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Abstract: Near-infrared (NIR) emissive metal complexes have shown potential applications in optical
communication, chemosensors, bioimaging, and laser and organic light-emitting diodes (OLEDs)
due to their structural tunability and luminescence stability. Among them, complexes with bridging
ligands that exhibit unique emission behavior have attracted extensive interests in recent years.
The target performance can be easily achieved by NIR light-emitting metal complexes with bridging
ligands through molecular structure design. In this review, the luminescence mechanism and
design strategies of NIR luminescent metal complexes with bridging ligands are described firstly,
and then summarize the recent advance of NIR luminescent metal complexes with bridging ligands
in the fields of electroluminescence and biosensing/bioimaging. Finally, the development trend of
NIR luminescent metal complexes with bridging ligands are proposed, which shows an attractive
prospect in the field of photophysical and photochemical materials.
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1. Introduction

Coordination compounds, such as Prussian blue and bile alum as dyes and fungicides,
respectively, have been used in living very early on. However, it was not until 1798 that
metal complexes were systematically studied for the first time. Tassael used divalent cobalt
salt, NH4Cl, and NH3·H2O to prepare CoCl3·6NH3, and subsequently discovered that
other metals, such as chromium, nickel, copper, and platinum, and combining Cl-, CN-,
H2O, and CO can generate similar compounds. It is worth mentioning that Zeise synthe-
sized the first organic-metal complex K[PtCl3(C2H4)]·H2O by adding PtCl4 into boiling
ethanol in 1827 [1,2]. The successfully generated K[PtCl3(C2H4)]·H2O by the combination
of organic ligands and metal atoms or ions has greatly expanded the research field of
coordination chemistry. Taking advantage of the structural diversity of organic molecules,
metal complexes with organic molecules as ligands have been extensively reported and
displayed wide application in chemical sensing, ion detection, biological probes, etc. [3–6].
Traditional organic-metal complexes are mainly divided into mononuclear complexes and
multinuclear complexes. Mononuclear complexes have only one central metal atom, while
multinuclear complexes contain two or more central metal atoms. Multi-nuclear coordina-
tion compounds usually link the central metal atom through bridge ligands. Compared to
mononuclear metal complexes, the central metal electron transfer by metal-metal bonds or
bridge ligands can cause them to exhibit many excellent properties in physical/chemical
functions and biological activities [7]. Consequently, bridged coordination compounds
have become one of the most active research hotspots in coordination chemistry and
have shown extensive applications in the fields of light, electricity, magnetism, catalysis,
etc. [8–13]. In this review, we mainly focus on the research of near-infrared (NIR) emissive
metal complexes with bridging ligands in the last decade.
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NIR emission in the range of 700–1700 nm, showing unique photophysical and photo-
chemical performance, has exhibited great promise for a variety of applications in many
fields, such as optical telecommunication, biological imaging, sensing, lasers, solar en-
ergy conversion, etc. [14–20]. To date, the NIR emissive materials can be divided into
four categories, i.e., organic molecules, conjugated polymers, surface-modified inorganic
nanoparticles, and metal-organic complexes. However, although the structures of organic
molecules are adjustable, they usually suffer from problems including irresistance to pho-
tobleaching and small Stokes shift [18]. Inorganic nanomaterials have excellent stability,
but their structure is relatively simple. Hence, metal-organic complexes, benefiting from
the tunable structure of organic ligands and good stability of inorganic metal ions, have
been considered as ideal materials in the field of NIR luminescence research.

2. Emission Mechanism of Metal Complexes

The emission nature of metal-organic complexes depends strongly on the relative
energy level of the lowest excited state of metal atom(s) and organic-ligand(s). As shown
in Figure 1, according to the relative position of the energy levels between metal ion excited
state (M*) and the lowest excited singlet state (S1) and lowest excited triplet state (T1) of
the organic ligand, there are four excited state charge transfer modes.

Figure 1. The excited state charge transfer mode between metal ion and organic ligand of metal complexes.

The first mode (Figure 1, mode I), i.e., intra-ligand charge transfer (ILCT), is usu-
ally observed in luminescent metal complexes based on emissive organic-ligands [21,22].
The large energy gap between M* and the ligand S1 results in their excited state energy
levels not overlapping with each other, and the intersystem crossing (ISC) cannot conduct.
Therefore, the light emission of the complex is mainly attributed to the organic ligand. Here,
the main role of metal ions is to increase the rigidity of the complex, leading to the transi-
tion of the lowest excited state of the organic ligand from n→π* to π→π* accompanied by
significant changes in the emission performance [23,24].

