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Aggregation-induced emission (AIE) compounds display a photophysical phenomenon in

which the aggregate state exhibits stronger emission than the isolated units. The common term of

“AIEgens” was coined to describe compounds undergoing the AIE effect. Due to the recent interest

in AIEgens, the search for novel hybrid organic–inorganic compounds with unique luminescence

properties in the aggregate phase is a relevant goal. In this perspective, the abundant, inexpensive,

and nontoxic d10 zinc cation offers unique opportunities for building AIE active fluorophores, sensing

probes, and bioimaging tools. Considering the novelty of the topic, relevant examples collected in

the last 5 years (2016–2021) through scientific production can be considered fully representative of

the state-of-the-art. Starting from the simple phenomenological approach and considering different

typological and chemical units and structures, we focused on zinc-based AIEgens offering synthetic

novelty, research completeness, and relevant applications. A special section was devoted to Zn(II)-

based AIEgens for living cell imaging as the novel technological frontier in biology and medicine.

AIE  zinc complex  fluorescence

1. Introduction

A luminescent material is a material able to emit light in the process of returning from the electronic or vibrational

excited state to the ground state after being excited by external energy. The term “luminescence” was introduced in

1888 by the physicist and historian Eilhard Wiedemann to describe light emission not simply related to an increase

in temperature. Photo-induced luminescence or photoluminescence (PL), often referred simply as “luminescence”,

is the light emission in the optical range of visible, ultraviolet, or infrared light. According to the mode of excitation

and relaxation, luminescence can be classified into various types, including fluorescence and phosphorescence.

Contrary to phosphorescence, fluorescence is a form of photoluminescence in which the excitation–emission

process occurs very quickly . After a molecule absorbs energy from a light source and becomes excited,

fluorescence occurs within nanoseconds. Upon excitation with electromagnetic energy at the correct wavelength,

an electron in the fluorescent molecule is promoted to an upper level, and finally, the energy is released in the form

of a photon (fluorescence emission) while the electron moves back down to the lower energy level. In most cases,

fluorescence requires a longer excitation wavelength—and so lower energy—than the absorbed radiation.
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Since 1800, fluorescent organic dyes highly emissive in diluted solutions were examined. In the middle of the

nineteenth century, the chemist Adolf von Baeyer developed fluorescein as a synthetic organic material highly

fluorescent in aqueous solutions in daylight. This fluorescence quenching effect at high concentrations was clarified

in 1955 by Th. In 1970, the ACQ effect was told as “common to most aromatic hydrocarbons and their derivatives”

by J. B. Birks, in his book entitledPhotophysics of Aromatic Molecules .

With the rise and development of new technologies, the twentieth century opened the doors to a new perspective

about luminescent materials. In most modern applications, such as optoelectronic devices (as laser, optical

storage, and OLEDs) and biomedical tools, fluorescence materials are used as solids and/or aggregates 

. The need for materials suitable for such applications led to a growing interest in the design and

synthesis of aggregate emitters.

The first pivotal report containing the concept of aggregation-induced emission materials is due to Tang and

coworkers . Aggregation-induced emission (AIE) compounds display a photophysical phenomenon in which

molecular aggregates exhibit stronger emission than single molecules. non-emissive in solutions up to 80% water

fraction. Above this threshold, strong fluorescence was observed due to the strong aggregation of the molecules.

Milestones for AIE theoretical development are several scientific publications from 2001 up to now. In 2003, again

Tang and coworkers proposed the restriction of intramolecular rotations (RIR) mechanism based on the study of

hexaphenylsilole  and proved it as applicable to most AIEgens. Contrarily, upon aggregation, the restriction of

the intramolecular motions suppresses the radiationless decay pathway. A generalised mechanism for AIEgens

named “RIM” (restriction of intramolecular motions) was introduced in 2014 by combining RIR and RIV effects, so

including rotation, vibration, bending, flapping, twisting, and other intramolecular motions concurring to the

radiationless decay pathways .

