence intensity
induced by apoptosis is closely correlated with the prodrug
concentration and cell viability. This built-in cellular apoptosis
sensor enables cancer-targeted drug delivery and synchronous
therapeutic feedback at the single-molecule level.*®

In the field of biological applications, one aspect involves
utilizing the red or NIR emission of platinum complexes in the
aggregated state to achieve high-resolution imaging. The AIE
properties of the molecules play a crucial role in overcoming
the ACQ effect, thereby enhancing the luminescence efficiency.
On the other hand, by constructing cisplatin-like drugs and
utilizing their therapeutic effect on tumors, the AIE properties
of the platinum complexes can enable real-time monitoring of
the drugs and treatment efficacy, thereby achieving integrated
diagnosis and therapy.

4.2 Optoelectronics

Organic light-emitting diodes, abbreviated as OLEDs, are con-
sidered the next generation of display and lighting technology
due to their lightweight, flexibility, high efficiency, and wide
viewing angles. Cyclometalated platinum complexes, as classi-
cal phosphorescent materials, have a 100% utilization effi-
ciency of excitons, making them widely used in constructing
efficient OLEDs.’® It is worth noting that the fabrication of
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optoelectronic devices usually involves techniques such as
vapor deposition or spin-coating. Therefore, the thermal stabi-
lity of the emitters must meet the device preparation require-
ments. Similar to common ACQ fluorophores, cyclometalated
platinum complexes may also exhibit ACQ phenomena, which
greatly hinder their application in OLEDs. Therefore, the devel-
opment of cyclometalated platinum complexes with AIE proper-
ties is of great importance and has witnessed rapid progress in
recent years.>®®

As mentioned earlier, homoleptic bidentate ligand
platinum(n) complexes possess excellent molecular rigidity,
high PLQY, and self-assembly properties, which are suitable
for constructing efficient OLEDs.**™® Chi et al. designed a
series of square planar platinum(un) complexes, including
Pt13, Pt14, Pt109, and Pt110, to reduce the nonradiative transi-
tions of the molecules through exciton delocalization and
molecular deuteration, leading to a range of efficient near-
infrared cyclometalated platinum(i) complexes (Fig. 13A).%*7°
These complexes formed crystalline aggregates in thin
films deposited by vapor deposition. Grazing-incidence X-ray
diffraction effectively characterized the stacking geometry,
revealing a domino-like packing arrangement with intermole-
cular n-n distances of 3.4-3.7 A. To confirm the presence
of exciton delocalization, the authors employed time-
resolved step-scan Fourier-transform ultraviolet-visible spectro-
scopy to probe the exciton delocalization length of the
platinum(u) aggregates, which ranged from 5 to 9 molecules
(2.1-4.5 nm) predominantly along the n-r stacking direction
(Fig. 13A).*
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platinum(in) with a mt-stacked structure in optoelectronics. Reprinted with permission from (A) ref. 33, (B) ref. 18, (C) ref. 37, and (D) ref. 19. Copyright 2023,

2018, 2022, and 2020 American Chemical Society, respectively.
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To investigate the isotope effect, fully deuterated
platinum(u) complex Pt110 was synthesized.*® It was found
that the vapor-deposited films of fully deuterated platinum(u)
complex exhibited the same emission peaks as the non-
deuterated platinum(u) complex but with an approximately
50% increase in PLQY. To translate the fundamental research
into practical applications, the authors incorporated these NIR
platinum(u) complexes into OLEDs as emitting layers, achiev-
ing external quantum efficiencies (EQE) as high as 2-25%.
Although the mentioned work did not explicitly address the
AIE properties of the complexes and did not employ the
traditional solvent-induced method to study the molecular
AIE performance, it provided an approach for further investi-
gating the aggregation behavior of molecules in the solid state,
particularly in thin film states.**~3¢

The platinum(un) complexes with a three-ligand molecular
framework effectively suppress the n-r interactions observed in
traditional cyclometalated platinum(u) complexes, thereby
improving the balance of electron and hole injection/transport
behaviors.'82%2829 Consequently, they have been broadly uti-
lized in OLEDs in recent years. In 2018, Zhou et al. fabricated a
class of highly efficient cyclometalated platinum(u) complexes
(Pt111-Pt114, Fig. 13B), as emitters in solution-processed
phosphorescent OLEDs.'® Among them, the device based on
Pt114 as the emitter attained an EQE as high as 28.4%. The
results realized by these complexes should provide valuable
clues for exploring AIE-active phosphorescent platinum(u) com-
plexes with high EL performance.

