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Abstract: In the last decades, compounds with ‘Aggregation-Induced Emission’ (AIE), which
are weakly or non-emissive at all in solution but exhibit a strong luminescence in aggregated
states, have emerged as an extraordinary breakthrough in the field of luminescent materials,
allowing to circumvent ‘Aggregation Caused Quenching’ (ACQ), which in many cases prevents
the development of efficient solid-state materials for optoelectronic applications.

Since the discovery of AIE, many AlE-active materials have been developed, most of them
composed of organic molecules, and thus fluorescent in nature. Although a wide range of
applications such as bioimaging, sensing, multi-stimuli responsive materials, and optoelectronic
devices have been proposed for this new class of materials, triplet harvesting phosphorescent
materials have much longer lifetimes as compared to their singlet harvesting analogues, and for
this particular reason, the development of AIE-active phosphorescent materials seems to be a
promising strategy from the applications point of view. In this respect, the synthesis of new AIE-
active systems including heavy metals that would facilitate the population of low-lying excited
triplet states via spin-orbit coupling (SOC), for which the strength increases as the fourth power
of atomic number, i.e. Z% is highly desirable. This review covers the design and synthetic
strategies used to obtain the AIEgens reported in the literature that contain either d-block metals
such as Cu(l), Zn(I1), Re(l), Ru(ll), Pd(Il), Ir(l1l), Pt(ll), Au(l), and Os(IV) describing the
mechanisms proposed to explain their AIE. New emerging high-tech applications such as
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OLEDs, chemical sensors or bioimaging probes proposed for these materials are also discussed

in a separate section.
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Introduction

Currently there is a great interest, both from academia and industry, in the study and development
of new, strongly emitting luminescent solid state materials as promising candidates for
applications such as organic light-emitting diodes (OLEDs) [1-10], bioimaging agents [11-19],
chemosensors, detectors of microenvironmental changes [14, 20-28], or dynamic functional
materials [7, 8, 18, 29-32]. Most of the known molecular luminescent materials contain planar
n-conjugated aromatic rings, and after the pioneering works of Scheibe [33] and Jelly [34], it is
well known that formation of aggregates might have a large influence on the intensity of the
luminescent emission of a given compound, either enhancing it or, in most of the cases, leading
to a quenching of the luminescence sometimes designated in the literature as aggregation caused
quenching (ACQ) [35-39]. An excellent review on the research developed in the last 80 years
on the effects of aggregation, and in particular on the formation of the so-called J-aggregates,
can be found in reference [40].

To overcome ACQ, which severely limits the solid-state application of many known luminescent
materials, several strategies have been developed, basically aimed towards preventing close
intermolecular interactions in order to limit the possibility of excimer formation [41-44] that is
thought to be at the origin of ACQ in many cases [45-47]. These approaches have found a limited
success since while they solve in part the issue of unwanted excimer formation, it is at the cost
of creating other issues. The discovery in 2001 by Tang and co-workers that the 1-Methyl
1,2,3,4,5-pentaphenylsilole molecule, which was hardly emissive in common organic solvents,
but highly emissive in aggregated or solid state [48] led to a new boost to the search for new
suitable ways to circumvent the problems of ACQ. Tang and co-workers introduced the term
“aggregation induced-emission” (AIE) for this phenomenon [49-52] (Fig. 1), a denomination
that is now widespread in the field of luminescent materials, although other related terms (see
below) have also been indiscriminately employed to describe this phenomenon or other closely
related observations.
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Fig. 1. Top; Chemical structure and molecular conformation (or configuration) in the respective
crystals of perylene and hexaphenylsilole, Bottom; ACQ effect and fluorescence photographs
of perylene (20 uM) in THF/water mixtures with increasing water fraction (right), AIE effect of
hexaphenylsilole (HPS; 20 uM) in THF/water mixtures with increasing water fraction (left).
Adapted from Ref. [52] with permission from The American Chemical Society.

Many purely organic and heteroatom-containing AlE-active molecules such as
tetraphenylthiophene derivatives, dithiole nitrofluorene derivatives, indolo [3,2-b] carbazole
derivatives [53], or organoboron compounds were synthesized in the following years, a work
that has been extensively reviewed in several recent articles [49, 51, 52, 54-59].

Despite the obvious advantages of organic luminogens, the chemical nature of these compounds
often poses some serious drawbacks to the development of new optoelectronic devices since
efficient organic phosphorescent molecules are very scarce due to the inefficient spin-orbit
coupling in compounds incorporating only light elements [60-63]. The presence of a heavy atom
which facilitates intensity borrowing of the lowest triplet state from bright singlet states,
combined with the photophysical properties of t-conjugated ligands is thus seen as a promising
strategy for obtaining new luminescent functional materials. There have been some attempts to
introduce heavy main group atoms such as Hg, Pb, Bi, Sb, or Te [64] but, most of the attention
has been paid to coordination compounds containing transition metals such as Ir(l1l), Pt(ll),
Au(l), Re(l), or Cu(l) with an excellent phosphorescent emission capability [16, 65, 66]. The d-

block metal luminescent complexes are renowned for their long luminescence lifetimes (up to
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ms), large stokes shifts (hundreds of nm), high quantum yields in the visible region, and
straightforward synthetic routes. The rich photophysics of these complexes, due to the variety of
different charge transfer electronic states (MLCT, 3LLCT, 3LMCT, 3ILCT, *MMLCT) and
intense local n-n* transitions on the ligands (Fig. 2), makes them potential candidates for
optoelectronic applications [67-71], allowing the design of optical materials by a fine tuning of
their photophysical properties through chemical modification. Although luminescence in the
solid state for this type of compounds has been described as early as 1853 [72], these transition
metal complexes suffer also often from ACQ effects: In thin films with 4,4’-bis(N-carbazolyl)-
2,2’-biphenyl as a host material doped with Ir(ppy)s, a remarkable quantum yield of @ = 97%
was measured when the dopant concentration is low (about 1.5 mol%). As the concentration of
Ir(ppy)s was increased, significant decreases in ®p were observed, resulting in a value ®p below
3% in the neat film. This observation points clearly towards the existence of Ir(ppy)s self-
quenching interactions at large dopant concentrations that limit the applicability of such
materials in solid-state devices [73]. For this reason, the search for new AIE-active

phosphorescent components is actually a very active field of research in luminescent materials.
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Fig. 2. Schematic diagram indicating the relevant low-lying excited states and transitions
between them for a generic octahedral Ir(111) complex. Acronyms: MC-Metal Centered, ILCT —
Intra-ligand Charge Transfer, LC - Ligand Centered, MLCT - Metal to Ligand Charge Transfer,
LL'CT - Ligand to Ligand Charge Transfer, IC - Internal Conversion, ISC - Inter System
Crossing. Adapted from Ref. [71] with permission from The Royal Society of Chemistry.



With the quest for efficient transition metal based phosphorescent materials in the solid state,
especially in the field of OLEDs, the term AIPE (aggregation-induced phosphorescence
enhancement) has been introduced also in the literature to stress the phosphorescent nature of
the emission, although AIE and AIEE (aggregation induced-emission enhancement) are
commonly used, both in the case of fluorescence and phosphorescence, without further
distinction. In some cases, when a special emphasis on the solid nature of the studied systems is
made, the denomination EPESS (enhanced phosphorescence emission in the solid state) is used
instead of the more generic AIPE [17]. In the special case that the emission or emission
enhancement is observed only in crystalline samples, the terms CIE (crystallization induced
emission), CIEE (crystallization-induced emission enhancement) or CIPE (crystallization-
induced phosphorescence enhancement) have also been used to describe these phenomena [65,
74-77]. Since all these experimental observations have a common origin, that is, the change in
the luminescent behaviour upon aggregation, in the following, to avoid confusion we will use
the most commonly accepted term, AIE, in a general sense to refer to all these phenomena and
reserve the use of terms such as AIPE or CIPE for those cases where it is important to further
indicate the specific features of a given AIE system.

While after the initial bloom of organic AIE systems, a thorough task of reviewing the available
literature on these compounds has been undertaken, only scarce references to transition metal
containing AIE systems can be found in these reviews and most of the studies on these
compounds are still scattered in the literature [50, 55, 65, 66]. Additionally, some confusion in
the nomenclature used to describe the photophysical behaviour of these compounds upon
aggregation and the lack of a unified description of related phenomena such as vapochromism
or mechanochromism, appearing often in conjunction with the AIE behaviour, has led us to the
recompilation of this information in a single review paper. To limit its scope, we will focus our
attention mainly to transition metal based phosphorescent materials. Our main aim is to give a
unified vision on their AIE properties, the underlying mechanisms, as well as of some of the

most interesting applications that have been proposed for these new materials.

1. Origin of AIE in transition metal complexes

Although from the experimental point of view it is quite simple to detect the presence of either
ACQ or AIE (Fig. 1), a clear explanation at the atomic level of the mechanisms underlying these

observations is quite elusive since different causes may lead to similar phenomenological



observations for different classes of luminescent molecules [37, 78-83]. ACQ has been
extensively studied since Forster’s report of the concentration quenching effect in 1954 [84].
The absorption and emission properties of n-conjugated luminophores are basically determined
by the nature of their conjugated backbone, but they may change dramatically upon aggregation.
The main factors responsible for such changes are explained adducing the establishment of
specific inter-molecular interactions that may modify the nature of the emitting state (excimer
formation), although the detailed mechanisms behind ACQ may be more involved, as for
instance in non-radiative deactivation processes in polycrystalline samples arising from the
presence of (structural) trap states located especially at grain boundaries [85].
Although there is not a single general mechanism capable to explain the origin of ACQ or AIE
in all cases, some general trends may be anticipated. Since the observed behaviour emerges
because of competing radiative and non-radiative de-excitation paths, selective enhancement or
blocking of these channels will lead to one or the other result. Experiments with different
molecules and theoretical work, mainly by the group of Shuai, has shown that the restriction of
internal motion (RIM) [86-88], in which no differentiation is made on the detailed nature of the
low frequency large amplitude motions (internal rotations or vibrations) that quench the
luminescence in solution via internal conversion, lead in many cases to AIE when the non-
radiative de-excitation channel gets blocked by the rigidification of the molecular environment
due to the establishment of intermolecular interactions. Although the RIM mechanism seems to
provide a widely accepted explanation for the emergence of AIE, let us note that the question is
not totally settled as shown by some recent computational work where photochemical decay is
suggested to play an important role, at least for systems with accessible conical intersections
(Cls) [89, 90].
Besides blocking an effective non-radiative deactivation pathway by RIM, an alternative, but
not mutually excluding, possibility is to achieve efficient AIE inducing a change in the nature of
the emitting state when bringing the isolated molecules into contact. If emission from this new
state is more efficient than from the state from which molecules were originally emitting in
solution, an enhancement of the luminescence could be expected. In the case of transition metal
complexes, metal-metal intramolecular interactions may lead simultaneously to changes in the
nature of the emitting state that give an additional complication to the establishment of the
mechanisms behind AIE for a particular family of compounds.
In the next section we will review the most relevant papers discussing the synthesis of AIE-
active transition metal complexes, describing briefly the experimental and computational
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evidences that have been given in each case to support or discard a given mechanism for the
observed AIE. We have divided the section in two main parts, considering separately the cases
where there are no significant metal-metal interactions and those where their presence leads to a
change in the nature of the emitting state. A third shorter section gives account of some particular
cases where the emergence of AIE has been attributed to specific mechanisms other than RIM
or a change in the nature of the emitting state.

2.1 Restriction of Intramolecular motion (RIM)

2.1.1 Ir (111) complexes

In 2008, the group of Huang synthesized three Ir(I1l) complexes [91], with two of them,
Ir(ppy)2(DBM) (1) and Ir(ppy)2(SB) (2) (where ppy = 2-phenylpyridine, DBM = 1,3-diphenyl-
1,3-propanedione and SB = 2-(naphthalen-1-yliminomethyl)-phenol), showing AIE in
H>O/CH3CN mixtures and in the solid state (Fig.3a). The origin of the AIE behaviour was
analysed by searching for relevant intermolecular contacts in crystal data and periodic DFT
calculations. The crystal structure revealed m-stacking interactions between adjacent pyridyl
rings of ppy ligands that were suggested to give rise to different energy level orderings in the
aggregated state compared to solution (Fig. 3b). In solution, the DBM ligand would dominate
the excited state properties of 1 instead of ppy due to the lower energy of the *LXpgwm state,
leading to very weak emission. In the solid state, however, strong n-r interactions between the
adjacent ppy ligands of neighbouring molecules reduce the energy of the n*,py orbital, lowering
the metal-to-ligand—ligand charge-transfer (MLLCT) charge transfer state from Ir(l1l) to ppy

that would become the lowest emitting state.
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Fig. 3. (a) Molecular structures and luminescence photographs of AIE Ir(I1l) complexes (1-6), (b)
Possible mechanism of phosphorescence emission in State | (gas or solution) and State Il (solid state).
Adapted from Ref. [91, 92] with permission from The Royal Society of Chemistry.

In the same year, Park and co-workers questioned the origin of AIE for these complexes as
reported in reference [92]. According to these authors, AIE should be due to RIM in the
aggregated state rather than to the supposed intermolecular excimer formation. To support this
claim they synthetized a new series of complexes using 2-(2,4-difluoro-phenyl)pyridine (dfppy)
and 2-phenylpyridine (ppy,) as cyclometalating ligands and imine-based ancillary ligands, 2-
(phenyliminomethyl) phenol (pip) and 2-((fluoranthen-3-ylimino)methyl) phenol (fip) (3-6)
(Fig. 3) that were non-luminescent in solution, while strong emission could be observed for thin
films. According to the mechanism suggested in reference [91], the cyclometalating ligand’s
excimeric states of 3 and 4 (or 5 and 6) should be responsible for the AIE effect and, hence, Amax
for 3 and 4 (or 5 and 6) should be identical. However, 4 and 6 exhibit a solid-state
phosphorescence that is bathochromically shifted with respect to that of 3 and 5, respectively,
from which it can be deduced that the observed colour change should be directly related to the
chemical structure of the ancillary ligand. A more convincing evidence for the origin of the AIE
was obtained from experiments in solution at different temperatures. When an initially non-
phosphorescent fluid CHCIs solution (10 mM) containing 3, was frozen, bright yellow
phosphorescence was observed. The variation of the phosphorescence intensity of the frozen
solution with temperatures in the range 80-240 K reveals a very abrupt decrease in

phosphorescence intensity near the melting point of CHCIs. This behaviour is reversible and
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could also be reproduced in other solvents, leading to the conclusion that fast-non-radiative
decay due to rotation around the N—aryl ring bond of the ancillary ligands was possible at high
temperatures, while the restriction of this intramolecular motion would lead to the AIE observed
at low temperatures or in the solid state.

The general principle of RIM as a key ingredient in the design of new organic AlEgens has been
fruitfully exploited principally by Tang and co-workers [52] and the extension of these ideas to
transition metal based AlE-active complexes has lead also to interesting results. In this line, the
introduction of flexible triphenylphosphine groups as ancillary ligands in luminescent Ir(I11)
complexes (7-10) has been successfully exploited in our group (Fig. 4a) [93-101]. Analysis of
molecular packing of crystal structures for this type of compounds reveals the presence of
intermolecular C—H-- - interactions between the mobile phenyl rings of the triphenylphosphine
groups and the rigid bipyridine ligands of neighbouring molecules restricting severely the

internal rotation of these rings as the principal source for RIM in these AlE-active complexes.
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Fig. 4. (a) Molecular structures of two different kinds of AlE-active Ir(l111) complexes with C*N
and N~N as the chromophoric ligand, (7-10), PL spectra of complex 8, (b) In THF/water
mixtures, and (c) fluorescence photographs of 8 with different fractions of water (fw ), (d) In
THF/PEG mixtures, and (e) fluorescence photographs of 8 with different fractions of PEG (freg),
Adapted from Ref. [98] with permission from The Royal Society of Chemistry.