Specifically, to predict AIEgens behaviour, other energetic parameters are involved and must be considered. The

Duschinsky rotation energy  (due to the difference between the ground state and excited-state

potential energy surfaces, calculated by the harmonic oscillator model); the reorganisation energy  (required to

relax the structure and environment upon electron transfer); the formation of J-aggregates (causing a bathochromic

shift in the absorption due to π–π stacking of the aromatic moieties) . Finally, the restricted access to a conical

intersection (RACI) model to analyse the global potential energy surface topology was introduced in 2013 by

Blancafort and coworkers . Conical intersections were described as regions of the potential energy surface

where the ground and excited states are degenerate, and the probability of non-radiative internal conversion is

maximal.

To conclude, a correct theoretical setting of the chemical system is crucial for the actual prediction of the

photoluminescence yield of the AIE fluorescent dye. The observation of the effects involved in the activation of

emission in the aggregate state gave scientists new ideas about AIEgens design.
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The great potential of AIEgens is documented by the number of publications and citations about the topic,

exponentially increasing since the first AIE report in 2001. To date, more than 2000 papers (articles and many

reviews) have been published under the keyword “AIEgen”, and AIE topic was ranked no. In the last 20 years,

AIEgens have been deeply explored and their unique advantages over conventional ACQ molecules fully

recognised. The implementation in AIEgens study is moved by the cutting-edge technologies demand, ranging

from optoelectronic to sensing and bioimaging .

Many optoelectronic techniques greedily require emissive solid layers. The earliest application of AIEgen in

optoelectronic devices was reported in 2001 as blue-emissive AIE siloles with excellent external quantum efficiency

. Several AIEgens have been designed with the precise aim of obtaining solid-state emissions. In addition, the

whole emission colour display, up to the NIR region, can be easily obtained by structural modifications in the

AIEgen skeleton.

Due to their versatility, AIEgens can be easily obtained in a polymeric- or macro-structured form by reaction of

functionalised fluorophores or by doping the fluorophores in a polymeric matrix. Macromolecular materials are ideal

candidates for optoelectronic applications based on solid-state layers, such as organic light-emitting diodes

(OLEDs, optical waveguides, and luminescent solar concentrators, or even soft-matter-based devices such as

light-emitting electrochemical cells (LECs) and liquid-crystal displays .

Other significant applications of AIEgens are fluorescence chemosensors and multiple-stimuli (such as pH,

electromagnetic radiation, morphology) responsive materials . AIEgens can be utilised as fluorescent

indicators/markers to characterise supramolecular interactions and macromolecular motions in the solid state, in an

aggregate gel phase or even in a water-concentrated solution. In 2005, Tang and coworkers produced

chemosensors based on silole as sensors for the regioisomers of nitroanilines  and in 2010, Park and coworkers

promoted AIEgens as stimuli–responsive materials. To date, several AIE-based chemosensors were reported for

the detection of ions, metals, small organic molecules, and biological targets .

Porous crystalline solids such as inorganic nanoparticles (NPs), metal–organic frameworks (MOFs), covalent

organic frameworks (COFs), and carbon nanotubes (CNTs) are materials where the choice of suitable AIE active

fragments can produce highly engineered composite materials with unique properties . In the composite

material, the AIE moieties interact with a regular structure resulting in tunable electronic and optical properties. Low

self-quenching and a highly modulable inner chemical environment can be achieved. Thanks to the porous

architecture, such nanostructured AIEgens are promising candidates for fluorescence sensing with high sensitivity

and selectivity toward specific analytes .

The incorporation of AIEgens in bio-compatible materials through various methods (covalent or coordinate bonds,

noncovalent interactions) provides AIEgen-based composite biomaterials for several uses. In 2012, Tang and Liu

and coworkers developed AIEgen bioprobes for cell-imaging and monitoring of biological processes . Due to

their permeability and retention, biocompatible AIE-based dots and NPs were also applied for in vivo cancer
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imaging and diagnostics . Again, Tang and coworkers, in 2018, reported a simple approach to link AIEgens to

bio-relevant species for biological labelling and monitoring .

Lessons learned from these advanced tools provide new ways of thinking about the most relevant in vivo

applications.

In the following years, many purely organic, aromatic and heteroaromatic RIM undergoing AIEgens were

described. Specifically, AIEgens bearing cores such as tetraphenylethene, thiophene-triphenylamine,

tetraphenylpyrazine, quinoline, 9,10-distrylanthracene, dithiole, and derivatives have been extensively reviewed in

recent articles .