In addition to AIE mononuclear platinum(u) complexes, -
stacked polynuclear AIE cyclometalated platinum(u) complexes
have been widely employed in exploiting near-infrared OLEDs due
to their rigid three-dimensional stereochemistry and strong
*MMLCT effect.’”* In 2022, Xiang et al. synthesized and char-
acterized a soft-bridged dinuclear platinum(u) complex, Pt101,
with metal-induced planar chirality (Fig. 13C).*” Pt101 displays
strong red circularly polarized phosphorescence with PLQY of up
to 80.3% (doping concentration of 10 wt% in mCP) and can be
applied as emitters in highly efficient solution-processed OLEDs
to achieve EQE up to 14.3%. In 2020, Zhu et al. constructed an AIE
dinuclear platinum(ur) complex (Pt103, Fig. 13D) with a donor-
acceptor type bridging ancillary ligand."® They proposed and
validated the phosphorescence emission mechanism of the dinuc-
lear platinum(m) complex, breaking the conventional non-
emissive behavior of platinum(m) complexes. This breakthrough
enabled the realization of room-temperature phosphorescence
from platinum(m) complexes. Pt103 was successfully applied in
OLEDs, producing highly efficient organic electroluminescent
devices with different emission colors (red to near-infrared). This
study expanded the application of platinum(m) complexes in the
field of OLEDs. Among them, the non-doped near-infrared device
exhibited an emission wavelength of 716 nm, gaining a maximum
EQE of 5.1%."°

In the field of organic optoelectronics, platinum complexes
are primarily utilized for their high luminescence efficiency,
high exciton utilization efficiency, and stable molecular struc-
ture. The AIE properties of platinum complexes effectively

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

suppress the ACQ effect, making them a viable choice for
constructing non-doped, high-efficiency optoelectronic devices.

4.3 Stimuli responses

Organic materials with multi-stimulus response (MSR) hold
great potential in the field of optoelectronics, including appli-
cations such as optical data recording,”” security labeling,”®
chemical sensors,”” %% biomedical devices,'**'** and
OLEDs.'” The MSR characteristics are mainly associated with
molecular structural transitions, phase changes, excited-state
transitions, chemical structures, and synergistic effects.'®®
Platinum(i) complexes possess unique molecular structures
and a variety of electronic transition types, thereby endowing
them with multi-stimulus response properties.”*%71%8

In 2016, Laskar et al. reported a platinum(u) complex (Pt115)
with MSR properties, such as solvatochromic, mechanochro-
mic, and AIE properties.'®” Pt115 exhibited significant friction-
induced color change during grinding, transitioning from
yellow to orange emission. By crushing Pt115 with mesoporous
silica, a luminescent composite material was formed, and the
luminescence color changed from yellow to green upon Pt115
entering the mesoporous silica (Fig. 14A). The author proposed
that after grinding, the molecules transformed from a crystal-
line to an amorphous state, and due to the proximity of the
molecules under external forces, significant Pt-Pt interactions
occurred, leading to a noticeable red-shift in luminescence.
When Pt115 was ground with silica, Pt115 gradually adsorbed
onto the silica, disrupting the dimeric structure of the mole-
cules, and thus resulting in emission from monomers.

In 2020, Moreno et al. reported a cyclometalated platinum(u)
complex (Pt53) based on an alkyne and isocyanide auxiliary
ligand, which showed obvious solvatochromic, mechanochromic,
vapochromic, and AIE properties (Fig. 14B).”* After grinding, Pt53
changed from a pale yellow to a deep yellow color, accompanied
by a shift in emission from yellow to orange. Upon adding a few
drops of dichloromethane to the ground sample, the orange
emission rapidly reverted to yellow. It suggested that grinding
led to a decrease in the crystallinity of the powder sample,
resulting in the transition from a crystalline to an amorphous
state and from an ordered to a disordered structure, thus causing
an emission red shift. Treating the amorphous powder with a few
drops of dichloromethane restored the peak portions in the XRD
spectrum. These multi-stimulus responsive molecules hold sig-
nificant application value in data recording, security labeling, and
chemical sensing.”*