The involvement of RIM can be inferred from fluorescent measurements in different solvent

mixtures such as THF-water where aggregates form (Fig. 4b-c), or by changing the viscosity in
11



PEG-THF mixtures (Fig. 4d-e). The observed phenomena are also consistent with geometry
optimizations using quantum chemical calculations that show that in solution the minimum
energy disposition of those phenyl rings is markedly different from that adopted in the crystal
structure (11-13) (Fig. 5). The hindered motion of the phenyl rotors in the crystal state is
suggested to block the non-radiative decay channels enhancing the emission intensity

significantly in aggregated state, as observed experimentally [99].
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Fig. 5. Geometry comparison between the X-ray crystal structure (green), and the ground state

(blue) and lowest triplet (red) optimized geometries in DMC solution of complexes 11, 12 and

13. Reprinted from Ref. [99] with permission from The Royal Society of Chemistry.

Su and co-workers have synthesized an AlE-active Ir(111) core with CN cyclometalated ligand
along with triazol-pyridine derivatives as ancillary ligands (14-16) [102, 103]. The substitution
at positions 1 and 3 of the triazole ring leads to distinct photophysical behaviour while TD-DFT
calculations show that for the AlE-active complexes, the emissive state has a predominantly
intra-ligand charge transfer (ILCT) character, non-emissive in solution. However, in the solid
or aggregate state, strong intermolecular packing drastically reduces the non-radiative decay rate

via RIM, and the system becomes emissive (Fig. 6).
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Fig. 6. (a) Molecular structures of AlE-active Ir(Ill) complexes 14-16, (b) Luminescent
photographs and emission spectra of complexes 15 and 16 in CH3CN/H20O mixtures with
different water ratios, (c) Selected molecular orbitals involved in the T, states of complexes 14-16.
HOMO — 1 — LUMO for 14 and HOMO — LUMO for 15 and 16 are shown. Adapted from Ref.
[103] with permission from The Royal Society of Chemistry.

Another class of dinuclear Ir(I11) Schiff base complexes (17-20) were reported by Bryce and co-
workers [61, 104-107]. TD-DFT calculations show that the lowest emitting state of these
complexes has a mixture of metal-to-ligand charge transfer (MLCT), ligand-to-ligand charge
transfer ((LLCT) and ligand-centred (°LC) character, resulting in a much more distorted
geometry for the excited T state than for the ground state. This finding is interpreted to result in
a reduction of the radiative rate, making the complex non-emissive in solution. Further, close
inspection of the crystal structure indicated that the presence of several short contacts (=—= and
C—H---m interactions) between the phenyl rings stabilize a more planar geometry, resulting in a
RIM and activating the AIE phenomenon (Fig.7). Additional recent work on AlE-active Ir(l1)
compounds may be found in references [108-112].
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Fig. 7. (a) Molecular structures of AlE-active Ir(111) complexes having N*N coordination mode
(17-18), (b) Molecular structures of AlE-active Ir(I1l) complexes having N*O coordination
mode (19-20), (c) Emission spectra of complex 17 in CH3sCN-water mixtures with different
water fractions (0-90% v/v) at room temperature. Inset: Emission image of 17 in pure ACN
solution and ACN-water mixture (90% water fraction) under 365 nm UV illumination, (d)
Emission spectra of 20 in THF—water mixtures with different water fractions (0-90% v/v) at
room temperature. Inset: Emission image of 20 in pure THF solution and THF-water mixture
(90% water fraction) under 365 nm UV illumination. Adapted from Refs. [61, 105] with

permission from The Royal Society of Chemistry.

2.1.2 Pt (11) complexes

Recently, our group has synthesized a series novel Pt(Il) complexes exhibiting AIE. Among
them, complex 21, a well-known precursor for the synthesis of Pt(Il) complexes, was also
investigated for AIE activity [113]. The design of the two other complexes (22-23) included
propeller-type ligands, prone to AIE through a RIM mechanism (Fig. 8a). The AIE activity of
complex 21 was studied adding different amounts of water to a pure THF solution, with the
maximum emission intensity observed for fw = 90% being about 12 times higher than in pure
THF. DCM-Hexane mixtures were used to prove the AIE activity of complexes 22 and 23 for
which ~ 20-fold enhancements of the PL intensity were found (Fig. 8b). To understand why
aggregate formation was causing the AIE, the crystal structures of these complexes were
examined, detecting short intermolecular contacts, mainly of the C-H ---w type, that restrict the

motion of phenyl rings.
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In 2014, Kanbara and co-workers reported the synthesis of two new Pt(I1) complexes (24-25)
with secondary thioamide units (Fig. 8a) exhibiting AIE behaviour [114, 115]. Analysing the
crystal structures strong hydrogen bonds between the N-H moiety in the secondary thioamide
group and chloride anions lead them to suggest a suppression of molecular motion in the solid
state as the source for AIE. The gradual addition of hexane into chloroform solutions resulted in
the emission enhancement (Fig. 8b-c), while dynamic light scattering (DLS) data support the
formation of aggregates with particle sizes in the range 500-600 nm. Lifetimes for complex 24
in chloroform-hexane mixtures were found to be two times larger than in pure chloroform
solution. The crystal structure reveals the absence of relevant Pt---Pt interactions that could lead
to a *MMLCT state. On the basis of all these observations, the N-H---CI~ hydrogen-bonding
interactions with the counter anion were postulated to suppress the molecular motion in the

aggregated state leading to the observed AlE.
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Fig. 8. (a) Molecular structures of AlE-active Pt(I1) complexes (21-25), PL spectra in different
hexane fractions for (b) complex 23 and (c) complex 25. Adapted from Ref. [113] with
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permission from The Royal Society of Chemistry and Ref. [114] with permission from WILEY -
VCH.

2.1.3 Zn (1) complexes

In 2013, Su and co-workers reported the synthesis of a series of Zn(Il) complexes with Schiff
bases, Zn(L1): (26), Zn(L2)2 (27), Zn(L3)2 (28), Zn(L4)2 (29) and Zn(L5)2 (30), where L1 to L5
stand for 2(((4-(diphenylamino)phenyl)imino)methyl)phenol, 1-(((4-(diphenylamino)

phenyl)imino)methyl)naphthalen-2-ol, 2-(((4-(9H-carbazol-9yl)phenyl)imino) phenol,

naphthalen-2-ol, and 2-((ethylimino)methyl)phenol, respectively (Fig. 9a) [116]. Inspired by the
idea of the restriction of internal rotations as the source of AIEE, these authors synthesised
diphenyl amine and carbazole based Zn(Il) complexes. As predicted, complexes 26-29 were
shown to exhibit AIEE in THF-water mixtures (Fig. 9b). To prove that RIM involving the
rotation of phenyl (26 and 27) and carbazole rings (28 and 29) was a plausible mechanism for
AIEE, complex 30 was synthesised, using in this case ligand L5, a ligand without mobile groups
prone to experience internal rotations. In contrast to what was found for complexes 26-29, the
gradual addition of water to a solution of 30 in CH2Cl resulted in a gradual decrease of the PL

intensity, attributed to an ACQ effect (Fig. 9c).
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Fig. 9. (a) Molecular structures of AIEE, ACQ, and AlE-active Zn(Il) complexes (26-29, 30

&31), emission spectra of (b) 28 and (c) 30, in water/THF mixtures with different water
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fractions, (d) Emission spectra of 31 in THF/H>O (HEPES buffer solution, 20 mM, pH = 7.4)
with different H2O fractions. Adapted from Ref. [116] with permission from Elsevier (b and c)

and Ref. [117] with permission from American Chemical Society (d).

Recently, Jin and co-workers synthesized a Zn (I1) complex including a Schiff base ligand (31)
[117], which was weakly emissive in THF, but showed enhanced emission at f,, above 60% (Fig.
9a-d). AIE was attributed to RIM on the basis of the intermolecular n—= interactions found in
the crystal structure

2.1.4 Cu (I) complexes

Li and co-workers synthesized a series of binuclear mixed-ligand Cu(l) complexes (32-35),
[Cuz2(BrphenBr)2(Ph2P(CH2)nPPh2)2](ClO4)2 (BrphenBr = 3,8-dibromo-1,10-phenanthroline;
PhaP-(CH2)n PPh2 = bridging diphosphine ligands, n = 1, 4, 5, or 6) for which a distorted
tetrahedral coordinated geometry for copper was found [118]. All complexes exhibited a
remarkable AIE effect. The emission lifetimes were found to be in the range 2 - 9 us, supporting
their phosphorescent nature. In these complexes, the presence of propeller shaped phenyl rings
was deemed to be responsible through a RIM mechanism of the observed AlE.

Similar results were reported by Li and co-workers for five mononuclear [Cu(BIPP)(PP)]CIO4
(PP = dppe, 36; dppp, 37; bdpp, 38; POP, 39; xantphos, 40) complexes (where BIPP = 4-bromo-
2-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenol) (Fig. 10) [119]. The gradual addition of
hexane to the solutions of 39 or 40 in DCM resulted in an emission enhancement attributed to
the formation of aggregates at higher hexane content. Recent reports on further Cu(l) complexes

with AIE activity can be found in references [120-122]

Br '—:\ _> —J x
| HO
N —(CH,),— \C N.= (€104, P\CU/N = N\ cio,
z N/ p—(cu,),. - p” NN '
LRt S
L n=1,4,5and 6 i ( = dppe, dppp, bdpp, xantphos
32-35 P 36-40

Fig. 10. Molecular structures of AlE-active Cu(l) complexes (32-40).
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2.1.5 Re(l), Ru(ll), Os(1V) and Pd(I1) complexes

Tricarbonylrhenium(l) complexes containing chelating diimine ligands have been extensively
studied because of their distinctive luminescent properties. In the first report on AIE for these
types of compounds, Lu and co-workers observed an abnormal photophysical behaviour for
complexes 41-43 (Fig. 11) [123]. The crystal structure showed a rectangular architecture with a
rhenium atom at each corner and the coordinated bipyridine ligands perpendicular to the plane
that contains the four metal atoms. The gradual addition of water to acetonitrile solutions of these
complexes leads to an enormous enhancement in the emission intensity for 43 while the effect
is moderate for the other two complexes with shorter alkyl chains. Although the shift observed
for the absorption band is not especially large, the corresponding emission maximum is
substantially blue-shifted with higher quantum yield, indicative of less solvent exposure and less
distorted excited-state environments. RIM associated with molecular aggregation has been

suggested as the most appropriate explanation for these experimental observations.
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Fig. 11. Molecular structures of Re(l), Ru(Il), Pd(Il) and Os(1V) based AlE-active complexes
(41-51).
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In 2010, de Cola and co-workers synthesized a dinuclear complex [Re2(u-Cl)2(CO)e(u-4,5-
(MesSi)2-pyridazine)],(44) (Fig.11) [124] exhibiting a unique combination of unusual properties:
a higher emission quantum yield in the solid state vs. solution (Fig. 12), formation of two highly
luminescent polymorphs (yellow, 44Y and orange 440), and clean single-crystal-to-single-
crystal conversion of one form into the other. The observed enhancement of the emission in the
solid state was attributed to the restricted rotation of the MesSi groups in the crystals, since all
the alternative mechanisms proposed to explain the AIE appear not to be at work in this case, as

the structural data rule out any z-x stacking intermolecular interactions.
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Fig. 12. ORTEP view of complex 44 referred to the molecule as found in the 44Y phase.
Emission spectra and colour for crystals of the two polymorphs of complex 44. Adapted from

ref. [124] with permission from American Chemical Society.

Interestingly, in a different study, similar photophysical properties were reported for [Rez(u-
Br)2(CO)e(u-1,2-pyridazine)] (45) (Fig. 11) [125]. This complex displays a stronger and much
brighter luminescence in solid state than in solution. A similar enhancement of the
phosphorescence was also observed in poly(methyl methacrylate) (PMMA) thin-films. Since in
this case there are no mobile groups that could justify a RIM mechanism for the observed
enhancement of the emission, the lability of the Rex(u-Br)2(u-diazine) core, as compared to the
Rex(u-Cl)2(u-diazine) (46) (Fig. 11) one, was considered to explain the poor quantum yields in
solution. The enhancement of the emission in films or in solid state is supposed to be due to the
lower mobility imposed by the more rigid environment in these cases.

The same Rex(u-Cl)2(p-diazine)core was also used to design complexes with amphiphilic
character [126] in which the luminescent neutral dinuclear rhenium core represents the
hydrophobic head, while the hydrophilic part is provided by a polar tail, either as a tri- or a tetra-
ethylene glycol chain. It has been found that all the derivatives self-aggregate in dioxane/water
mixtures at water content above 80%. The assembly process results in a strong increase of the
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photoluminescence quantum yield in air-equilibrated conditions. Importantly, aggregation leads
to a prolongation of the lifetime for the excited state, suggesting a strong shielding of the emitters
from the environment once the supramolecular assemblies are formed. A similar approach was
used by the same group merging the peculiar physico-chemical properties of transition metal
complexes with the self-assembling ability of surfactant molecules using Ir(111) based emitters
[127].

Recently, Rajagopal and co-workers reported two new AlE-active alkoxy-bridged binuclear
Re(l) complexes (Fig. 11) bearing a long alkyl chain with the 4-(1-naphthylvinyl)pyridine (1,4-
NVP) ligand (47-48) [128]. The complexes are insoluble in water and acetonitrile, but readily
soluble in solvents such as dichloromethane and DMSO. The absorption spectrum showed two
bands, assigned to a ligand-centered (LC) transition at ~235 nm and to metal-to-ligand charge
transfer (MLCT) character at ~355 nm. The gradual addition of ACN in a DCM solution of 48
resulted in a blue shift of the MLCT band to 340 nm at facn = 90%.

The increase in emission intensity observed when a polar solvent such as acetonitrile is added to
a solution of the complexes in DCM is explained by aggregate formation due to n-stacking
interactions induced by the long alkyl chains that expel the solvent molecules. This aggregation
is suggested to suppress vibrational motion, resulting in the lowering of the non-radiative decay
rate. AIE effects have also been observed in other Re(l) complexes such as the dendrimers
reported by Burn, Samuel, and co-workers [129] or the mononuclear complexes reported in
reference [130].Recent reports on other AlE-active Re(l) complexes are given in references [131,
132].

Ji and co-workers report AIE activity for a Ru(Il) complex, [Ru(bpy2(pzta)]?*(CIO4)2 [bpy =
2,2-bipyridine; pzta = 6-(pyrzin2-yl)-1,3,5-triazine-2,4-diamine] (49), [133]. This complex (Fig.
11) has red emission under irradiation with a 365 nm UV lamp, very faint in solution but strong
in the aggregated state. Gradual addition of toluene to the acetonitrilic solution of the complex
did show an abrupt change in the PL intensity at fioluene = 90%. By comparison with the crystal
structure, the strong n—x stacking and hydrogen bonding interactions were suggested to promote
the formation of aggregates with 3D ordered supramolecular structures, but no hints on a possible
mechanism for the observed AIE is given in the paper. Two further reports on Ru(ll) compounds
with AlIE-activity are given in references [134, 135].