Despite the obvious advantages of organic fluorophores, which are singlet emitters, heavy atoms such as transition

metals display triplet emission. The related spin–orbit coupling leads to efficient singlet–triplet state mixing so that

the presence of a heavy atom can improve the photophysical properties of π-conjugated ligands . The

formation of metal complexes represents a strategy for obtaining new luminescent materials with long

luminescence lifetimes, large Stoke’s shifts, and high PLQYs in the visible region. Metal complexes are potentially

unique luminophores with highly tunable structures and photophysics.

The origin of the AIE effect in transition metal complexes can be explained based on the competing radiative and

non-radiative de-excitation paths. Besides, blocking the non-radiative deactivation pathway, the presence of the

coordinated metal can also produce a more efficient emitting state of the organic part in its aggregate state. In fact,

the electronic charge in the complex can be transferred between different molecular moieties, involving electron

transfer between metal cation and ligands. The AIE effect is potentially ascribable to simultaneous changes of the

emitting state and activation of RIM and/or RACI mechanisms.

Several transition metals such as Ir(III), Pt(II), Re(I), Ru(II), Os(IV), Au(I), and Pd(II) are reported to cause the

activation of the AIE channel . The development of AIE-active complexes seems to be a promising strategy for

many AIE systems where the metal is strictly involved in the emission process. In all cases, ML and/or LM transfer

must be expected in the emissive complexes.

In the growing demand for high-performance devices, sustainability is a relevant parameter. Zinc, as a small eco-

friendly cation, is a good alternative to other hazardous or expansive metals. Specifically, zinc (II) complexes

exhibit fluorescence intensity and/or colour tuning in dependence on the electronic pattern of the ligands and the

coordination pattern imposed by the ligands. In fact, in the d10closed-shell zinc (II) ion, d–d electronic transitions

are not expected.

In most cases, the cation acts as a constraint for the ligand by locking it into a favourable emissive conformation,

with few electronic effects mostly due to π–π* LCT transitions. Chelation enhanced fluorescence (CHEF

mechanism) is often involved in zinc (II) binding as the result of the stabilisation of the excited state in poorly

emissive ligands . Therefore, the role of zinc (II) cation can be to turn a non-emissive ligand in an AIEgen
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molecule upon coordination. In addition to the “optically innocent clip role”, zinc cation offers the ability to give rise

to the most varied architectures through coordination of organic ligands, self-assembly of two and three-

dimensional macrostructures, aggregation of nanomaterials, and production of regular or amorphous structures 

.

Despite several studies encompassing the topic of AIEgens, in this review, we will focus our attention on the role of

Zn(II) in the design of AIE active complexes and materials. Our main aim is to give a unified overview of AIEgens

involving zinc (II) cation (abbreviated as Zn AIEgens). With the term “Zn AIEgens”, we mean: the zinc (II)

complexes exhibiting AIE properties; the AIEgens giving a fluorescence response in the presence of zinc (II) cation;

the zinc (II) complexes exploiting an AIE mechanism to detect specific analytes. In short, with this review, we

wanted to answer the question: what zinc (II) is dealing with AIEgens.

Considering the novelty of the topic, we cut the last 5 years (years 2016–2021) as representative of the recent

scientific production. Selected examples were reported to elucidate the state-of-the-art, starting from the simple

phenomenological approach and considering different typological and chemical units and structures. We will focus

on the recent Zn AIEgens based on the synthetic novelty, research completeness, fluorescence response,

theoretical deepening, and relevant applications. Newly developed Zn AIEgens;Zn AIEgens for OLEDs and other

optical technologies;The role of zinc (II) in AIEgen chemosensing;Zn AIEgens for cell imaging.

Scientific literature, including reviews, were consulted to understand the structure, the optical response, and the

operating mode of Zn AIEgens. Finally, we underlined the representative applications for the targeted biological

and medical scope. By use of a quick glance representation which should be considered an integral part of the

discussion, we propose an intuitive overview of groups of structures examined according to the application area.

2. Newly Developed Zn AIEgens

The starting point is represented by the design and synthesis of simple small organic molecules, even non-

emissive, acting toward Zn(II) as ligands or chelators. The zinc complexes are expected to meet specific

requirements, such as high PLQYs in the aggregate phase, photostability, large lifetime, and Stokes shifts. An easy

test to assess the AIE nature of the compound consists of recording emission intensity as the ratio of non-

solvent/solvent increases . Emission is expected to grow as the aggregation increases.