In 2019, Lodeiro et al. reported a cyclometalated platinum(u)
complex with an asymmetric bis-pyrazole structure (Pt116). Due
to the presence of long alkyl chains within the molecule and
strong self-assembly capability in the solid state, Pt116 exhib-
ited liquid crystallinity and multi-stimuli-responsive properties
at low temperatures. The columnar stacking was formed
through Pt-Pt interactions between molecules. The lumines-
cent behavior of Pt116 could be controlled by manipulating the
properties of molecular assemblies, such as temperature, pres-
sure, vapor, or solvent presence (Fig. 14C).'® Firstly, the
authors conducted temperature-dependent experiments to
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analyze the luminescent and self-assembly behaviors of Pt116.
Upon heating Pt116, the emission intensity gradually decreased
due to thermally activated non-radiative processes. It should be
noted that as the temperature approached the molecular melt-
ing point, the self-assembly of molecules via Pt-Pt interactions
occurred, resulting in the appearance of a "MMLCT emission.
As expected, further heating led to the quenching of the orange
emission at around 180 °C. Building on the thermochromic
behavior exhibited by Pt116, the authors further investigated
the influence of external stimuli such as pressure/friction and
vapor on the photophysical properties. In Fig. 14C, the initial
emission of solid Pt116 was observed as a green light. Grinding
caused a rapid color change from green to orange within a few
seconds, accompanied by an increase in PLQY from 2% to 20%.
This phenomenon was attributed to the formation of aggregates
in the solid state, leading to the existence of the *MMLCT excited
state. For Pt116, solvent evaporation resulted in molecular self-
assembly and the formation of an orange-emission thin film.
Interestingly, the polarity of the solvent played a crucial role in the
reversibility of the self-assembly behavior. By adding non-polar
solvents such as hexane, toluene, tetrahydrofuran, dichloro-
methane, or chloroform, the monomeric binding mode of the
compound could be restored, thereby recovering its initial green
emission. Therefore, Pt116 held huge potential for applications as
a writable-readable-erasable material."*®

4.4 Sensors and detectors

Cyclometalated platinum complexes, due to intermolecular
interactions such as Pt-Pt interactions, exhibit a tendency to
self-aggregate in the solid state, forming linear chains or

5388 | Chem. Soc. Rev., 2024, 53, 5366-5393

oligomeric structures, which further induce changes in the
absorption and/or emission of the system. The luminescent
properties of these molecular species are highly dependent on
the system’s temperature, the type of counterions, and the
solution concentration. By exploiting the photophysical
changes during the aggregation and disaggregation processes
of the molecules, cyclometalated platinum complexes have
been widely applied in the fields of detection and
sensing.’®?! It has been found that polyelectrolytes such as
single-stranded nucleic acids can cause significant changes in
the UV-visible absorption and emission spectra of tridentate
cyclometalated platinum(n) complexes.®> The electrostatic
binding between the positively charged cyclometalated
platinum(n) complexes and the negatively charged single-
stranded nucleic acids leads to an increase in the local concen-
tration of the complexes, thereby inducing self-assembly of the
cyclometalated platinum(u) complexes. The pronounced color
changes and the emergence of new near-infrared emission
bands are attributed to the formation of aggregates, which
result in Pt-Pt interactions and/or n-n stacking, leading to
MMLCT transitions.>%?*42,61-63

In 2017, Yam et al. introduced a water-soluble anionic
tridentate  cyclometalated platinum(u) complex (Pt44,
Fig. 15A)."> It undergoes supramolecular self-assembly with
peptide segments enriched with cationic alanine through
unique noncovalent Pt-Pt and n—n stacking interactions. When
pancreatic trypsin is added, the alanine-enriched peptide seg-
ments can be hydrolyzed into smaller fragments, resulting in
the disassembly of Pt44. The emission studies of the aggregated
or disaggregated systems are conducted to explore the

This journal is © The Royal Society of Chemistry 2024
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(A) A schematic diagram depicting the design rationale for a continuous and label-free luminescence assay targeting trypsin is presented,

utilizing an ensemble consisting of anionic Pt44 and hexa-arginine. Reprinted with permission from ref. 42. Copyright 2017 American Chemical Society.
(B) Oxygen sensing flow cell based on Pt117, the response time (t|) and recovery time (t1) of an oxygen-sensing film, and the photographs of the Pt117-
EC(N10) film taken under 100% N, and 100% O,. Reprinted with permission from ref. 60. Copyright 2021 Elsevier Ltd. (C) Changes of UV-vis absorption
and emission change of Pt118 in the presence of 3 equiv. of various anions in THF. Reprinted with permission from ref. 27. Copyright 2023 Elsevier Ltd.

aggregation—disaggregation process. Pt44 is employed as a
means to establish a novel method for continuous and label-
free luminescent detection of trypsin, enabling both trypsin
detection in diluted serum solutions and inhibitor screening
with success.