Only one Pd(I1) complex has been reported to exhibit AIE. Kanbara and co-workers synthesized

a thioamide-based pincer Pd(Il) complex, [2,6-bis(benzylami-nothiocarbonyl-kS)phenyl-kC1]
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chloropalladium(1l) (50) where two thioamide units work as H-bonding donors while the
chlorine ligand acts as an H-bonding acceptor (Fig.11). [136]. Surprisingly, the complex showed
a bright emission only at low temperature (77 K) with a 65% of absolute quantum yield, while
it did not show any emission in solid state, as well as in solution. Complex 50 was crystallized
from solutions of four different polar solvents (DMF, NMP, DMAc, and DMSO) acting as
hydrogen-bonding acceptors. The co-crystals of 50-DMF, 50-NMP, and 50-2DMSO exhibited
greenish-yellow emission upon excitation, while the solutions of complex 50 do not exhibit any
emission at room temperature. A zigzag arrangement of the complexes in the crystal structure
was suggested to be unfavourable for emission because of the loose packing of the
organopalladium molecules, whereas a dense packing arrangement and the H-bonding
interactions was supposed to favour AIE at room temperature by suppressing the non-radative
de-excitation channel.

The synthesis of small cyclic alkynes is extremely difficulted by the angular strain arising from
the triple bonds. The introduction of a metal fragment to reduce the ring strain is an efficient
strategy to stabilize such compounds used by Xia and co-workers to obtain a series of remarkable
stable osmapentalyne complexes (51) [137] that were found to be aromatic in nature (Fig. 11).
These novel metal-aromatic complexes were found to exhibit near-IR emission in aggregate and
crystal state (with their large Stokes shifts (up to 320 nm) and long lifetimes (up to 1 ps) hinting
towards their potential use as novel near-infrared dyes. Unlike the behaviour found for many
organic aromatic compounds, osmapentalynes did not suffer from ACQ, showing instead an
interesting AIE effect. The addition of a large amount of water (fw = 95%) to an ethanol solution
of the complex resulted in an enhancement of the emission intensity as well as the quantum yield.
Although the emission enhancement was tentatively attributed in the original work to the
restriction of intramolecular rotations, vibrations and intermolecular collisions in the aggregated
state, in a recent computational study [138] it is claimed that the intensity enhancement should
be attributed to the formation of H- and J-type dimers.

2.2 Metal-metal interactions

Changes in the nature of the emitting state are especially frequent for the d® and d*° metal

complexes, where the establishment of metallophilic interactions (such as Pt---Pt or Au---Au)

[139] can significantly influence the nature of the emitting excited state in aggregated phases

[140]. Of course, formation of aggregates leads in these complexes in many cases also to RIM

and the final observed AIE effect is often due to a combination both causes, a metal-metal
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induced RIM and the change in the nature of the emitting state. Besides an enhancement of the
luminescent emission upon formation of these M---M interactions in the aggregates [141], the
change in the nature of the emitting state is usually accompanied with a change in the emission
colour that may be exploited in the design of chemosensors [26] or other stimuli responsive
materials. These changes in the emitting state are also often related to mechanochromism [142],
the change of colour induced by mechanical forces. In the following we will briefly review some
illustrative examples of this type of AlE-active complexes, while the applications that have been

suggested for them will be described in the next section.

2.2.1 Au (I) complexes

In 2012, Au(l)-thiolate complexes exhibiting AIE were synthesized by Xie and co-workers
[143]. Non-luminescent oligomeric Au(l)-thiolate complexes in aqueous solution where found
to be strongly luminescent upon aggregation, with a tunable emission both in colour and intensity
(Fig. 13). This discovery was used to design highly luminescent core-shell structured Au(0)-
Au(l)-thiolate nanoclusters formed by the aggregation of Au(l)-thiolate complexes and in situ
generated atomic Au. The addition of a weakly polar solvent (ethanol) to the aqueous solution
of the complex disrupted the hydration shell resulting in a neutralization of the charge along with
aggregate formation. The formation of aggregates was described as a mixture of solvent-induced
and cation-induced aggregation. Rigid and denser aggregates were obtained after addition of
excess ethanol (fe>70%) due to multiple intra- and inter complex van der Waals interactions as
well as aurophilic interactions, that were suggested to block non-radiative deexcitation via RIM.
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Fig. 13. (a) A Schematic illustration of solvent-induced AIE properties of the oligomeric Au(l)-
thiolate complex, (b) The image of Au(l)-thiolate complex in different fractions of ethanol and
water (0-95%) under visible (top row) and 365 nm UV irradiation (bottom row), (c) Absorption
spectra of the of oligomeric Au(l)-thiolate complex in different ethanol-water mixtures, (d)
Emission spectra of the oligomeric Au(l)-thiolate complex in different ethanol-water mixtures.

Adapted from Ref. [143] with permission from American Chemical Society.

Liu’s group has synthesized several mono-, di-, tri-, and tetra-nuclear gold(l) pentafluorobenzene
derivatives (52-55 and 62 ) that have also been reported to exhibit AIE [141, 144] (Fig. 14). In
the case of complex 52, adding increasing amounts of water to an ethanol solution resulted in a
PL enhancement with a chromaticity change from blue to yellowish-green. The observed
emission maxima at fw = 40% were the same as in ethanolic solution, while the PL intensity
increased by an 80-fold factor. For higher water content the emission maxima shifted from blue
to yellowish-green at fw = 52% and the PL intensity showed a 38-fold increase with respect to
the original ethanolic solution. The authors speculate that the PL intensity is enhanced due to
aggregate formation and that at higher water fractions the complex formed closer packed
aggregates, increasing the possibility of intermolecular gold—gold interactions that would lead
to a new LMMCT excited state responsible for the observed colour change.

Tsutsumi and co-workers have reported a series of new cyclic trinuclear Au(l) complexes (56-

61) with alkoxy side chains of various lengths that were non-emissive in solution, while some
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of them were in crystalline form (Fig. 14) [145]. Out of the six complexes, they were able to
obtain only three crystal structures (56-58) revealing that the emissive complexes had Au---Au
short contacts in the range of 3.35 -3.38 A, significantly shorter than 3.8 A, the sum of van der
Waals radii for two Au atoms. Thus, the same aurophilic interactions leading to molecular
aggregation should be also responsible for the changes in the luminescence observed upon
aggregation.

The synthesis of a new fluorene-based gold(l) complex (62) candidate for single-component
WOLEDS, with a bright white emission in solid state as well as in thin films was reported in
reference [146] (Fig. 14a). The complex exhibited interesting changes in its PL emission with
the extent of aggregation, showing a bluish green colour in solution that changed to white when
water was added with fw > 30% (Fig. 14b-d). The formation of aggregates was confirmed by
dynamic light scattering (DLS) experiments showing that the increasing percentage of water
resulted in smaller size nano-aggregates (from 220 nm to 86 nm). This trend was interpreted to
point towards changes in the extent of Au-Au interactions that would lead to new emission
bands. The crystal packing of the complex exhibits many short non-bonded atomic distances
compatible with weak n-m and intermolecular C-H---F interactions. The shortest Au---Au
distances of 4 A are, however, too long for efficient aurophilic interactions. The formation of
aggregates for higher water content results in a change in emission to white light probably
induced by the structural rearrangement involving both molecular non-covalent as well as the
Au:--Au interactions.

Further additional reports on AIE for Au(l) complexes can be found in references[147] [148].
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Fig. 14. (a-b) Molecular structure for different AlIE-active mono-, di-, tri-, tetra-nuclear and,
cyclic trinuclear Au(l) complexes (52-62), (c) Emission spectra of the dilute solutions of 62 (2.0
x 10° M) in DMF-H20 mixtures with different volume fractions of water (0-30%) and (d) (40-
90%) with Aexc =365 nm, (e) Fluorescence images of 62 in different DMF-H>O mixtures with
varying water fractions under 365 nm UV irradiation. Adapted from Ref. [146] with permission

from The Royal Society of Chemistry.

2.2.2 Pt (11) complexes

Luminescence of complexes with d® transition metals, especially those containing Pt(11),[149]
has attracted the interest of chemists since the first report on the preparation of Magnus’ salt,
[Pt(NHz3)4][PtCl.], back in 1828 [150]. Extensive optical investigations have been undertaken to
understand the origin of the green colour in this complex when compared to its colourless
[Pt(NH3)4]?* and the pink [PtCls]*> constituting ions, finding that the presence of non-covalent
Pt---Pt interactions is determinant in this respect. In general, square-planar complexes of Pt(Il)
are able to aggregate under the effect of two types of non-covalent intermolecular interactions,
namely Pt---Pt and n-n stacking interactions, that have been extensively exploited to induce
changes in the photophysical properties of Pt(Il) complexes upon aggregation, crystallization
and exposure to vapours or mechanical stress [28, 140, 151, 152] and employed in diverse
imaging applications [153], as thermochromic materials [154], or in the development of new
phosphorescent organic light-emitting diodes (PHOLEDs) [155]. Recently, d® transition metal
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complexes have also shown to exhibit AIE. Some of the most relevant studies in this direction
are reviewed in the following with more detail.

Chloro Pt(11) complexes with N*N~N ligands or the tpy ligand ([Pt(tpy)CI]*CI") (63) (Fig. 15)
were found to be non-emissive in solution. The authors speculated that this could be due to an
efficient radiationless decay via a low-lying triplet state [156]. The photo physical properties of
these complexes can be changed simply by modifying the environment in presence of oppositely
charged polyelectrolytes, block copolymers, or formation of micelle-like aggregates, leading to
a remarkable emission enhancement.

Two novel luminescent Pt(Il) complexes of terpyridyl ligands,[Pt(tpy)(C=C-C=CH)]OTT (64)
and [Pt(‘Bus-tpy)(C=C-C=CH)]OTT (65) (where tpy =6'2"-terpyridine and '‘Bus-tpy= 4,4',4"-tri-
tert-butyl-2,2": 6',2"-terpyridine) were reported by Yam and co-workers (Fig. 15a) [157].
Complex 64 exhibited polymorphism, a dark-green and a red form, both of which have been
structurally characterized by X-ray diffraction analysis and found to exhibit crystal-packing
arrangements involving different intermolecular interactions. Short Pt---Pt distances in the range
3.4 - 3.7 A were found in the crystals of complex 64, but not in those of complex 65. The
emission and absorption spectra for 64 were recorded with varying diethylether fractions in
acetone, resulting in an emission enhancement at Amax 785 nm (arising from states with a
SMMLCT character) (Fig. 15b-c). The absorption spectra with isosbestic points suggested a
clean conversion of monomeric 64 to another species (Fig. 15c). A drastic change in colour from
green to blue in acetone solutions was also observed for complex 64 after addition of diethyl
ether, while complex 65 did not show such type of behaviour (Fig. 15d). According to the
authors, aggregation resulting from direct metal-metal and n-x stacking interactions leads in this

case to this special type of solvatochromism and emission enhancement.
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Fig. 15. (a) Chemical structure of complexes 63, 64 and 65, (b) UV-Vis absorption changes of

65
I

complex 64 in acetonitrile with increasing diethyl ether content. Inset: Plot of absorbance vs.
diethyl ether composition in acetonitrile at 615 nm and in acetone at 610 nm, (c) Emission
enhancement of 64 in acetone upon increasing diethyl ether content. Inset: Plot of corrected
emission intensity as a function of diethyl ether composition, (d) Photograph showing the change
in solution colour of complex 64 after addition of different volumes of diethyl ether in
acetonitrile in the ratios, from left to right, of 64, 68, 72, 74, 76, 78, 80%. Reprinted from ref.

[157] with permission from The American Chemical Society.

Connick and co-workers reported that salts of the [Pt(Mezbzimpy)CI]* complex with two
different counter ions, CI-and PFe™ (66) (Fig. 16a), changed their colour upon exposure to volatile
solvents [158]. The chloride salt was found to change its colour from yellow to red within
seconds upon exposure to methanol, chloroform, ethanol, or acetonitrile vapours, while
exposures to other solvents were not having any impact on its photophysical properties (Fig.
16b). In contrast, a colour change from yellow to violet was observed for the PFs™ salt only in
the case of exposure to acetonitrile vapour. For either salt, leaving vapour-exposed samples in
air for several days, or heating them for several minutes restored the original colour and the
vapochromic response was found to be fully reversible.

The mechanistic details of this response are not clear. The available evidence is consistent with

an enhancement of intermolecular interactions leading to a decrease in Pt---Pt separation upon
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vapour sorption, possibly resulting in a change in the orbital character of the lowest emissive
state ®MMLCT). Additionally, upon increasing the complex concentration in EtOH-MeOH
glassy solutions the emission intensity was strongly enhanced because of aggregate formation

(Fig.16 c).
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Fig. 16. (a) Chemical structure of complex 66, (b) Response to methanol and acetonitrile vapours
of complexes 66 (Cl)  and 66 (PFs), respectively, (c) UV-visible absorption spectrum of 66 (Cl)°
2.5H20 in room-temperature methanol solution (black lines), and 77 K 4:1 EtOH-MeOH glassy
solution emission (Aex = 400 nm; red lines) and excitation (Aem = 670 nm; blue lines) spectra.
Emission spectra are normalized at 545 nm. Adapted from ref. [158] with permission from The

American Chemical Society.

An insignificant change in the coordination sphere and the microenvironment of the terpyridyl-
Pt(Il)—acetylide complex can lead to remarkable changes in both its supramolecular structure
and spectroscopic properties. Based on this observation, a series of mono and binuclear organo
Pt(11) complexes (67-75) (Fig. 17), [(‘Bustpy)Pt(C=C-1,2-CeHa)n-C=C-Pt('‘Bustpy)][ClO4]2 (67—
73,n=1, 2, 3, 4, 5, 6, 8; ‘Bustpy =4,4'.4> -tri-tert-butyl-2, 2°: 6>, 2>’-terpyridine) with foldable
oligo(orthophenyleneethynylene) linkers were synthesized by Che and co-workers (Fig. 17a)
[159]. The low-energy absorption band of 73 was found to follow Beer-Lambert’s law in the
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concentration range of 10 to 10° mol L™ in CHsCN, suggesting the absence of significant
aggregation in these conditions. All complexes exhibited emission in degassed solutions, in
CH3OH/CH3CH20H (v/v=1:4) glassy solutions, as well as in solid state at 77 K, with lifetimes
in the microsecond range and efficiencies in the range of (0.2-5.9%). The gradual increment of
water in ACN solutions of complexes 69-73 resulted in a PL enhancement with a red shifted
emission for 69-73. The emission maxima of complex 71 showed red shifted emission from 567
to 670 nm in aerated H,O/CH3CN (Fig. 17b). The absorption spectrum showed a sharp decrease
at A=350 nm and increase in low energy absorption band at 500 nm (Fig. 17c), while complexes
67 and 68 were not showing any promising AIE. For complex 75 experiments showed the same
trends as for 69-73, i.e. enhanced red-shifted emission, while complex 74 showed an ACQ effect
after increasing the water fraction (74 has no angular ortho-PE ligand). Aggregate formation was
confirmed by DLS and TEM images. The red shifted emission spectra in water-ACN mixtures
for 69-73 and 75 are believed to have their origin in the intramolecular interactions between the
[Pt('Bustpy)] planes and the bridging ortho-PE(n) ligands. Structural data obtained from X-ray
diffraction for 69-73 show that they have the same molecular interactions as complex 67 but that
69-73 can fold easily and experience additional intramolecular n-x interactions because of the

ortho-PE(n) (n> 3) chains. Hence, the aggregate formation results in a considerable RIM.
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Fig. 17. (a) Molecular structures of complexes 67-75. Spectra for 71 in aerated H,O/CH3CN
mixtures upon increasing the water fraction (fw = 40-90%), (b) Emission spectra (Aex=350 nm)
with the inset showing the plot of emission intensity at 674 nm against water fraction, (c) UV/Vis
absorption spectra with the inset showing the enlarged 400-600 nm region. Adapted from ref.
[159]. Reprinted with permission from WILEY-VCH.