The synthetic Zn AIEgens reported in this section are referred to as “potentially useful” materials for optoelectronic

applications and/or optical techniques. On the other hand, articles including targeted applications will be reported

inSection 3.

InSection 2.1, we will report the most relevant examples of novel Zn AIEgens obtained by encumbered nitrogen

and/or oxygen donor-based low-molecular-weight ligands (RIM effect undergoing complexes). Our discussion will

be articulated based on structural similarities and differences and on the AIE activated channel. The related

[63]
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structures are summarised inFigure 1, accordingly with discussion. InSection 2.2, we referred to a few relevant

examples of metal–organic frameworks acting as highly fluorescent Zn AIEgens.

Scheme 1. The “clip approach” in Zn AIEgens.

The most common and easy approach to obtain Zn AIEgens is to enhance steric hindrance by adding bulky

substituents to the chelating ligands. The ligand undergoes a conformational block upon coordination, producing

the RIM fragment. A selection of relevant examples of synthetic Zn AIEgens undergoing the RIM effect is grouped

based on chemical/structural features. As it will be discussed, some peculiar skeletons able to cause the RIM effect

are recurrent.

In solution, PLQYs increased as the solution turned into aggregate state PLQYs by adding a non-solvent. In the

solid-state, each complex showed different emission wavelengths and spectra depending on the crystal packing

structure. With respect to the solution behaviour, the different PLQYs and lifetimes recorded on the crystalline

complexes proved the activation of different photophysics in the solid state. As a result, the complex obtained by

reacting the composed ligand with zinc (II) cation is a Zn AIEgen and exhibits reversible fluorescence colour and

intensity changes

Commonsalentype ligands with encumbered substituents are excellent candidates in building Zn AIEgens, zinc

cation acting as a constraint of the structure. Upon irradiation with UV light, the N=N azo bridge exhibitscis–
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transisomerisation both in the ligands and in their zinc (II) complexes. Comparative photoswitching studies and

DFT analysis was performed on ligands and complexes based on X-ray analysis. TD-DFT analysis was employed

to explore the role of the zinc atom in the emission mechanism, resulting in a structural change of the ligand from

the lactam form (3,4-dihydro-3-oxo-2-quinoxalinecarboxylic acid) to the enol form (3-hydroxy-2-

quinoxalinecarboxylic acid) in the presence of zinc (II).

A systematic study of isomeric Schiff-base zinc complexes showing relevant differences in their crystalline pattern

and emission behaviour was published in 2018 by Rosita Diana and coworkers . The reactions of the ligands

with zinc (II) acetate in pyridine gave crystalline complexes with the general formula Zn(L)2py2. The reaction with

zinc cation self-assemblies themetaderivative ligand in a stable glassy network, with Zn(L)2general stoichiometry

and PLQY = 44%. and acylhydrazones ligands acting as differently substitutedO,

The results achieved in both articles suggested that the polymeric or reticulated macrostructures obtained by zinc-

driven self-assembly provide emission enhancement. Both in the case of an amorphous and crystalline material,

the tight structure with optically “innocent” zinc nodes could guarantee a more efficient electron hopping in the

whole macrostructure.

The role of the metal in assembly together non-fluorescent components was examined in 2020 by Jubaraj B.

Baruah and coworkers . The frontier molecular energy levels of different combinations of the positional isomeric

complexes were ascertained. As expected, the participation of water molecules to form aggregates with the

complexes caused increased emission intensity up to a characteristic limit. Above that concentration, emission

quenching was recorded due to the equilibrium between the complex and the hydrate cation.

Other structures causing the AIE effect by steric constrain are metallo–supramolecular architectures, achieved by

zinc-driven self-assembling reaction. Specifically, emissive or non-emissive polyfunctional ligands can be assembly

in macrocycles or metallocycles by reaction with zinc cation. By gradual addition of a non-solvent to the complexes

dissolved in chloroform, a visible aggregation was induced, and emission enhancement was recorded. The

complexes showed yellow to orange–red emission in the solid state (PLQE = 1–5%), displaying up to a 75-fold

increase in peak emission intensity upon aggregation, in the best case.