The second mode (Figure 1, mode II), i.e., metal-to-ligand charge transfer (MLCT)
transition, commonly occurs in luminescent complexes where metals are easily oxidized
and ligands are facilely reduced [25]. Although the energy level of M* is still higher than
that of the organic ligand S1 state, an appropriate energy gap is maintained between them.
The M* state can transfer energy to S1 state of the organic ligands through coordination
bonds. If the sensitized ligands dissipate the energy by their lowest excited singlet or triplet
state radiation transitions, their complexes would show luminescence [26]. Transition metal
(e.g., Rh, Ru, Os, Ir, and Re) as the coordination central ions is common in luminescent
complexes forming this excited state charge transfer [27].



Crystals 2021, 11, 155 3 of 22

For the third mode (Figure 1, mode III), the energy gap between the organic-ligand S1
and M* is smaller than that between S1 and T1, so the charge of S1 first transitions to M*
instead of directly returning to S0 or T1. In addition, since the energy gap between organic-
ligand T1 and M* is smaller than that between M* and M, the charge at M* tends to return
to organic-ligand T1 first instead of directly returning to M. Therefore, due to the long
pathway of the intersystem crossing, most of the excited state energy is dissipated via
non-radiative transitions, resulting in particularly weak or no luminescence of the complex.
It is quite clear that this excited state charge transfer mode should be avoided in the study
of luminescent metal complexes.

Ligand-to-metal charge transfer (LMCT) is another common approach of excited
state charge transition in luminescent metal complexes (Figure 1, mode IV), which is
generally found in complexes with luminescent transition metal, especially the lanthanides,
as the coordination center. This is because the forbidden d-d or f-f transitions make low
absorption cross-sections of transition metal elements, and they are difficult to directly
excite. Therefore, high absorption organic ligands are used to coordinate with these
emissive metal ions, which realizes energy transfer from the excited state of light-harvesting
organic ligands to the metal center and enhances the luminescence of metal elements
under low power excitation. The light-harvesting chromophore which is used to sensitize
the central metal is called antenna ligand. An ideal antenna ligand should have excellent
coordination ability with transition metals, high extinction coefficient, and appropriate
energy gap with M* [28,29].

Metal complexes not only have abundant forms of excited luminescence, but also
countless possible combinations of metal atom(s) and ligand(s), which could lead to
different yet tunable spectroscopic and excited-state properties [30]. Besides, electron-
excited metal complexes can carry out electron transfer and/or energy transfer with other
molecules, and in the microenvironment, subtle changes would significantly perturb their
luminescence, especially the charge-transfer excited metal complexes, which are the reason
for their many applications.

3. Bridging Ligands

Organic-ligands containing oxygen and nitrogen have been extensively used to com-
bine with metal ions to build metal-organic complexes since the fact that O or N atom
contains lone electron pairs, while metal atoms’ empty orbitals can accept electrons [28].
As for bridging ligand, it commonly contains more than one O or N which participates
in the coordination with metal ions. Herein, according to the types of organic ligands
coordination groups, we summarize the NIR emissive complexes based on the types of
coordinated organic ligands and divide the commonly used bridging ligands into several
types as follows.

3.1. Polypyridine Bridging Ligand

The most used N-heterocycle bridging ligands in coordination chemistry of NIR
emission are undoubtedly 4,4′-bipyridine (4,4′-bpy) (1) and trans-bis(4-pyridyl)ethylene
(4,4′-bpe) (2) (Figure 2). Although their molecular structures are simple, they are often used
as auxiliary ligands to bridge two metal ions for changing the luminescence properties
of metal complexes. The tail N atoms of N-heterocycle bridging ligands can coordinate
with the metal ions to realize metal complexes from mononuclear to multinuclear or from
low-dimensional to high-dimensional transition [31]. For example, Lü et al. synthesized
two tetranuclear metal complexes, [Zn2Nd2L2-(4,4′-bpy)(NO3)6]·Et2O and [Zn2Nd2L2(4,4′-
bpe)]·2H2O, using 4,4′-bpy and 4,4′-bpe to bridge the simple dinuclear Zn–Nd complex
[ZnNdL(H2O)(NO3)3], respectively [32]. The constructed multinuclear heterometallic
3d–4f Schiff-base metal complexes [Zn2Nd2L2-(4,4′-bpy)(NO3)6]·Et2O and [Zn2Nd2L2(4,4′-
bpe)]·2H2O with different bidentate linkers exhibited distinct luminescent properties due
to the inherent characters of the bridging ligands.
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Figure 2. Some polypyridine bridging ligands mentioned in this chapter.