In a 2009 paper, Che and co-workers described a simple preparation of supramolecular polymers
with chromonic liquid crystallinity by self-organization of cationic Pt(Il) complexes in water
through Pt-Pt and hydrophobic interactions (Fig. 18a) [160]. The influence of aggregation on the
absorption and PL spectra of these complexes (76-82) was studied in water/MeOH solutions
(Fig.18b-c). The methanolic solution of complexes 76 and 80 shows vibronically structured
high-energy emission peaks with maxima at 525 and 480 nm, respectively. A red shifted
emission with increasing water concentration was observed for these peaks. Additionally, the
emission colour of complex 80 gradually changed from green to red with increasing water
fractions (Fig.18c). In pure water, the emission maxima were found to be at 677 and 655 nm,
respectively. Conversely, no emission was observed in water for complex 82 at 298 K. A mixture
of SMLCTPILCT excited states could be assigned for the high-energy emission band in
methanolic solution, while the SMMLCT excited state seems to be responsible for the low-energy
emission band in aqueous solutions. The aggregate formation in water is suggested to be induced
by Pt(11)---Pt(Il) interactions. More related work of Che's group can be found in references [152,
161-164].
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Fig. 18. (a) Molecular structure of complexes 76-82, (b) UV/Vis absorption (left) and emission
(right) (Aex = 370 nm) spectra at 298 K for complex 80 using H.O/CH3OH mixtures upon
increasing the water percentage from 0 to 100%, (c) Photograph of the sample series of complex
80 under a 365 nm UV lamp. Adapted from ref. [160]. Reprinted with permission from WILEY-
VCH.

Since supramolecular gels provide fibrous aggregates with long-range order, they could be of
interest in the fields of optoelectronic devices and sensors. In this context, transition metal based
gelators can display metal-metal interactions that influence their photophysical properties. The
synthesis of a 2, 6-bis(tetrazolyl)pyridine complex (83) with alkyl pyridine as an ancillary ligand
(Fig. 19) [165] that is able to self-assemble into bright nanofibers was reported in 2011 by De
Cola’s group. Complex 83 showed a strong luminescence in a frozen CH,Cl, matrix at 77 K, as
well as in thin films, while it was non-emissive in solution. The photoluminescence quantum
yield was found to be up to 87% in thin films, with concentration independent colour and
efficiency. The observed changes in the PLQY and the emission properties from solution to solid
state were attributed to the aggregation process, facilitated by Pt---Pt intermolecular interactions
that were suggested to generate a new, lowered energy, SMMLCT state. Finally, the bright
luminescence upon aggregation could be used to monitor the assembling process with a high

sensitivity (Fig. 19).
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Fig. 19. Molecular structure of complex 83 and a representation of the self-assembly process,
going from luminescent aggregates to fibres and gels. Adapted from ref. [165] with permission
from WILEY-VCH.

Naota and co-workers investigated bis(salicylaldiminato) Pt(Il) complexes (84-92) that were
found to be strongly emissive in solid state, but not in solution (Fig. 20), finding that the solid-
state quantum efficiency could be controlled with varying the length of the linker [166].
Complexes 88 and 90, with dodeca- and tridecamethylene linkers showed a high efficiency in
solid state, while 85-87, with short linkers, were found to be non-emissive between 77 K and
298 K. The strongly bent coordination sites found in the crystal structures of these complexes
were suggested to favour energy loss through non-radiative pathways.

Dimeric arrays with strong Pt---Pt interactions and a planar coordination geometry were found
in the case of 88, 89, and 92. Additionally, an intermolecular H-bonding network through
neighbouring PEG units was found in case of 92. These interactions (Pt---Pt and H-bonding)
were suggested to suppress the mobility in the aggregate/solid state, leading to the observed
strong phosphorescence. These researchers have shown in another paper that instant and precise
control of phosphorescent emission can be performed by ultrasound-induced gelation of organic
liquids with chiral, clothespin-shaped trans-bis(salicylaldiminato)Pt(ll) complexes [167].
According to their findings, emission from the gels can be controlled by sonication time, linker

length, and optical activity of the complexes.
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Fig. 20. (a) Molecular structure of complexes 84-92, (b) Photograph of complex 92 in solution
and crystalline states at 298 K under UV illumination (Aex = 365 nm). Adapted from ref. [166]
with permission from The American Chemical Society.

In 2013, novel dinuclear alkynyl Pt(Il) terpyridine complexes having an amphiphilic binaphthol
bridge with two triethylene glycol monomethyl ether (TEG) chains (93-95) were synthesized by
Leung and Yam (Fig. 21) [168]. Interestingly, for complexes 94 and 95 with hydrophilic chains
of triethylene glycol monomethyl ether, a helical conformation was confirmed from the CD
spectra measurement of their aqueous solution.

The UV-Vis absorption spectra of ACN solutions of complexes 94 and 95 showed a significant
drop of the absorbance in the high-energy region (284-337 nm) upon gradual addition of water,
which was attributed to intraligand (IL) (n -7* transitions) between the terpyridine and alkynyl
ligands. A slight drop was also observed for the low-energy absorption at 449-457 nm. These
results revealed that complexes 94 and 95 can undergo self-assembly through n—n stacking
interactions with increasing water concentration. The addition of water to an ACN solution of
complex (rac)-94 leads to aggregate formation into hierarchical helices of helices, requiring a
tight stabilization of the helical strands. The aggregates contain stacked helices resulting from
inter- and intramolecular Pt---Pt and n—= stacking interactions. With increasing water fraction
PL enhancement of the SMMLCT band was observed which further became more intense in the
presence of higher water fractions (Fig. 21b-d).

The presence of supramolecular self-assembly for complex 94 in water-ACN mixtures was

studied by using resonance light scattering (RLS) experiments. Increasing the water content
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resulted in the enhancement of the RLS signals, indicating the formation of larger sized

aggregates in the solution medium.
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Fig. 21. (a) Molecular structure of complexes 93-95, (b) Emission spectra of complex (rac)-94
in CH3CN (1.7 x 10~° M) with increasing H2O content from 20 to 70% at 298 K, (c) Plot of the
CD intensity at 703 nm as a function of solvent compositions, (d) Photograph of complex (rac)-
94 in 0, 50 and 70% H-0O in CH3CN under UV light irradiation (350 nm; in air). Adapted from
ref. [168] with permission from The Royal Society of Chemistry.

In 2014, Bu and co-workers synthesized three chloro Pt(Il) complexes (96-98) of 2,6-
bis(benzimidazol-2’-yl)-pyridine bearing hexaethylene glycol methyl ether (HEME) , that were
found to be non-emissive in dilute aqueous solution (Fig. 22a). [169]. The HEME group was
strategically introduced into the complex to get a better solubility in water as well as 1-butyl-3-
methylimidazolium hexafluorophosphate (BMIMPFg), a typical ionic liquid. A remarkable PL
enhancement was observed upon addition of hexafluorophosphate salts to these solutions (Fig.
22b-c). The low energy band (545 nm) in the UV spectra of complex 98 revealed the existence
of a MMLCT transition (Fig. 23)., indicative of strong Pt---Pt and n—r stacking interactions. The
addition of 0.5 wt% BMIMPFe to a dilute aqueous solution of 97 resulted in an immediate colour
change, from light-yellow to red. The broad absorption band at 300-390 nm dropped
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significantly in intensity, and new absorption bands that were attributed to SMMLCT transitions
appeared at 536 and 571 nm. In case of complexes 96 and 98 the appearance of the MMLCT
band was not observed. Increasing the concentration of BMIMPFs lead to a PL enhancement.
Aggregate formation in aqueous solutions containing 0.5 wt% BMIMPFs, supported by DLS
and TEM images, is due to strong Pt---Pt and n—= stacking interactions. Addition of other
hexafluoro-phosphate salts (TMAPFg, NHsPFs and KPFs (TMA = tetramethylammonium) to the
dilute aqueous solutions resulted also in remarkable PL enhancement, while the addition of
NaClOs and NaBF4 did not have much influence on the PL intensity. Finally, based on the
observation that due to the presence of the common ion effect complex 98 became insoluble
(aggregated) in presence of the hydrophobic PFes anion and this led to emission enhancement,
98 was successfully used for PFg detection. More recent reports on AIE for Pt(I1) complexes

may be found in references [170-173].
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Fig. 22. (a) Molecular structure of complexes 96-98; Photographs of 98 taken under, (b) Sunlight
and, (c) UV irradiation at 365 nm before and after addition of 0.5 wt% BMIMPFe. Adapted from
ref. [169] with permission from The Royal Society of Chemistry.
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complex leading to the formation of a MMLCT state.

2.3 Other possible mechanisms

According to Huang and his team, the formation of *MMLCT states and the hindered motion of
a complex in the aggregated state cannot always explain the origin of the observed AIE. In their
study, they claim that the mechanism for AIE in transition-metal complexes is more complex
than that of the relatively simple organic molecules and to sustain this affirmation they present
a series of Pt(Il) complexes Pt(ppy)(LX), Pt(dfppy)(LX) and Pt(fig)(LX) (99-105) (Fig. 24)
[174] where ppy=2-phenylpyridine, dfpp=2-(2,4-difluoro-phenyl)pyridine, fig =1-(9,9-
dioctylfluoren-2-yl)isoquinoline, and LX =2-(phenyliminomethyl)-phenol (L1), 2-
(naphthyliminomethyl)-phenol (L2) or 2-(propyliminomethyl)-phenol (L3) that were all found
to be AlE-active. Surprisingly, a small change in the LX ligand in complexes 106-107, where
LX is 1-((phenylimino) methyl)naphthalen-2-ol, (L4) ) (Fig. 24a), suppressed the AIE
behaviour. The AIE for these complexes was studied using THF-water mixtures and tunable
emission colours in crystal samples (yellow to red) were achieved.

These observations disagree with the widespread idea that internal motion is the cause for the
non-emissive nature of the complexes in solution since compounds 101 and 104, without mobile
phenyl or naphthyl groups were showing the same behaviour as the rest of compounds. In a
computational study, the HOMO and LUMO for these complexes were found to be mainly

located on Pt and the N*O ligand and not over the ppy ligand as usual in this type of complexes,
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and it was suggested that the participation of the N*O ligand and the structural distortion of the
chelating six-membered cycle between Pt and the N”O ligand in the Ty state would be
responsible for the non-emissive nature of these complexes. An analysis of the crystal structures
revealed also that there are no relevant Pt---Pt interactions present in the solid state, ruling out
the possibility of a SMMLCT state. To understand the origin of AIE in this case, the structure
was optimized using DFT calculations simulating the crystal state where the LUMO for
complexes 99-102 was found to be localized on both the ppy and the N*O ligands, while the
HOMO was localized on the ppy, the N*O ligand, and the Pt atom, predicting a strong emission
in the solid state. Surprisingly, the LUMO for complex 107 was found to be localized mainly on
the N"*O ligand, making it non-emissive in the solid state. Based on the above findings, a
restricted structural distortion in the excited state (RSDE) was suggested as a possible AIE

mechanism in this case (Fig. 24b).
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Fig. 24. (a) Molecular structure of complexes (99-105) (AlE-active) and (106, 107) (AIE-
inactive), (b) Calculated geometries and molecular orbitals of complex 99 in different states.
Adapted from ref. [174] with permission from The Royal Society of Chemistry.

Cowley et al. studied the photophysical properties of four bis(imino)acenaphthene zinc
complexes [(BIAN Zn(I1)] (108-111) with methylated aryl substituents (Fig. 25a) [175, 176].
All reported complexes are non-emissive in solution while only 108 and 109 were found to emit

in the solid-state. The AIE experiment for these complexes was carried out with a DCM-hexane
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mixture and the PL spectra of 108 showed a maximum enhancement in 20% DCM-hexane

mixture (Fig. 25c).
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Fig. 25. (a) Molecular structure of complexes 108-111; (b) 112; and (c) The emission spectra of
108 in different fractions of DCM-Hexane mixtures (fu = 0-90%). Inset image (top) photograph
complex 108 under daylight and (bottom) under 365 nm UV light. Adapted from ref. [176] with

permission from American Chemical Society.

The emissive vs. non-emissive behaviour of these complexes in the solid state could be nicely
correlated to differences in molecular structures and crystal-packing motifs. The average
acenaphthene-aryl inter planar torsional angles in the emissive complexes 108 and 109 were 59°
and 70°, respectively, while significantly larger torsion angles, 80° and 82°, were found for 110
and 111. For the emitting complexes, 108 and 109, strong n—x stacking interactions are clearly
evident in the crystal structures, resulting in a head-to-tail arrangement of two naphthalene units
for 108 and a displaced n—n stacking motif along with two other Bis(imino)acenaphthene
(BIAN) complexes that flank this arrangement in an orthogonal manner for 109. On the other
hand, the difference in the torsional angles resulted in a less dense crystal packing for 110 and
111. In the cases of 108 and 109, the strong n—= stacking leading to excimer formation is
suggested to be responsible for the emission enhancement. TD-DFT based calculations for n—=
stacked dimers were presented to further substantiate this hypothesis.

In 2014, Yang and co-workers synthesized a novel porphyrin based Zn(Il) complex (Zn-TSPP)
(112) with TSPP = 5, 10, 15, 20-tetra-4'-(tert-butylthio)phenylporphyrin that was found to
exhibit AIE (Fig. 25b)[177], with addition of water to THF solutions greatly enhancing the

emission intensity. The absorbance spectra of Zn-TSPP showed a red shift in the Soret bands
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after addition of water, confirming the formation of J-aggregates where the molecules arrange
in an edge-to-edge orientation. The bulky tertiary butyl groups where suggested to block n—=

stacking interactions favouring the formation of J-aggregates.

3 Applications of AIE metal complexes

3.1 Stimuli responsive AIE complexes

Stimuli-responsive luminescent materials are highly desirable for different applications such as
sensors, memory storage, security inks, and biological or healthcare uses. Since in many AlE-
active complexes a slight disturbance in molecular packing may lead to measurable changes in
the PL emission, they are especially well suited as stimuli-responsible materials. If the emission
intensity, colour or quantum yield of the complex change in the presence of external stimuli such
as heat, exposure to a vapour, or mechanical forces (including shearing, crushing, grinding,
stretching, and hydrostatic pressure) one speaks about thermo-, vapo- or mechanoresponsive
luminescent materials, respectively. In this section we will briefly describe some of the
applications of AIE systems as stimuli responsive materials that have been proposed in the

literature.

3.1.1 Mechanochromic AIE complexes

An AlE-active complex, [Ir(bipy)(PPhs)2)(H2)]Cl [9(CI")], developed by our group was found
to exhibit mechano- as well as vapochromism (Fig. 26). The emission colour in solid-state
samples changed from green (Amax = 519 nm) to faint yellow (Amax = 548 nm) after exposure to
DCM or chloroform [101]. The mechanochromic behaviour of this complex was demonstrated
by grinding its yellow form and observing a change to the green one. Applying pressure to the
yellow form did, however, not change the emission colour, indicative that it is a shearing force
that leads to the colour change. Further, a sample of the yellow complex was coated on filter
paper and the word “BITS” was written with the help of a capillary loaded with acetone. A bright
green emission was observed because of solvent/vapour induced recrystallization that was
confirmed by thermogravimetric analysis (TGA), which showed a loss of one molecule of DCM.
The experimental data support that the green form of the complex, with a crystalline nature, was
converted into the yellow amorphous form upon exposure to DCM or chloroform vapours by
intermolecular interactions of the solvent molecules with the complex.
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Fig. 26. (a) Molecular structure of complex of 9 (CI) and picture of a filter paper coated with
the complex where the word 'BITS' was written by using a capillary tube loaded with acetone,
(b) Colour change of complex 9 (CI) after mechanochromic and vapochromic response.