Owing to the strong chelating ability, TPY derivatives can form stable complexes with several different transition

metal ions. Xiaopeng Li and coworkers in 2019  studied self-assembly of emissive metallocycles with

tetraphenylethylene (TPE), boron-dipyrromethene (BODIPY), and terpyridine (TPY). Combining the three blocks

into one system by zinc coordination driven self-assembly reaction, a metallocycle dimer with typical AIE

characteristics was produced. Interestingly, by combining the three fluorophores into a metallo–supramolecular

architecture, emissive properties were recorded both in solution and in the aggregated state.

Metal-organic frameworks (MOFs) are hybrid organic–inorganic crystalline materials derived by the regular array of

metal cations (or clusters) surrounded by organic linkers. Professor Omar Yaghi at UC Berkeley in the late 1990s

(“Design and synthesis of an exceptionally stable and highly porous metal-organic framework”) presented MOFs

[71]
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for the first time, and they rapidly become a cutting-edge research field. The synergistic effects of structures and

compositions make MOFs fascinating examples of unique structural design and tunable properties. Different metal

atoms and organic linkers lead to MOFs selectively absorbing targeted molecules /ions.

In recent decades, MOFs with luminescence characteristics (luminescent MOFs, LMOFs) has been considered as

the new pathway for the fabrication of solid-state luminescent nanomaterials. AIEgen ligands can be employed as

building blocks in the MOFs construction. To retain the fluorescence of AIE linkers or activate the AIE channel, the

closed-shell zinc (II) ion with low-lying d-orbital energy can be preferred to classic heavy metals. nodes afford

MOFs with strong luminescence due to constraining effect on the AIE ligands.

In this section, we reported a few relevant examples of LMOFs containing zinc (II) and acting as highly active

AIEgens (we will use the term “AIE Zn-MOFs”). In Figure 2, we reported a schematic representation focusing on

the structural feature.

Figure 2. MOFs acting as highly fluorescent Zn AIEgens.

In 2016, Yu-Lin Yang and coworkers  used five Schiff-base ligands containing aN-(pyridine-2-yl) fragment with

different alkyl substitutions on the phenyl ring for the synthesis of Zn(II)/Cd(II) complexes. The structures of the

ligands can direct the formation of 3D supramolecular LMOFs due to hydrogen bonds and π–π interactions. Nine

Zn(II)/Cd(II) complexes were obtained, displaying deep blue emissions (401−436 nm) in acetonitrile solution and

light blue/bluish green emissions (485−575 nm) in the solid state. Structural analysis gave information on the

crystalline packing of the complexes.

Ali Morsali and coworkers  in 2018 synthesised a turn-on AIE-based MOF by in situ ligand fabrication and

employing different valence-shell cations, with the aim of investigating the effect of metal nodes. The coordination

of 5,6-di(pyridin-4-yl)-1,2,3,4-tetrahydropyrazine (AIE fluorophore) and terephthalic acid ligand with Zn(II), Co(II), or

Cd(II) leads to the preparation of strongly luminescent MOFs (named “TMU-40(Zn)”, “TMU-40(Cd)”, and “TMU-

[74]
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40(Co)”). The formation of rigid frameworks improved the fluorescence of the organic parts more with zinc than

with the other two metals (PLQY = 38.2% with respect to 31.17% and 11.69%, respectively).

3. Zn AIEgens for OLEDs and Other Optical Technologies

Solid-state emitters have a great potential for the development of novel optoelectronic technologies, such as

OLEDs and other optical tools. Zinc (II) complexes are a potential alternative to expensive transition metals

complexes of iridium, osmium, and platinum, and can represent excellent luminescent and electron-

accepting/transporting materials. They can be employed as emitter layers in a variety of forms: solid powders, dyes

dispersed in host solid and/or gel matrixes, and metallo–polymers. Since the first OLED based on a Schiff-base

zinc (II) complex developed by Hamada in 1993 , the research on highly efficient emissive zinc (II) complexes

continued.

In this section, we will discuss the most relevant examples of opto-applications of Zn AIEgens, from OLEDs and

LECs to other cutting-edge technologies. In Figure 3, we collected the related structures, referring to the most PL

active architectures.

Figure 3. Zn AIEgens for optical applications.