In addition to utilizing the aggregation-disaggregation pro-
cess of cyclometalated platinum(u) complexes for detecting
specific compounds, in 2021, Yang et al. ingeniously employed
the phosphorescent properties of cyclometalated platinum(u)
complex Pt117 to construct a luminescent oxygen sensing film
in combination with low-cost ethyl cellulose (EC) (Fig. 15B).%
Continuous monitoring of molecular oxygen with a lumines-
cent oxygen sensor requires rapid quenching/recovery cycles
and a short response time (¢|) and recovery time (¢1). Due to
oxygen adsorption in the matrix, a delay is typically observed
when the optical signal recovers to approximately 95% of its
original state (100% N,). t|. Duet] accurately represent the
time taken for the optical signal to extinguish and recover to
95%, respectively (Fig. 15B). Fig. 15B shows the luminescence
images of the Pt117-EC(N10) film under 100% N, and 100% O,
which can be accurately distinguished by the naked eye. The
decrease in the thickness of the EC(N10) film exhibits a trend of
reducing response and recovery time, achieving rapid quench-
ing/recovery cycles within 7.7 seconds. AIE platinum(u) com-
plexes greatly enhance the sensitivity and uniformity of the
oxygen sensor.®’

This journal is © The Royal Society of Chemistry 2024

In 2023, Zhao et al reported an AIE cyclometalated
platinum(n) complex Pt118 for the detection of fluoride
ions.”” The authors exquisitely utilized the acidity of the
salicylic acid moieties in the complex for the specific detection
of fluoride ions. The response behavior between Pt118 and
fluoride ions was studied through UV-visible absorption and
photoluminescence spectroscopy. As shown in Fig. 15C, among
various anions added, only F~ and CH;COO™ caused signifi-
cant UV-visible spectral changes, resulting in a new absorption
band centered at around 460 nm and a visible color change
from colorless to yellowish solution, which was visually obser-
vable. The blank solution showed no significant emission, but
by adding various anions, only F~ and CH3;COO™ emitted
bright orange luminescence with a peak around 596 nm. In
comparison, the emission change caused by F~ ions was more
obvious and faster than that by CH;COO™ ions, while the
addition of other ions hardly caused any emission change
(Fig. 15C). These results manifested that Pt118 may exhibit a
more competitive emission response behavior towards F~
ions compared to CH;COO™ ions and other ions, which could
act as a luminescent sensor for highly sensitive detection of
F~ ions.

The structural diversity of platinum complexes endows
them with rich photoelectric properties and biological activ-
ities. Therefore, AIE platinum complexes are extensively
employed in many fields, involving biological imaging and

Chem. Soc. Rev., 2024, 53, 5366-5393 | 5389
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therapy, optoelectronics, stimuli responses,
sensing, and detection.®*"®® In the biological field, cur-
rent work on platinum compounds with four-ligand and six-
ligand molecular frameworks has elaborately combined the
imaging advantages of AIE molecules and the drug activity of
cisplatin to achieve integrated diagnosis and treatment of
cancer cells and tissues.*®**" In the field of optoelectronics,
especially OLEDs, platinum complexes with one-ligand, two-
ligand, and three-ligand frameworks are widely applied as
emitters in OLEDs due to their excellent stability and lumines-
cent properties. Polynuclear platinum complexes are an advan-
tageous strategy for constructing near-infrared-OLEDs due to
their efficient "MMLCT or >LMMCT emission. Tridentate plati-
num complexes with a two-ligand framework have shone in the
field of sensing and detection due to their excellent self-
assembly properties.

106-108

5. Conclusions

AIE platinum complexes have been extensively applied in
various fields due to their diverse structures and unique
photophysical properties. This review that summarizes the
AIE platinum complexes is of great significance as it helps to
clarify the relationship between their molecular structures,
photophysical properties, and applications. In general, AIE
platinum complexes exhibit a wide range of molecular types,
allowing for easy modulation of molecular structures and photo-
physical properties. This enables molecular design tailored to
different applications. In the future development of AIE platinum
complexes, the following points should be considered.