Adapted from ref. [101] with permission from the American Chemical Society.

Complex 113 (Fig. 27) was found to be non-emissive in common organic solvents, but strongly
emissive in the solid state [102]. The complex was found to exhibit a reversible piezochromic
luminescent (PCL) behaviour. In powder form, the complex emitted a yellow luminescence that
was changed to an orange emission after grinding. The PCL behaviour of the complex was
explained based on NMR spectroscopy, differential scanning calorimetry (DSC) and powder X-
ray diffraction (PXRD). The PXRD data revealed that a phase change (crystalline to amorphous)

upon grinding was responsible for this abnormal PCL behaviour.
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Fig. 27. (a) Molecular structure of complex 113, (b) Emission spectra of the samples 113A (as-
prepared powder) and 113G (ground orange-emitting powder), (¢) The powder 113A was cast on
the filter paper and the letters “AIPE” were written with a spatula under UV light at room temperature.

Adapted from ref. [102] with permission from The Royal Society of Chemistry.
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Inspired by their previous work, Su and co-workers, synthesized three multifunctional cationic
Ir(111)-based materials with AIE and PCL behaviour in a controlled manner by simply adjusting
the substitution on the ancillary ligands [178]. In this report, the same cyclometalated ligands
were kept and different substitutions were introduced to modify the ancillary ligand (Fig. 28).
The strategic design of the ligands resulted in controlled properties and complex 114 turned out
to be a PCL material, complex 115 an AIE material, while complex 16, which has already been
mentioned above, exhibited a combined PCL and AIE behaviour. DFT based calculations
showed that complex 114 has a predominant *MLCT and 3LLCT character while an 3ILCT
excited-state was predicted for compounds 115 and 16. The PCL behaviour of 114 and 115 was
attributed to crystalline—amorphous phase transformation by carefully analysing experimental
data. Probably due to the presence of the terminal tert-butyl groups, complex 16 was found to be
always amorphous. Its blue emitting powder changed to green emission after smearing and this
green colour changed immediately to blue with a thermal stimulus (180 °C for 1 minute) and
finally, exposure to DCM converted the blue and green colours to a dark colour that reverts to
the blue colour after heating, showing the reversible nature of these changes (Fig. 28b).
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Fig. 28. (a) Molecular structure of complexes 114-115 and 16, (b) Illlustration of the multi-
channel photoluminescent colour changes of complex 16. Adapted from ref. [178] with
permission from The Royal Society of Chemistry.
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Recently, two heteroleptic cationic Ir(111) complexes [(X)2Ir(L2)]"PFs” where L, = 3,6-di-tert-
butyl-9-(4-(4,5-dimethyl-2-(pyridin-2-yl)-1H-imidazol-1-yl)butyl)-9H-carbazole, X =
difluorophenylpyridine (dfppy) (116), dimethylphenylpyridine (dmppy) (117), were designed
and synthesized [62]. These two complexes were found to be AIE-active with a fluorescence—
phosphorescence dual-emission. A pressure induced emission colour change was observed for
117 where the emission changed from green to yellow after grinding using a pestle. The green
colour was fully recovered after exposure of CH.Cl, atmosphere for about 30 min. These
changes were attributed to piezochromic and vapochromic properties and were further supported
by PXRD analysis. The green emissive complex shows intense and sharp reflection peaks that

change to weak and broad peaks after grinding and changing its colour to yellow (Fig.29).
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Fig. 29. (a) Molecular structure of complexes 116 and 117, (b) Photographs obtained under UV
light at 365 nm showing the effects of reversible grinding—fuming on a sample of complex 117.
Adapted from ref. [62] with permission from The Royal Society of Chemistry.

The synthesis of new Au(l) complexes based on the donor-acceptor (D-A) model (118-120),
containing iso-cyanobenzene as the bridge (electron-acceptor) and CsFs—Au groups (electron-
donors) (Fig. 30a) was reported by Liang et al. in 2014 [179]. The AIE of these complexes was
investigated using mixtures of different solvents, tetrahydrofuran (THF), acetonitrile, acetone,
dimethylformamide (DMF) and dimethylsulfoxide (DMSO) with water. A colour change from
blue to yellow was observed at fw = 60% for complex 118. The change in the emission spectra
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with respect to the polarity of solvents with increasing fw was explained considering an
intramolecular charge transfer (ICT) process, which is a common phenomenon for D-A systems.
The emission colour of the complex 118 also switched between a dark (weak blue) and bright
(greenish blue) state as a response to external stimuli (pressing and annealing) (Fig. 30b-g). The
weak PL of an unground solid sample was intensified after grinding.

A plausible mechanism for the reversible mechanoluminescence process was suggested based
on PRXD data. The unground sample showed many sharp, intense peaks which turned into weak
and less defined ones after grinding, indicating a crystalline-to-metastable phase conversion.
However, the intense peaks were recovered after annealing or exposure to DCM, revealing a
reversible mechanoluminiscent behaviour. The authors concluded that weak m—m and
intermolecular C-H~F interactions in the crystalline phase prevent the establishment of
aurophilic interactions and after exposing a sample to external stimuli, these C-H-F interactions

may weaken, allowing the formation of Au---Au interactions that would switch the emission on.
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Fig. 30. (a) Molecular structure of complexes 118-120. Photographs showing a powder sample
of complex 118 under 365 nm UV light, (b) Before grinding, (c) After grinding, (d) After
treatment with dichloromethane, (e) and (f) Repetition of the green emission by grinding the
powder with a pestle at room temperature, (g) Annealing (at 100 °C for 30 s). Adapted from ref.
[179] with permission from The Royal Society of Chemistry.

In 2015, Liu and co-workers synthesized a diisocyano-based dinuclear gold(l) complex (121)
that resulted to be an AlE-active metal-bearing luminogen with switchable mechanochromic
characteristics (Fig. 31) [180] . The AIE features were studied for mixed DMF-water solutions.
In a similar fashion to compounds from a previous report [179], these complexes exhibited also

a reversible mechano-luminescent behaviour. The complex, with two emission bands at 490 nm
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and 523 nm, after grinding showed a new emission band at 559 nm (yellow) (Fig. 31b-c). This
change, which is reversible in nature, was interpreted in similar terms as in the previous report,
i.e. due to a crystalline to amorphous phase conversion. In general, the absolute fluorescence
quantum efficiency for solid-state samples was found to be around 7%, but it increased to 41%
in well crystallized samples, a clear example of crystallization induced emission enhancement
(CIEE).
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Fig. 31. (a) Molecular structure of complex 121, (b) PL spectra of complex 121 before grinding,
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after grinding and after DCM exposure; Photographs showing, (c) The original sample, (d) The
partially ground sample, (e) The entirely ground sample, (f) The change in emission colour after
DCM exposure (g) The effect of annealing at 100 °C for 30 s. All the above images have been
taken under 365 nm UV irradiation. Adapted from ref. [180] with permission from The Royal
Society of Chemistry.

A new AlE-active, excimeric Pt(Il) complex, [Pt(C*N)(L1)(CI)] (122), [C~N =2-phenyl-
pyridine; L1 =N1-tritylethane-1,2-diamine] has been reported by our group [181]. The complex
showed a distinct yellow emission that turned into orange after being ground in a mortar with a
pestle (Fig. 32). The mechanochromic behaviour of this complex was thoroughly studied by
PXRD and DSC. The PXRD data revealed the crystalline nature of the yellow form while the
orange form was found to be amorphous. This was further supported by the DSC experiment
that showed an endothermic melting peak in both cases (199.9 and 170.0 °C, respectively), while

a glass transition peak (61 °C) and a broad exothermic re-crystallisation peak at 100 °C was
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observed for the orange sample. The yellow emissive complex was further transformed to a

green-emitting form after mildly crushing it with mesostructured silica.
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Fig. 32. Luminescent images of pristine complex 122 (yellow), 122 after grinding (orange), and
after mixing 122 with mesoporous silica (photograph taken under 365 nm UV illumination).

Adapted from ref. [181] with permission from The Royal Society of Chemistry.

3.1.2 Vapochromic AIE complexes

Two AlE-active Ir(I11) complexes with molecular formulae [Ir(PPhs)2(1,10-phenon)(H)2]PFs 10
(PFe”) and [Ir(PPhs)2(1,10-phenon)(H)(CI)]PFes (123) synthesized in our group were found to
have a response towards volatile organic compounds [100]. Experiments show that their
maximum emission gradually shifts towards a longer wavelength with increasing solvent
polarity (Fig. 33), Complex 10 (PFs) when recrystallized from DCM emits greenish yellow
light on exposure to UV radiation (Fig. 33) changing from greenish-yellow to yellow upon
exposure to solvents such as acetone or acetonitrile with polarity higher than DCM. Upon
exposure to solvents with lower polarity such as chloroform, benzene or 1,4-dioxane, the solid
thin films emit a yellowish-green or bluish-green light (Fig. 33). Complex 123, recrystallized
from DCM emits green light and in thin-films, in an analogous way to what happens for complex
10 (PF¢") and it emits blue light upon exposure to non-polar solvents and green light in presence

of polar solvents.
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Fig. 33. Observed thin-film emission colour of (a) 10 (PFs”) (bluish-green to yellow, under 365
UV irradiation) and (b) of 123 (blue to green, under 365 UV irradiation) after systematic
exposure of different VOCs (polarity increases in the order: 1,4-Dioxane, Benzene, Chloroform,
DCM, Acetone, Acetonitrile). Corresponding emission spectra of thin films (c) 10 (PFs™) and (d)
123. Adapted from ref. [100] with permission from WILEY-VCH.

Bryce et al. have synthesized an AlE-active dinuclear Ir(I11) complex [Ir2(ppy)s (N*O)] (where
ppy =2-phenyl pyridine and N”O= t-butyl substituted Schiff base) (20) (Fig. 34) with
piezochromic luminescence and vapochromism [61]. Its crystal structure revealed the existence
of intramolecular wn-r interactions between the bridging phenyl ring and the phenyl rings of
phenylpyridine which are easily modified by thoroughly grinding for 30s, resulting in an
emission colour change from orange to red and a dramatic 480-fold decrease in the PL quantum
yield. The emission colour was fully recovered after exposure to DCM. This behaviour was
further utilized to fabricate a device for detecting volatile organic compounds. A warning signal
composed of a ground sample emitting weak red phosphorescence was carefully spread on a
filter paper using a porcelain pestle (Fig. 34). The emission of this warning signal was switched
on (weak red to orange) after exposing to different VOCs. Polar VOCs such as CHClzand MeOH
showed turn-on response times of 10 and 30s, respectively. Upon exposure to n-hexane,

however, the signal did not show any change.
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Fig. 34. Photographic images under illumination with 365 nm UV light of the monitoring of
VOCs by 20 after exposure to different VOCs and grinding. Adapted from ref. [61]. with
permission from The Royal Society of Chemistry.

3.1.3 Thermochromic AIE complexes

Another way of obtaining a colour change in a compound is by changing temperature. In a recent
article, Liu and co-workers report on the thermochromic behaviour of a new gold complex with
AIE. To study the AIE of complex 52 (Fig. 35a), photoluminescence and UV spectra were
studied in EtOH-H>O mixtures with various water contents finding that the PL intensity was not
only significantly enhanced with the addition of water, but the emission color also changed from
blue to yellowish-green. After gentle heating (T > 55 °C) a powder sample of 52 showed a
similar reversible colour change (Fig. 35b) demonstrating the thermochromic behaviour of this
complex [144]. The changes observed in the luminescence were explained based on molecular
packing. The Au-Au distances in the crystal structure were found to lie in the range of 3.8-4.8
A, well above the range of typical aurophilic interactions (Au-Au = 2.7-3.3 A) (Fig. 35¢). These
Au-Au distances are however suggested to shorten in an amorphous phase formed after heating.
After cooling the sample, the system would return to the more stable crystalline state. The colour
change is supposed to arise from these aurophilic interactions in the amorphous phase, which
may be responsible for the new ligand-to-metal-metal charge transfer (LMMCT) excited state
[CeFs — Au---Au].
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Fig. 35. (a) Molecular structure of complex 52, (b) Images of the compound before and after
heating under 365 nm UV illumination, (c) The packing diagram of 52. Adapted from ref. [144]

with permission from The Royal Society of Chemistry.

3.1.4 Aggregation induced electrochemiluminescence

In contrast to photoluminescence (PL), in electrochemiluminescence (ECL) [182-184] an
electronically excited state is generated electrochemically at an electrode surface and controlled
by the application of a potential. For many applications ECL is clearly superior to PL, especially
due to its extremely low detection limit and it is currently evolving towards one of the most
relevant detection methods for bioassays. Despite this, almost all current applications of ECL
use the luminescent Ru(bpy)s®* label (where bpy = 2,2"-bipyridine) [185, 186] and there is a
growing interest in the development of other emitters, notably those based on Ir(l11l1) or Pt(I1)
because of their colour tunability and higher quantum yields. The attempts to develop new ECL
emitters has reached for the moment a limited success mainly due to quenching by dioxygen and
the interaction with the environment that strongly quenches the long-lived excited state of the
metal complexes. In this respect, the recent discovery of aggregation induced ECL in Pt(Il) and
Ir(111) complexes might open the way to the development of new ECL labels free from the
aforementioned problems [187, 188].

The first AlE-active electrochemiluminescent Pt(1l) complex, 124 (Fig. 36) was developed by
the group of de Cola by combining the tridentate 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-
yl)pyridine ligand with a 4-amino pyridine substitute with two triethylene glycols in a square
planar Pt(I1) complex [187]. The combination in a same complex of a hydrophilic ancillary
ligand with the hydrophobic character of the main chelate leads to an amphiphilic compound
with a marked tendency to self-assemble in water into discrete aggregates with Pt---Pt contacts

shorter than 3.5 A. While in dilute DCM solution the complex has a quite low emission quantum
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yield (1%), in aqueous media, the resulting solutions show a strongly red-shifted emission with
a remarkable 72% quantum yield. Interestingly, 124 showed an intense ECL upon aggregation
via a co-reactant pathway using both TPrA and oxalate, both in the solid state and in solution,
where the efficiency of 124 was found to exceed that of Ru(bpy)s®* by 20%.

Shortly after this first article on aggregation induced ECL, Gao et al. reported the synthesis and
characterization of an Ir(I1l) complex, 125 showing aggregation induced electroluminescence
(AI-ECL) (Fig 36) [188]. In this complex, [Ir(tpy)(bbbi)], where tpy = 2,2":6",2"-terpyridine and
bbbiHs= 1,3-bis(1H-benzimidazol-2-yl) benzene, the two tridentate ligands, i.e., tpy and bbbi*",
chelate a central octahedrally coordinated Ir(111) ion through N*N~N and N*C”N coordination
modes, respectively. Both ligands are planar and aromatic and facilitate the formation of
intermolecular n—n-stacking interactions. Moreover, complex 125 contains non-coordinated
imidazole N atoms that can engage in intermolecular hydrogen-bonding interactions. In the
crystal structure, the planes of the two ligands are almost orthogonal to each other minimizing
steric hindrance. Neighbouring [Ir(tpy)(bbbi)] complexes form chains along through two types
of m—n-stacking interactions and edge-on C—H---m interactions that provide an effective
restriction of internal motion (the low energy vibration mode of the two rigid ligands changing
the dihedral angle between their planes) and explain the AIE effect observed for 125, both in the
crystals as in DMSO-H>0 mixtures with f = 90% where 125 formed monodisperse nanoparticles

with an average hydrodynamic size of 120 nm.
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Fig. 36. (a) Molecular structure of the aggregation induced ECL complexes, 124-125, (b) Cyclic

voltammogram (dark line) and ECL trace (blue line) of complex 125 (c = 200 uM) in a
49



DMSO-H>0 (20/80, v/v) mixture containing 1 mM TPA, 100 mM NacCl, and 10 mM PBS (pH
7.4), (c) ECL intensity changes of complex 125 (c = 200 uM) upon variation of the H,O fraction
of a DMSO-H-0 mixture. The scan rate was 0.1 V/s. Adapted from ref. [188] with permission

from American Chemical Society.