The electroluminescence (EL) properties achieved by zinc (II) complexes were checked: peak luminance (Lmax) of

3589 cd m−2, maximal external quantum efficiency (ηext) of 1.46%, maximum current efficiency (ηL) of 4.1 cd A−1,

and maximal power efficiency (ηP) of 3.8 lm W−1. Garry S. Hanan and coworkers in 2018  synthesised a

dinuclear complex of zinc (II) with 4-bromo-N,N′-diphenylbenzamidinate N-oxide. This compound is a Zn AIEgen

and was used as a dopant in a co-host matrix of the emissive layer used in the fabrication of a solution-processed

white–green WOLED. A luminance efficiency and power efficiency of 1.12 cd/A and 0.30 lm/W, respectively, were

obtained.

[76]

[77]



Zn(II) AIEgens: “Clip Approach” | Encyclopedia.pub

https://encyclopedia.pub/entry/12234 10/18

RGB (red, green, blue) metallopolymer emitters with potential in WOLEDs preparation were examined by Ugo

Caruso and coworkers in 2019 . ,N,Otridentate ligands with a different electron-withdrawing substituent and a

charged moiety were prepared by grafting ligand-Zn(II) coordination fragments onto commercial poly-(4-

vinylpyridine). A rare example of LEC was prepared by Hashem Shahroosvand and coworkers in 2018 , based

on a blend of the cationic complex [Ru(bpy)3]2+and a neutral zinc (II) complex derived from diphenylcarbazone

ligands. The crystal structure of the Zn fluorescent complex was examined, and the assignment of ground- and

excited-state transitions was achieved by TD-DFT analysis.

First, it was used for the fabrication of an OLED, with a maximum brightness of 15,000 cd/m2(16 V), and external

quantum efficiency close to 3.8% (comparable with state-of-art of the purely fluorescent non-thermally activated

OLEDs). Fingerprint detection is a crucial area in forensic science and is based on fluorescent dyes. Moved by a

similar approach, Yun Yan and coworkers in 2020  reported a water-based polyion anticounterfeiting micellar ink

displaying full-spectral RGB emission colours by a combination of AIEgens and luminescence of rare earth metals.

Blue emission was achieved from the AIE fluorophore tetraphenylethylene (TPE) linked by zinc cation into

coordination supramolecular polymers.

4. Zn AIEgens for Cell Imaging

The scientific research about sensitive and selective fluorescent probes opens new horizons for biological

parameters detection. By modern microscopy and imaging techniques in combination with fluorescence sensor,

sharper cytologic details can be visualised and recorded. From the first fluorescence microscope (due to Heimstadt

in 1911 and Lehmann in 1913) to modern bioimaging techniques, more than a century has passed, and research

made great strides from the early fluorophores (as rhodamine, fluorescein, flavin derivatives) to the modern highly

engineered fluorogenic dyes. Nonetheless, the search for new marking systems is constantly evolving.

Time-resolved imaging is a modern microscopy technique whereby fast kinetic and PL decay parameters (decay

times and the corresponding resolved amplitudes) are directly and simultaneously measured throughout an image

in an optical microscope. Thus far, most fluorescent dyes utilised in sensing commonly suffer from severe

concentration or the ACQ effect, and their fluorescence lifetimes can be shortened to nanoseconds in the

aggregate phase. This behaviour is unwelcomed for the time-resolved fluorescence imaging technique. The

employ of AIE active sensors or markers can solve the ACQ problems due to the high fluorescence of the

aggregates in aqueous media and short fluorescence lifetimes.

In this context, Zn AIEgens have drawn considerable attention, thanks to the synthetic feasibility, tuneable PL

pattern, and biocompatibility.

Again, the involvement of zinc (II) cation with nanosized AIE sensors can be as a biologically relevant analyte or as

a part of the sensor itself. In the next section (Section 5.1), we will discuss the monitoring of the zinc (II) level in

living biological substrates. The structures and the sensing/marking mechanism are reported in Figure 4.

[54]
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Figure 4. Structures and sensing/marking pattern of relevant AIEgens for zinc (II) detection in living cells.

In Section 5.2, we will report a selection of the most relevant biosensors and markers containing zinc in their

architecture and employed for their sensing/marking ability in living cells (Figure 5). The latter bio-probes can be

considered as a class of innovative and desirable biocompatible tools, with a strong technological impact on

diagnostic imaging methods.
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Figure 5. Structures and sensing/marking pattern of zinc-based AIE active biosensors/markers.
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