(1) There is still a large room for the development of AIE
platinum complexes compared to AIE fluorescent materials. So
far, there has been a lack of systematic research in this field,
and the design and synthesis of AIE platinum complexes with
specific functions are challenging. Therefore, future research
should focus on studying the effects of the ligand structure and
the number of ligands on their molecular optoelectronic prop-
erties and biological activities. This will broaden their applica-
tions in biomedical diagnosis and therapy, optoelectronic
devices, multi-stimuli responsive systems, and sensing and
detection.'>'*°

(2) The research on the AIE mechanism of platinum com-
plexes lags behind that of AIE fluorescent molecules. Most of
the studies on the AIE mechanism of platinum complexes have
been based on the knowledge gained from AIE fluorescent
molecules, such as using the AIE perturbation strategy. In the
future, more in-depth research is needed on the AIE mecha-
nism of AIE platinum complexes or other metal complexes. For
example, can the AIE behavior of ligands be transferred to the
complexes through AIE perturbation strategies?’'" What is the
role of platinum ions in the AIE behavior of complexes? In this
regard, the AIE platinum complexes with bidentate ligands
have provided good answers to these questions. In such com-
plexes, the self-assembly behavior of molecules induces Pt-Pt
interactions, which in turn leads to the absorption and
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emission of MMLCT transition. However, other types of com-
plexes have not been systematically studied. Therefore, a
research paradigm can be considered, where the AIE behavior
of the main ligands is compared with that of platinum com-
plexes to further elucidate the role of metal ions in the AIE
mechanism.

(3) During the study on the physicochemical properties of
AIE platinum complexes, careful consideration should be given
to the effects of aggregate environments, solvent systems,
concentration, and changes in stimulus-responsive conditions
on the properties of the molecules. This aspect of influence is
often overlooked and its impact can be significant. The in-
depth and meticulous studies on the effects of environmental
changes on the luminescent properties of molecules are crucial
for understanding the AIE mechanism.

(4) The expansion of the applications of AIE platinum
complexes are vital, such as electrocatalysts."*>'™® On the one
hand, the phosphorescence properties of platinum complexes
can be exploited to extend their applications. Traditional
fluorescent AIE molecules are abundant and it is thus essential
to highlight the advantages of AIE phosphorescent materials or
achieve functional complementarity with AIE fluorescent mole-
cules. Recognizing the difference between AIE fluorescence and
phosphorescence can greatly enhance the application value of the
materials themselves. Therefore, leveraging the distinguishing
properties of AIE platinum complexes, such as longer phosphor-
escence lifetime, larger absorption and emission wavelengths,
and greater Stokes shift, is key to expanding the value of AIE
phosphorescent materials. On the other hand, exploring the
potential value of platinum ions is another important direction
for expanding the applications of AIE platinum complexes. For
example, in the field of bioimaging and therapeutics, the devel-
opment of AIE platinum complexes will undoubtedly drive further
advancements in platinum-based drugs.

(5) The research on polynuclear platinum complexes needs
further advancement. First, how to obtain polynuclear plati-
num complexes in high yields is the first problem that needs to
be solved. Second, how to exploit the inherent long-wavelength
absorption or emission of polynuclear platinum complexes to
further expand their applications? Then, polynuclear platinum
complexes generally have large molecular weights and poor
solubility, which largely limit their applications in biological,
electronic, and other fields. Therefore, the subsequent research
should focus on solving their solubility problem. At the same
time, the AIE mechanism of polynuclear platinum complexes
needs further in-depth study. Comparing the differences in the
photophysical properties of mononuclear platinum complexes
and polynuclear platinum complexes in the aggregate state is
an important way to further understand the AIE mechanism.
Finally, the construction of polynuclear multi-metal complexes
is also a very interesting and challenging topic."** In addition,
platinum metallacycles, platinum metallacages, and platinum-
containing metal-organic frameworks should definitely be
further developed in the future.

(6) In the study of ‘“aggregation-induced emission”, the
previous work mainly focuses on ‘“induced emission”, ie.,

This journal is © The Royal Society of Chemistry 2024
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exploring the phenomena of “emission turn-on” of specific
systems and the reasons behind them. It is also quite important
to explore the reasons for molecular aggregation and aggrega-
tion methods. How to describe and quantify the degree of
aggregation of the system is an important issue that needs to
be solved urgently. Therefore, future work needs to further
develop the scientific connotation of aggregates, expand the
means and characterization methods for studying the aggre-
gate properties of molecules, and promote the innovation of
aggregate research paradigms.
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