The cyclic voltammetry (CV) and ECL of complex 125 was measured in a DMSO/H,0O mixture
(fw = 80%) containing 1 mM tripropylamine (TPA) as the coreactant and 100 mM NaCl and 10
mM phosphate-buffered saline solution (PBS; pH 7.4) as supporting electrolytes. During the
potential scanning process, a strong ECL emission with a peak at 1.23 V (Fig. 36b) was observed.
ECL spectra were also obtained in a series of aqueous electrolytes with different amounts of
DMSO and H0O finding a ~39-fold enhanced luminescence for 125 when the f., increased from
20% to 98% (Fig. 36¢) confirming the AI-ECL behaviour for 125 for which no ECL was
observed in pure DMSO. In a further experiment, in which bovine serum albumin (BSA) was
added to the medium, 125 showed a gradual increase in the ECL intensity because of the binding
of BSA to the surface of the nanoaggregates showing that Ir(l1l1) complexes such as 125
exhibiting strong AI-ECL signals may lead to the development of new Al-ECL-based biosensors
and food analysis methods.

3.2 Bioimaging using AlE-active metal complexes

The development of new chemical technologies for life sciences and pathology applications are
compulsory to address problems that cannot be solved by actual methods [15, 17, 18, 189-193].
One of the most suitable and successful ways to study the details in the interior of a cell is by
bioimaging techniques using fluorescent dyes as labels that offer an exceptional and attractive
approach for visualizing morphological details with sub-cellular resolution that cannot be
resolved by ultrasound or magnetic resonance imaging (MRI) [194, 195]. Most of the fluorescent
probes used nowadays are still organic compounds that have limitations such as easy
photobleaching, small Stokes shifts and difficulty to filter from the auto-fluorescence emitted by
certain organisms [196-198]. On the contrary, phosphorescent transition-metal complexes with
MLCT luminescence exhibit not only larger Stokes shifts, but also much longer lifetimes as well
as a higher stability, making them better candidates for new bioimaging probes. However, for
most of these probes if the emitter concentration is too high, aggregates form, causing ACQ that
reduces the luminescence intensity, a problem that can be tackled by using AlE-active emitters
[18, 59, 199-201].
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Recently, an Ir(lll) complex 8, was encapsulated in a micellar structure with polyethylene
glycol—polylactic acid (PEG-PLA), a biodegradable polymer [99]. The micelles of PEG-PLA
with encapsulated AIE-active Ir(111) complex were used as in vitro cellular imaging probes for
biomedical applications being able to successfully label the cytoplasm and the cell surface of
HeLa cells (Fig. 37a). The cytotoxicity of the Ir(lll) complex 8 was investigated by the
conventional MTT assay showing a >80% survival of the cells in all tested concentrations (Fig.
37b) suggesting that photoluminescent PEG-PLA particles have a low toxicity and could be used

as cell imaging probes under in vitro conditions.
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Fig. 37. (a) Bright field (BF) and luminescence (L) image of HeLa cells labelled with Ir complex
8 encapsulated PEG-PLA particles. Cells are incubated with particles for 1, 4 and 8 hours and
then washed cells are imaged under a microscope, (b) Viability of HelLa cells in presence of
Ir(111) complex 8 encapsulated PEG-PLA nanoparticles. Adapted from ref. [99] with permission
from the Royal Society of Chemistry.

A series of mitochondria targeted AlE-active complexes (126-128) were synthesized by Chao
and co-workers who recognized these complexes as two-photon absorbing (TPA) as well as
photodynamic therapy (PDT) agents [202]. The complexes were able to generate singlet oxygen
in different water-DMSO mixtures with a maximum O emission intensity at f, = 90%. This
singlet oxygen generation in presence of nanoaggregates was further supported by the help of a
reactive oxygen species (ROS) indicator, 3-diphenylisobenzo-furan (DPBF). The lipophilicity
(logPow = 1.42) of complex 126 facilitated the cellular uptake and successfully stained the

mitochondria membranes of cancerous cells. The cellular uptake of complex 126 followed by an
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endocytic pathway, was confirmed by confocal laser scanning microscopy (CLSM). The toxicity
of these complexes was measured in presence of and absence of light, resulting in an increased
cytotoxicity after photon excitation. The potentiality of complex 126 for dual TPA-PDT was
tested, finding a better photocytotoxicity towards HelLa cells than L02 ones after selectively

accumulating in the mitochondria (Fig. 38).
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Fig. 38. (a) Molecular structure of complexes 126-128, (b) Scheme showing the complexes
acting as dual two-photon absorbing (TPA) photodynamic therapy (PDT) agents. Adapted from
ref. [202] with permission from the Royal Society of Chemistry.

In another report Chao and co-workers developed two AlE-active Ir(111) complexes 129-130 for
mitochondria-targeted two-photon PDT in monolayer cells and multicellular tumor spheroids
(MCTSs) [203]. The 1O, generation capability of these complexes was better in aggregate state
than in solution. The complexes were shown to easily aggregate in the cell and selectively target
mitochondria of cancerous cells (HeLa) over normal ones (human hepatic L02). Confocal laser
scanning microscopy (CLSM) was further used to monitor the cellular uptake, localization and
mitochondria damaging process under one- and two-photon light irradiation (Fig. 39). Some
recent interesting contributions showing more possible uses for Ir(111) based complexes in the
fields of data protection and real-time monitoring of mitophagy in living cells can be found in
references [204, 205].
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Fig. 39. Real-time uptake monitoring of 129 and 130 (1 uM, Aex = 740 nm, Aem = 550 £ 20 nm)
in HeLa cells at incubation times of 0—4 h. Scale: 50 um, (b) The internalized iridium of the
HelLa cells was quantified by ICP-MS with different incubation times.Adapted from ref. [203]

with permission from the Royal Society of Chemistry.

Cancer theranostics [126, 204-206] is a recent idea, introduced in 2010, in which the integration
of therapeutic and diagnostic agents provides a powerful means for simultaneous real time
monitoring of therapeutic responses allowing a personalized onco-tratment that can be
performed at the appropriate time. In the current clinical scenario, the imaging part of any
theranosic approach is restricted to MRI, PET and CT. Although these techniques have
widespread applications, it is sometimes difficult to distinguish clearly between normal and
malignant tissues using these methods, and the development of new theranostic technologies

based on luminescent materials is certainly a promising avenue for the coming years.

Following this idea, our group has recently developed a new cytotoxic AlE-active Pt(ll)
complex, bis(diphenylphosphino)methane phenylpyridine Pt(Il) chloride, referred henceforth as
BMPP-Pt (131) with promising features for the development of new theranostic applications
[207]. In the initial experiments, 131 has been found to exhibit a strong fluorescence intensity
and an interesting AIE behaviour in DCM/hexane mixtures. Since it is also highly emissive in

the solid state and has an amphiphillic nature, it can be considered for bioimaging, which
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combined with its potent cytotoxic activity makes it ideal for the formulation of new theranostic
modalities. As the water solubility of 131 is quite poor, to improve its cellular delivery, 131 was
encapsulated into mesoporous silica nanoparticles (Fig. 40) (named Pt-MSNPs in the following).
The 131 encapsulated MSNPs were further modified by conjugating them with an aptamer
against an Epithelial Cellular Adhesion Molecule (EpCAM) on their surface for cancer cell
targeting. To conjugate with the aptamer, initially the surface of Pt-MSNPs was modified with
glycidoxypropyltrimethoxysilane (GOPS) that resulted in Pt-MSNP-GOPS and then the anti-
EpCAM aptamer was added to the aqueous solution of Pt-MSNP-GOPS, incubated for one hour
and washed with phosphate buffer to produce the anti-EpCAM aptamer conjugated 131 loaded
MSNPs.

Pt-MSNPs, Pt-MSNP-GOPS and Pt-MSNP-E were found to show green emission in water. To
confirm the internalization of the AlE-active 131 complex, we exposed Huh7 liver cancer cells
to free 131 for 24 h. Confocal microscopy and flow cytometric analysis revealed that these
complexes are internalized, though the fluorescence signal was weak. Thereafter, to evaluate
whether encapsulation of 131 into MSNPs can enhance their cellular internalization properties,
Huh7 liver cancer cells were treated with 131 and Pt-MSNPs and were monitored for their

relative fluorescence in comparison with free 131 complexes.
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Fig. 40. (i) Preparation of 131 loaded mesoporous silica nanoparticles (MSNPSs), (ii) Modification of
the MSNPs with GOPS and (iii) conjugation of an anti-EpCAM aptamer with the GOPS modified
MSNPs. Adapted from ref. [207] with permission from the Royal Society of Chemistry.

The cytotoxic potential of 131 was evaluated in the Huh7 cells through MTT assays. Since
encapsulation of 131 into MSNPs enhances their cellular uptake, we compared the cytotoxic
potential of free 131 to that of MSNP encapsulated 131. Both showed a considerable cytotoxic
effect while blank MSNPs, on the contrary, showed only a very low level of cell death, even at
a very high concentration. Interestingly, in addition to its effective internalization when
compared to the Pt-MSNP complex, the Pt-MSNP-E complexes showed significantly better
cytotoxicity in Huh7 cells indicating that anti-EpCAM aptamer conjugation of MSNPs was
facilitating the NP entry through an appropriate channel.

3.3 AIE metal complexes for sensing applications

Over the last 50 years there has been an intense research in the development of sensing
techniques for different anions and cations playing a significant role in a wide range of industrial,
chemical, and most importantly, for biological processes [208-215]. A special interest has been
focused in the detection of highly toxic ions such as Hg?*, Cd?*, As?*, Pd?*, CN-, or SCN"[20,
22, 28, 96, 216-223].

Systems where the addition of analytes (cations or anions) to some probe molecules results in a
drastic change in one or more properties of the system, such as emission, absorption, or redox
potential characteristics are known as chemosensors. Among many detection techniques, the
detection of luminescence is considered as one of the most promising tools for sensing
applications because of its high sensitivity, easy visualization, and short response times. A
chemosensor, generally consists of two units, i.e. a receptor unit and a signalling unit [26]. After
selective binding of the analyte to the receptor, the signalling unit produces the effective changes
(turn-on, turn-off or a ratiometric change) in the optical properties (Fig. 41). In this case, heavy
metal-based complexes with phosphorescent emission are, in general, considered to be superior
to fluorescent emitters because of their long-lived lifetimes and higher efficiencies. In recent
times, the use of phosphorescent Pt(11), Ru(ll), Re(l), Ir(l1), Cu(l), Au(l) and Os(ll)-based
complexes [12, 26, 27, 224] as chemosensors has attracted a great deal of attention by several

55



researchers and many Ir(111) based complexes were successfully used for the detection of various
analytes [12, 26].
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Fig. 41. A schematic representation of the “Receptor-signalling unit™ approach for the design of
phosphorescent chemosensors and possible varying phosphorescence signal responses. Adapted
from Ref. [26] with permission from The Royal Society of Chemistry.

3.3.1 Metal cation sensing

The toxicity of mercury and its derivatives are known to pose a serious environmental threat.
The most common and toxic mercury (1) species easily reaches humans or animals via the food
chain and its detection is essential for both human health and environmental preservation. In our
group we have designed and synthesized an AlE-active chemodosimeter showing a superb
response for Hg(l1) in comparison to other metal ions such as Mg?*, K*, Ni?*, AI¥*, Cd?*, Co?",
Pb?*, Bi?*, Fe?*, Ag*, Cu?*, Au* or Zn*2. The AlE-active Ir(11l) complex 132 was purposely
synthesized with an ancillary appended diphosphine ligand where one of the P atoms was
coordinated to the Ir centre and the other P atom was left free to co-ordinate with Hg*? (Fig. 42)
[97]. The limit of detection was estimated to be around 170 nM, a reasonably good value if

compared with many other reported Ir(l11) based Hg?* chemodosimeters.
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Fig. 42. (a) Molecular structure of complex 132, (b) The luminescence spectral changes of

complex 138 (fw= 70% with [M] = 10> mol L) upon increasing addition of Hg?* ions (from 0.0 to
14.0 uM) (nitrate salt). DMF-H20 (3:7 V/V). Aex = 380 nm, (c) The plot of lseavs. the concentration of
Hg?*; inset, the linear relationship of lsssvs. the concentration of Hg?* in the range of 0.0-6.0 pM, (d)
photograph of complex 132 when dispersed at f, = 70% with [M] =10° mol L, by adding 4
equivalent of metal ions. From left to right: (i), blank; (i), K*; (iii), Ni*%; (iv), Al*3; (v), Cd*? ;
(vi), Co*?; (vii), Pb*2; (viii), Bi*?; (ix), Hg*%; (x), Fe*?; (xi), Ag*; (xii),Cu®*; (xiii), Fe*3; (xiv),
Au; and (xv), Mg*? irradiated with ultraviolet light at 365 nm. Adapted from ref. [97] with

permission from the Royal Society of Chemistry.

The copper ion (Cu?*) plays a vital role in human health with many diseases such as Alzheimer's,
Menkes', Wilson's, and prion diseases related to its presence. In 2013, Chen and co-workers
synthesised two cationic cyclometallated Ir(111) complexes (133-134) with 2,2’-bipyridine-
acylhydrazone where ppy was used as the chromophoric ligand [225] . These complexes showed
a very weak emission in common organic solvents in the concentration range 20 pM-20 mM,
while a strong red emission was found for solid samples (Fig. 43). Additionally, complex 133
showed a 35-fold increase in its PL intensity after addition of 100 uM Cu*? to its 10 pM solution,
opening the possibility of using it as a potential switch-on phosphorescent sensor for this cation.
The selectivity and interference experiments were performed in presence of several other metal
ions including Ag *, Ca?*, Cd?*, Fe®", Hg?*, Mg?*, Mn?*, Ni?*, Co?*, and Zn?* showing no

obvious changes except for Fe3* that quenched the emission. The possible mechanism of Cu?*
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detection was proved by addition of excess Cu(ClO4)..6H20 after which two complexes, the
hydrolyzed product and the result of oxidative cyclization, were obtained, finding that the
oxidative cyclization of acylhydrazone was responsible for Cu?* detection in the system (Fig.
43).
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Fig. 43. (a) Molecular structure of complexes 133 and 134 and sensing mechanism, (b) Emission
spectra of 133 in acetonitrile—water mixture (fw = 0-80%), Inset: intensity change at 593 nm
versus water fraction of acetonitrile-water mixture and photographic image of 133 in
acetonitrile-water with water contents of 0 and 80% under UV light irradiation at 365 nm, (c)
Photograph of complexes 133 and 134 in CH3CN solution (left) and in the solid state (right)
under UV light irradiation at 365 nm. Adapted from ref. [225] with permission from the Royal
Society of Chemistry.

Ca?" is very much important for the human body, playing a vital role in regulating the heart's
function, intracellular signalling, enzyme function, the transmission of nervous system signals,
hormonal secretion, blood clotting, regulating muscle functioning, as well as the strengthening
of bones and teeth. According to the Institute of Medicine of the National Academy, the daily
uptake of calcium should be around 1.0 g /daily, thus the detection of Ca?* ion in food and
different media is highly desirable. Pei and co-workers developed a low cost, fast responsive

AlE-active Au(l)-thiolate complex 135 with a good affinity for Ca?*. While the oligomer
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complexes are not emissive in solution, addition of Ca?* ions results in an aggregation that
induces an AIE response [226]. A 0.8 mM detection limit was found for Ca?* concentrations in
the range from 0 to 400 mM, with the 100 mM concentration easily detectable by naked eye

inspection, facilitating the detection of Ca?* in drinking water, whole milk and serum (Fig. 44).
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Fig. 44. (a) A schematic representation of the detection of Ca?* based on the Ca?* induced AIE
property of Au(l)—cysteine complexes 135, (b) Digital photographs of Au(l)—cysteine complexes
in the absence and presence of Ca?* under a portable UV light; (c) Rayleigh scattering test with
a red laser pointer. Adapted from ref. [226] with permission from the Royal Society of

Chemistry.

3.3.2 Explosive sensing

Nitroaromatics such as trinitrotoluene (TNT), 2,4-dinitrophenol (2,4-DNP), or picric acid (PA)
are well-known explosive materials, and a convenient way to detect them is important for
security related technologies. Recently, two AlE-active phosphorescent complexes,
[Ir(ppy)(PPh3)2(H)CI)] (8) and [Ir(o-CHOppy)(PPhs)2(H)CI)] (136) have been found to be highly
sensitive for the detection of picric acid (PA), with detection limits of 65 nM and 264 nM for 8
and 136, respectively (Fig. 45). The maximum Ky, values for PA were 1.90 x 10° M™ and 1.00

x 10° M for 8 and 136, respectively, indicating that these complexes are super-sensitive for
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explosive detection. In addition, 8 has been successfully employed for selective detection of PA
[227].
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Fig. 45. (a-d) PL spectra of 136 (right) and 8 (left) with ¢ =10° mol L* at f, = 90% (in
water/THF) upon the addition of 5 equivalents of different nitro based explosive /non-explosive
compounds, (b-e) Column diagrams of the relative PL intensity of 136 (right) and 8 (left) with
different explosive/non-explosive compounds at 535 nm (136) and 470 nm (8). Grey bars
represent the addition of various explosive/non-explosive compounds to each complex and black
bars represent the subsequent addition of PA (5 equivalents) to the abovementioned solutions [1
+ explosive/non-explosive compounds + PA], (c-f) Image of 136 (right) and 8 (left) when
dispersed at f., = 90% with ¢ = 10° mol L%, with addition of 5 equivalents of each of the explosive
/non explosive compounds, respectively; from left to right: (i) blank; (ii) PA; (iii) 3,5-DNT,; (iv)
NT; (v) 2,4-DNP; (vi) 1,3-DNB; (vii) NB; (viii) T; (ix) BA. Adapted from ref. [227] with

permission from the Royal Society of Chemistry.

Recently, two new AlE-active Ir(I1l) complexes (137-138) were specifically designed for
selective detection of nitro explosives [228]. While 137 was utilized for selective detection of
picric acid, 138 was synthesized to perform a controlled experiment in presence of a nitro

explosive. Complex 137 was found to be non-emissive in an organic medium, but highly
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emissive in the solid state. The PL intensity, 90 times higher at f, = 90% than in pure acetone,
was almost completely quenched by addition of 5 ppm of picric acid. The selectivity test was
performed in presence of (i) different nitro explosives such as TNT, 2,4-dinitroluene (2,4-DNT),
2,6-dintritoluene (2,6-DNT),1,3-dinitrobenzene (1,3-DNB), nitrobenzene (NB), 2-nitrotoluene
(ONT), and 3-nitrotoluene (mNT) and (ii) at different pH, as well as in the presence of various
anions and cations (Fig. 46). The experiments indicated the selective detection of PA without
any interference. The selective detection of PA by complex 137 was explained based on an
energy transfer (ET) mechanism, while the sensing of other nitro explosives by complex 138

was explained based on the basis of a photo induced electron transfer (PET) mechanism.
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Fig. 46. (a) Molecular structure of complexes 137 and 138, (b) PL spectra of complex 137 in
acetone-water (v/v = 1:9) containing different amounts of TNP, (c) Corresponding Stern—\Volmer
plots of TNP (nitro-explosive power of 2,4,6-trinitrophenol). Adapted from ref. [228] with

permission from the Royal Society of Chemistry.

In 2014, Reddy and co-workers synthesized complex 139, an |Ir(lll) bis(2-(2,4-
difluorophenyl)pyridinato-N,C2”)(2-(2-pyridyl)benzimidazolato-N,N’) complex, [FIrPyBiz]
(Fig. 47) [229] that was successfully used for detection of TNT in the vapour and solid phases,
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as well as in agueous media. Complex 139 was found to exhibit an AIE behavior in acetone—
water mixtures with the PL intensity at fw = 70% being almost 128 times higher than in solution.
On the other hand, a bright greenish-yellow emission was observed in the solid state with a
quantum yield of 7.4% in air at an ambient temperature. AIE was attributed without further proof
to the excimeric interactions between the cyclometalating ligands of adjacent complexes,
resulting in a switch from a non-emissive 3LX excited state to an emissive *MLLCT transition.
Detection of TNT was carried out using a 70% water-acetone mixture for which a detection limit
of 9.08 mg mL™* (Fig. 47) was found.
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Fig. 47. (a) Molecular structure of complex 139; (b) Phosphorescence spectra of 139 in acetone-
water (30: 70%) mixtures containing different amounts of TNT (Aex = 365 nm). Adapted from
ref. [229] with permission from the Royal Society of Chemistry.

It is possible to develop a portable sensor made from AlE-active complexes (8, 136 and 140) for
the rapid on-site detection of explosives. Our group among others, demonstrated a simple
method to detect explosive such as picric acid or TNT using a filter paper soaked in an AlE-
active complex solution, which showed a turn-off response even at low concentration levels (Fig.
48) [227, 230]. A filter paper soaked with acetonitrile solution of complex 140 showed selective
detection for TNT at 5 ppm level.
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Fig. 48. (a) Portable sensors made from AlE-active Ir(111) complexes (8 and 136). Luminescent
images of paper plates impregnated by 8 and 136 against different concentrations of PA (i) 107
M; (ii); 10 M; (iii) 10° M; (iv) 10* M and their response in presence of explosives. (b)
Luminescent photographs of filter papers impregnated with complex 140 against 5 ppm of
different nitro-aromatic compounds. All photographs were taken under 365 nm UV illumination.
Adapted from ref. [227 and 230] with permission from the Royal Society of Chemistry.

3.3.3 Gas sensing: CO2 and O2 detection

The accurate determination of the presence of gases such as CO2 and O in biological tissues or
cells is of a great importance in medical diagnosis, and the development of new AIE materials
for sensing purposes in this field represents a promising avenue. In this sense, complexes
exhibiting dual luminescence are specially interesting for developing this type of applications in
which switching the luminescence by applying external stimuli is a key factor. Kasha's rule,
according to which photon emission occurs only from the lowest excited state, gives however, a
hint on the reasons on why it is difficult to develop single component dual-emissive small-
molecular luminophores, that is, complexes with simultaneous emission from two different
excited states. Such compounds must satisfy two basic requirements: the presence of a rich
manifold of low-lying excited states and a limited electronic communication between them to
allow radiative decays from two different states. In the literature there are a few mentions to
Ir(111) complexes with a dual emission [231-234] but to the best of our knowledge, only two
reports of dual emitting AIE-active complexes used for gas sensing purposes have been reported.

In the first paper, [94] we described the synthesis of four new Ir(I1l) complexes 141-144 by
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aliphatic C-H activation of a Schiff base (Fig. 49). All four complexes were found to exhibit an
intense AIE effect and, remarkably, in complex 144 substitution at the Schiff base to introduce
an electron-donating diphenylamine group modifies dramatically its electronic structure leading

to a dual emitter which is also AlE-active.
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Fig. 49. Molecular structure of complexes 141-144.

Comparing the absorption spectra of compounds 141-144 it is evident that 144 exhibits a very
different behavior, with a rather intense absorption band around 400 nm that is not observed for
the other three complexes (Fig. 50). A computational analysis shows that this band is due to a
HOMO to LUMO transition with a strong ILCT character due to the donor nature of the
diphenylamine substitution in the Schiff base (Fig. 50a). This emission band (Fig. 50c) has a
strong solvatochromic behavior while the other, strongly structured one, appearing between 525-
700 nm, is very similar to those observed for the other three compounds. The computational
study, together with the evidences from the solvatochromic behavior and the measurements of
lifetime data strongly support the dual emissive nature of complex 144. Interestingly, the two
emission bands have quite distinct features, with the solvatochromic band at lower wavelengths
corresponding to fluorescence and the other one to phosphorescence. Although several examples
of dual phosphorescence for Ir(I11) complexes have been described previously [235, 236], this
is, to the best of our knowledge, the first case of an Ir complex showing simultaneous
fluorescence and phosphorescence, with a solvatochromic behavior (from blue to yellow) due to
changes in the fluorescence band. The AIE properties of 144 were confirmed for solutions in
different solvents such as THF, ACN or DMSO by gradual addition of water to them. An
interesting feature was observed in THF/water solutions, where the sudden increase in intensity

at fw around 80% implies also a strong change in the emission colour of the solution.
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Fig. 50. UV-VIS absorption spectra of 141-144 (c= 10° M) recorded in degassed DCM at room

temperature, (b) HOMO and LUMO of the optimized ground state of 144 at the

B3LYP/LANL2DZ,6-31G(d) level. Hydrogen atoms have been omitted for the sake of clarity, (c)

Emission spectra of 144 in different solvents. Adapted from ref. [94] with permission from the

Royal Society of Chemistry.

The luminescent properties and the AIE behavior of 144 have been exploited to design a CO;
sensing system. After reaction with diethyl amine the complex yielded a viscous carbamate ionic
liquid (CIL). When it was dissolved in diethyl amine (DEA) and purged with CO; bubbles for
10 min, the initially non-emissive complex solution in DEA developed a perceptible emission.
This change in the emission features was attributed to RIM, where the viscous CIL was able to
restrict the rotation of triphenyl phosphine groups blocking the non-radiative deexcitation.
Further, to study the response towards CO,, different amounts of CO2 were passed through a
solution of complex 144 in DEA at a fixed rate and time. The emission was enhanced after
gradual addition of CO- in the system, yielding a linear relation between emission intensity and
COz concentration, and hence, providing a straightforward way to quantify the CO2 absorption

(Fig. 51) [94].
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Fig. 51. (a) Emission spectra of 144 in DEA with different fractions of CIL (fci. =0-90%). (b)
Maximum emission intensity with respect to CIL, (c) PL spectra of 144 in DPA with different
volumes of CO, showing a gradual PL intensity enhancement (d) PL intensity vs. increasing
volume of CO2 showing a linear relation with R? = 0.9970, (e) Photographs of 144 in DEA/CIL
mixtures taken under UV illumination. Adapted from ref. [94] with permission from the Royal

Society of Chemistry.

The accurate determination of the oxygen levels in biological tissues or cells is of a great
importance in medical diagnosis, it is however an extremely difficult task since oxygen
concentration in healthy tissues should be kept within a certain narrow range of concentrations
and both hypoxia (insufficient oxygen supply) and hyperoxia (excessive oxygen supply) suppose
arisk [208, 237, 238]. From the chemical point of view, it is relatively simple to devise molecules
for sensors in hypoxic conditions, but single molecules with adequate responses for both hypoxia
and hyperoxia have been proven to be quite elusive. Current sensors for oxygen in biological
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samples can be classified into two broad families, that is, fluorescent organic dyes and
phosphorescent transition metal complexes. Organic dyes are designed to provide an irreversible
response to specific reductases in hypoxic environments, giving rise to a detectable change in
their fluorescence. On the other hand, transition metal complexes used in oxygen detection rely
on an effective quenching of the complexes' phosphorescence from the triplet state by oxygen
via energy transfer. Both types of probes have been found to exhibit a fast and reliable
luminescent response in hypoxic environments, but the sensing sensitivity is found to
dramatically drop down for higher oxygen concentrations [94, 208]. In a recent publication
[237], Zhang et al. have taken advantage of the dual phosphoresence exhibited by new AIE-
active Ir(111) complex containing aminomethyl substituted phenylpyridine ligand 145 to develop
a single molecule based system for O sensing in biological samples able to work both in hypoxia

and hyperoxia conditions.

Ir(111) polypyridine complexes with two types of ligands may exhibit intense phosphorescence
from triplet metal/ligand to ligand charge transfer (MLLCT) or intra-ligand (IL) excited states,
depending on the electronic structures of the chosen ligands. Incorporation of functional groups
such as amino groups with unconjugated lone pair electrons that give rise to additional transitions
to 7* MOs that may interrupt the internal conversion of the excited lowest state producing a dual
phosphorescence from two independent states. This approach has been followed in refs [236,
237] by synthesizing a series of new Ir(I1l) complexes containing aminomethyl substituted

phenylpyridine ligands for O2 sensing purposes (Fig. 52).
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Fig. 52. (a) Molecular structure of complex 145 and (b) its photoluminescence spectra in
PBS/CH3OH (9:1, v/v) under N2 (blue), air (green), and O (red) atmospheres and (c) the
corresponding photographs upon excitation by a UV lamp. Adapted from ref. [237] with
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permission from the American Chemical Society.

In the absence of oxygen, the photoluminescence spectrum of complex 145 (Fig. 53) shows a
well-resolved dual emission composed of a vibronically structured high-energy (HE) band in the
blue-green region and a structureless low-energy (LE) emission band in the yellow to orange-
red region that have been assigned to ®IL and 3MLLCT excited states, respectively. According
to the authors [236] the dual emissive character is observed for complexes with an *NLCT state
arising from excitations of lone pair electrons to 7* MOs (Fig. 53). In compounds where the
SNLLCT state has energy intermediate between the °IL and MLLCT states it is suggested to
interrupt the internal conversion that would usually take place from the high energy ®IL state to

the low energy *MLLCT state, giving thus rise to the observed dual phosphorescence.
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Fig. 53. (a) Structure skeleton of a potential dual phosphorescent Ir(l111) complex. (b) Energy
diagrams showing the states involved in IL, NLCT, and CT transitions. (b) Energy diagrams for
ground and excited states showing that the NLCT state interrupts the internal conversion,
resulting in dual phosphorescence from both 3CT and ®IL states. Adapted from ref. [237] with

permission from the American Chemical Society.

As shown in Fig. 52 complex 145 exhibits an easy detectable change in emission colour from
green in hypoxic conditions to red in excess Oz concentrations. The mechanism behind this
colour change relies on the different quenching efficiencies by oxygen for the two different
emissions. As mentioned in a previous section, the high energy (HE) and low energy (LE)
emission bands in the spectrum of complex 145 (Fig. 52) can be assigned to emission from 3IL
and SMLLCT excited states, respectively. The lifetimes of these two states are quite different:

for complex 145 in the presence of air they were 0.36 us and 36 ns, respectively.
According to the Stern-Vollmer equation:

%:%:Hquo[Oz]
where lp and | are respectively the intensities in the presence and absence of oxygen, to and t
are the corresponding lifetimes, and Kq is the quenching rate. The quenching efficiency or Stern-
Volmer constant, Ksv= 1o Kq, is proportional to the phosphorescence lifetime, indicating that a
longer excited-state lifetime will favor non-radiative quenching. In the presence of air, complex
145 emits a yellow luminescence that is turned into green or red when either N2 or O2 are bubbled
into the sample, respectively. Taking into account the large difference between the measured

lifetimes of the two emitting states these changes can be explained considering that upon
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bubbling N2 or pure O, the lifetime of the HE state was correspondingly elongated or shortened,
while that of the LE one was negligibly altered. This changed dramatically the quenching
efficiency of the HE state so that in an hypoxic environment the spectrum is dominated by the

HE band while in an hyperoxic environment it corresponds basically to the LE band.

The highly sensitive phosphorescence spectrum of complex 145 toward O and its AlE-active
nature, which lead to an enhancement of the emission in aggregated media, were shown to
provide an excellent means for detection of both hypoxia and hyperoxia in living cells and
biological tissues. Additionally, complex 145 was employed for O2 monitoring in zebrafish. The
complex (10uM, 50pL) was injected into 4- day-old zebrafish at the head. Upon photoexcitation,
the whole zebrafish was intensely emissive, although long-lived phosphorescence signals were
found only in the head region. The response of these signals toward different concentrations of
O2 was analysed. Bubbling either 5% or 50% O into the culture media of the zebrafish did not
cause any noticeable effect on the LE red phosphorescence signal, but enhanced or quenched,
respectively, the green HE phosphorescence, demonstrating the sensitive profile response toward
in vivo hypoxia and hyperoxia conditions.

3.4 AIE metal complexes for OLEDs

AIE materials with high quantum efficiencies have had a significant role in the development of
future display technologies, i.e. OLEDs [5, 6, 10, 239-243] Efficient solid-state emitting
materials are promising candidates for OLEDs. The research area of AIE-active metal complexes
for display technologies is still limited. Ir(111) complexes with attractive emission features show
often a weak emission in solid state because of triplet-triplet annihilation processes and for this
reason AIE metal complexes that could circumvent this problem are nowadays actively sought

for.

In 2011, You and co-workers synthesized two strongly emissive solid-state complexes,
Ir(tfmppy)2 (tpip) (146, timppy = 4-trifluoromethylphenylpyridine, tpip=tetraphe-nylimido-
diphosphinate) and Ir(dfppy)2(tpip) (147, dfppy = 4,6-difluorophenylpyridine) [244] (Fig. 54).
The ancillary ligand Htpip (tetraphenylimidodiphosphinate acid) was purposely used to alter the
lifetime as well as the emission wavelength. These two complexes were stable up to 361 and
411°C, respectively. The EL efficiency of complex 147 was evaluated using it as guest material
ina 147: mCP (20 nm, 10 wt%)/ TPBi (40 nm)/LiF (1 nm)/Al (100 nm) structure, with the device

70



showing a maximum luminance of 38 963 cd.m2 at a voltage of 11.5 V and only a 6.7%
efficiency roll-off from 100 to 1000 cd m™ 2.
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Fig. 54. Molecular structures of complexes 146-154.

Recently, Su and co-workers have fabricated a non-doped OLED using AlE-active Ir(lll)
complexes 16 with Commission Internationale de I’Eclairage (CIE) coordinates of (0.29, 0.48)
using a solution process (Fig. 54) [245]. The device achieved a maximum current efficiency (nc)
of 25.7 cd At and 7.6% external quantum efficiency (nex) using the configuration glass/indium
tin oxide (ITO)/PEDOT:PSS/16: BMIMPF 6 (5:1)/Al, where PEDOT:PSS is poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) and is inserted to facilitate the hole injection.
Additionally, the 1-butyl-3-methyl-imidazolium hexafluorophosphate (BMIMPFs) was added
into the emitting layer to improve the turn on voltage and response time of the device. Another
AlE-active Ir(111) complex (148) with phenyl substitution was also used for non-doped OLED

showed high device performance with a ne = 13.1 cd A and a nex: of 4.2%), respectively.

The J-aggregation behavior of IrPPy(PPhz)2(H)(CI) (8) was utilized by our group to develop an
innovative technique to fabricate an EL device by utilizing its aggregation properties (Fig. 55)
[93]. The OLED was fabricated at the air—water interface using the Langmuir-Blodgett (LB)
technique with the device containing a multilayer LB film (15-monolayer) of supramolecular
wires as active component, a bathophenanthroline (BPhen) electron transport layer, and a N,N-
di(naphthalenel-yl)-N,N'-diphenylbenzidine (NPD) hole transport layer. With a threshold
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voltage of 3 V the device exhibited a luminance of ~ 260 Cd m~2 at 13 V with an 0.35% external

quantum efficiency.
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Fig. 55. (a) Current density versus voltage curve of the LED. Inset shows the photograph of
working LED for complex 8. (b) Bias-dependent EL spectra of the device along with the solid-
state PL spectrum. (c¢) Luminance versus voltage (black dotted line) and external quantum
efficiency versus voltage (red square line) characteristics of LED. (d) Calculated CIE
chromaticity coordinates of the emissive colors under different bias voltages. The bias voltages
are shown in the inset. Adapted from ref. [93] with permission from WILEY-VCH.

Besides Ir(111) complexes, Pt(l1l) compounds are also considered as suitable candidates for flat
panel displays and many phosphorescent Pt(I1) complexes have been successfully applied as
emission layers in OLED fabrication because of their efficient intersystem crossing (1ISC), high
phosphorescent quantum yields, relatively short triplet state lifetimes, and tunable emission
colours (from blue to red) [246, 247]. In 2014, Yam’s group synthesized two AIlE-active
unsymmetrical bipyridine—Pt (I1)-alkynyl complexes (149-150) by using a post-click reaction
(Fig.54) [248]. The photoluminescence quantum yield of complex 149 was found to increase

by 24-fold in 5% doped 1,3-bis(N-carbazolyl)benzene (MCP) compared to DCM solution. The
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complexes were successfully applied as dopants in phosphorescent organic light-emitting
diodes (PHOLEDSs) with the configuration of indium tin oxide (ITO)/poly(ethylenedioxythiop
hene):poly(styrene sulfonic acid) (PEDOT:PSS) (70 nm)/5% 149 or 150:MCP (60
nm)/1,3bis[3,5-di(pyridine-3-yl)phenyl]benzene (BmPyPhB) (30 nm)/LiF (0.8 nm)/Al (100
nm). The device containing 149 showed a better performance, with a maximum current
efficiency of 18.4 cd A1, a power efficiency of 8.0 Lm W and an external quantum efficiency
of up to 5.8%.

Wu and co-workers developed a series of AlE-active Pt(11)(C*N)(N-donorligand)CI complexes
(151-154) (Fig.54) [60] strategically designed with —SO.Ph and —POPh. groups (for improved
electron injection/ transport) and —NPh (for improved hole injection/transport) of the device.
PMMA films including complex 154 have a 17 times higher phosphorescence quantum yield
than DCM solutions. Finally, these complexes show a good response in OLED devices
fabricated with an ITO/PEDOT: PSS (45 nm)/emission layer, EML Pt x%:CBP (40 nm)/TPBI
(45 nm)/LiF (1 nm)/Al (100 nm) configuration. The device with 6.0 wt% 154 was found to the
best candidate with a 28.4% external efficiency, n. = 75.9 cd A maximal current efficiency,

and np = 62.7 ImW ! maximal power efficiency.

3.5 Miscellaneous applications of AlIE-active metal complexes

Besides the more standard applications described in previous sections, AlE-active metal
containing molecules have also been proposed for other somewhat surprising applications. In
this closing section we describe some of these new proposals, showing the wide range of possible
technological developments that might be found for new compounds with an effective AIE.
Using the piezochromic and vapochromic properties of complex 117, an innovative technology
for information encryption and decryption was designed. To demonstrate the viability of such
an application a filter paper was soaked in a CH2Cl> solution of (E)-4-sulphonic-40-
dimethylaminoazastilbene (SDMAB) dye for 1h [62]. The soaked paper, showing a yellow
colour under 356 nm UV excitation, was used as background. A rubber stamp with letters “NJ
TECH” was dipped into solution of complex 117 and stamped on the filter paper on which the
letters were not visible (encryption process). In the decryption stage, 10 min exposure to DCM
can turn on the emission to green and the “NJ TECH” can be easily read (Fig. 56e).

Reference [104] describes a dual level anti-counterfeit application based on AlE-active complex
19, which was found to have an excellent PCL performance. Their authors used a fluorescent
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(MASK) Schiff base with a similar emission around 610 nm as complex 19. After mechanical
grinding the MASK along with the complex, resulted in a product (G) with an emission colour
that was undistinguishable from that of MASK under 365 nm UV. The authors made flower-
shaped orange anti-counterfeit trademark containing a central ‘stamen’ made of MASK and a
‘petal’ made of G (Fig. 56 b-c). The first level of the anti-counterfeit system was presented by
exposing the device to DCM. As a result, the emission of the ‘petal’ changed from orange (G)
to yellow (D). The second level was demonstrated by regenerating the original colour of G after
grinding. A data encryption/decryption device was successfully designed where G was used as
cryptographic ink and MASK as a control reagent. The characters “NENU” were written on the
filter paper by using MASK, then the letters “AIPE” were spread over it. The word “AIEP” can
then be made visible under 356 nm irradiation after exposure to DCM (Fig. 56d).

Recently, Liu and co-workers synthesized an AlE-active complex 155 with dual emission (Amax
=362 nm, ® = 0.16 and Amax = 494 nm, ® = 0.59) that was further employed for visualization
of latent finger-marks (LFs), demonstrating the possible application of complex 155 in criminal
investigations [249]. For this purpose, the aggregate of complex 155 (f, = 90%, 1.0x10* mol/L)
was used to visualize the sebaceous finger-marks on a surface. The finger marks were carefully
washed with an ethanol-water mixture and after drying at room temperature, the images were

captured using a camera under 365 nm UV excitation as shown in (Fig. 56f-h).
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Fig. 56. (a) Molecular structure of complexes 19, 117 and 155; Photographic images of 19 (b)

first-level anti-counterfeit trademark, (c) Second-level anti-counterfeit trademark and (d)
Information encryption and decryption devices. Note the appearance of the word 'AIPE’ in
yellow letters within the bottom ‘NENU’. Adapted from ref. [104] with permission from the
Royal Society of Chemistry. (e) Data encryption and decryption process using complex 117.
Adapted from ref. [62]. with permission from the Royal Society of Chemistry, (f) Procedures
and photographs of latent finger-marks (LFs) detection v using AlE-active complex 155. LFs
images on (g) stainless steel and (h) glass under 365 nm UV irradiation. Adapted from ref. [249]

with permission from Elsevier.

4. Conclusions

Aggregation Induced Emission (AIE) is observed for some luminescent molecules which are
poorly emissive in solution but produce an extraordinary bright emission upon aggregation. The
synthesis in recent years of numerous AlE-active molecules has offered a great opportunity to
study the photo-physical properties of such compounds unravelling the subtle mechanistic
pathways that lead to this phenomenon. Furthermore, the AlE-active molecules have proved
their great potentiality in many important and relevant applications where luminescence from
solid samples or thin films is highly desirable e.g., optoelectronics, bio-imaging, chemo-sensing

and multi-stimuli responsive materials. After the initial bloom of new organic AIE fluorophores,
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the scientific community steps up for the development of new transition metal based AlEgens,
opening the field of applications to phosphorescent luminogens. The first AIE-active Pt(ll) and
Re(I) based metal complexes were reported in 2002. Since then, scientists worldwide began to
explore this path with complexes including other metal ions. Heavy metal complexes containing
Ir(111), Pt(11), Os(I1) or Au(l) which have been known as efficient phosphorescent materials with
high quantum yields, long triplet state life times and large Stokes’ shifts provided a direction for

further expansion in the family of AIE-active compounds.

The most fruitful concept in the development of new AIE systems has been that of restriction of
intramolecular motion (RIM), encompassing the earlier suggestions of restriction of
intramolecular rotations (RIR) and restriction of intramolecular vibrations (RIV). Following the
ideas behind the RIM mechanism, propeller-shaped and shell-like molecular fragments have
been incorporated to luminescent cores in order to quench the emission for isolated molecules
in solution while preventing the formation of detrimental species such as excimers upon
aggregation that could lead to the well-known ACQ effect. A fruitful strategy to translate these
ideas from organic molecules to transition metal complexes has been the inclusion of highly
flexible ancillary PPhz ligands containing rotatable phenyl rings in Ir(l11l) complexes to obtain
highly efficient phosphorescent AIEgens

In this review, we have tried to cover all AIE systems containing d-block metals such as Au(l),
Ir(111), Pt(11), Os(1V), Pd(I1), Zn(l1), Cu(l), Re(l), Ru(ll). The studied Au(l) complexes exhibit
metallophilic interactions and strong n-nt stacking along with a few other interactions that lead
to an effective metal-metal induced RIM upon aggregation. These AIE-Au complexes have been
mainly studied because of their mechanochromism and/or vapochromism as well as in the
fabrication of white OLEDs. Similarly, in the case of Pt(ll) complexes, the AIE property is
strongly related to the formation of strong MMLCT or MLLCT excited states, absent in the
isolated molecules in solution. For other metals, the simplest methodology to induce AIE is to
incorporate bulky rotor groups to provide an effective RIM upon aggregation. Most of the Ir(I11),
Cu(ll), Zn(ll), Os(1V) and Pd(Il) AlE-active luminophores were decorated by rotor groups
resulting in a remarkable emission enhancement in aggregates. An interesting feature of Ir-AlE
systems is the possibility of easily tuning the emission wavelength of the AIE from blue to red
by systematic variation of the chromophoric ligands. The tunable phosphorescent emission at
room temperature with long luminescence lifetimes, of several microseconds, makes more

abundant elements with d° electronic configuration such as Zn(I1) and Cu(l) active competitors
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of costly metals such as Ir(l11), Pt(ll), Os(I1), Re(l) or Ru(ll). The application of AIE-Cu(l)
complexes in bio-imaging, for instance, has drawn an immense interest in the scientific
community. The multi-stimuli response indicates the vast potentiality of Zn(Il)-AlIE systems
which can be explored for other applications such as bio-imaging or the fabrication of
optoelectronic devices. The polypyridyl complexes of Ru(ll) have been extensively studied and
used as DNA structural probes or new therapeutic agents, although the development of Ru(I1)-
AIE systems remains almost untouched, opening an opportunity for research groups to design
and synthesize new complexes. In a similar way Re(l) complexes with long alkyl chains
exhibiting AIE properties have been used for explosive sensing and the emission enhancement
of Re(l) AIE complexes after formation of micelles or vesicles has been used in mimicking
biological systems and drug delivery. The inclusion of a N,N-bidentate ligand with bulky groups
and ligands with propeller-shaped structures has been proved to be an effective strategy for
introducing the AIE property in the system.

Finally, the development of new metal based new AIE systems is highly desirable for many
applications e.g., biomolecular sensing, biological imaging, chemical sensing (explosives, ions,
pH, gases, peroxides, fingerprints, viscosity etc.), as stimuli responsive materials, (force, heat,
vapour, etc), or in optoelectronic systems (e.g., light-emitting diodes, organic field-effect
transistors, optical waveguides, etc.). The simplicity and the promising applications of the AIE
systems, will undoubtedly encourage scientists to develop new transition metal based AIE-active
complexes which will not only enlarge the number of these systems, but will certainly play a

major role in various state-of the art technological applications.
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