Although 2,2′-bipyridine is an isomer of 4,4′-bipyridine, its two nitrogen atoms co-
ordinate with only one metal ion, which results in the inability to form a bridge and thus
limits its function as a bridging ligand in the construction of metal complexes. Never-
theless, organic bridging ligands with multiple 2,2′-bipyridine units offset the disadvan-
tage and have attracted widespread attention in NIR luminescent metal complexes [33].
In addition, 2,2′-bipyrimidine (bpm) (3) has to be mentioned because of its similar struc-
ture to 2,2′-bipyridine, but can be used as a bridging ligand to connect two metal ions.
For example, in 2005, Shavaleev et al. used 2,2′-bipyrimidine as a bridging ligand to
connect mononuclear complexes [Re(bpm)(CO)3Cl] and [Pt(bpm)(CC−C6H4CF3)2] to
lanthanide metal ions, and prepared NIR luminescent heterobinuclear metal complexes
[Re(CO)3Cl(µ-bpm)Ln(fod)3] (abbreviated as Re−Ln; where Ln = Yb, Nd, Er; fod =
tBuC(O)CH2C(O)CF2CF2CF3.) and [(F3C−C6H4−CC)2Pt(µ-bpm)Ln(hfac)3] (abbreviated
as Pt−Ln; where Ln = Nd, Gd; hfac = CF3C(O)CH2C(O)CF3) [34]. Li et al. synthesized a se-
ries of homodinuclear lanthanide complexes Ln2(HTH)6bpm (where Ln=Eu, Sm, Er, Yb, Pr;
HTH=4,4,5,5,6,6,6-heptafluroro-1-(2-thienyl)hexane-1,3-dione) using 2,2′-bipyrimidine as
a bridge ligand and described these complexes photoluminescence properties in 2009 [35].

With the development of research on emissive metal complexes, small molecule
bridging ligands have been unable to meet the study requirements. Therefore, a large
number of functionalized large polypyridine organic ligands have been designed and
synthesized for the preparation of NIR emissive metal complexes [33,36–38]. As shown
in Figure 2, from 4 to 9, not only the relative molecular weight of bridging ligand distinctly
increases, but also their structure with special functions gradually becomes complicated.
Whereas, it should be noted that the design principle of these molecules is consistent, i.e.,
combining bipyridine-like units and metal ions to form NIR emissive metal complexes.

In 2019, Moustafa et al. have prepared bimetallic Pt(II) complexes 10 and 11 (Figure 3)
through bridging ligands 8 and 9, the hypothesis that the introduction of additional Pt
centers into the tetraarylethylene scaffold will further enhance the likelihood of metal-metal
interactions upon aggregation-induced self-assembly has been tested, and in turn resulting
in even further bathochromic shifts in emission into the NIR region [38]. By the addition
of Tris buffer (pH 7.5) into 11, the absorption peak changed from 397 nm to 621 nm,
and the gradual emergence of the NIR emission peak (λmax = 785 nm) was detected
in the luminescence spectrum. These spectral changes are attributed to aggregation of 11
via metal-metal and/or π-π stacking interactions, as has been previously reported for other
platinum(II) complexes.
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Figure 3. Structures of Pt(II) complexes 10 and 11. Adapted from ref. [38].

3.2. Polypyrrole Bridging Ligand

Porphyrin, the macrocyclic compounds formed by the interconnection of α-carbon
atoms of four pyrrole methylene groups via a methine bridge (=CH-), has been widely
used as representative of polypyrrole ligands in coordination chemistry [39]. This is
because porphyrin has the following advantages: (i) Porphyrins have strong chromophore
absorption in both ultraviolet and visible light regions; (ii) its tetraaza macrocyclic core can
coordinate with most metal ions; (iii) the backbone may be readily modified by introducing
functional group at meso and/or β-pyrrolic positions, resulting in appearing a large
variety of possibilities and variations; (iv) its excited state levels are excellently adapted for
the sensitization of Ln(III) NIR emitters [39].

Thereupon, the strategy of modifying the group with coordination sites on the pe-
riphery of the porphyrin core as a bridging ligand for the synthesis of NIR light-emitting
complexes has been proposed. The advantage of this system is that the energy level of
the excited state of the chromophore can be fine-tuned by the combination of metal cations
with the tetraaza nucleus of the porphyrin. Furthermore, by increasing or decreasing
the distance between the porphyrin core and peripheral coordination atoms, i.e., control-
ling antenna ligand length, NIR luminescence properties can be tuned. In 2000, Beeby
et al. first realized this strategy [40]. They synthesized a palladium porphyrin with a chiral
cyclization group, which was covalently linked to the porphyrin backbone via the β-pyrrole
position (Figure 4). The excitation of porphyrin at 529 nm caused the emission at 980 nm
for the Yb complex and 870 nm and 1064 nm for the Nd complex. The phosphorescence
of Pd porphyrin was observed in both cases. Since then, this type of ligand has been
designed and synthesized purposefully by the researcher and applied to the study of NIR
light-emitting metal complexes.

Figure 4. Structure of complex 12. “Ar” is an abbreviation for “Aryl”. Adapted from ref. [40].

Rusakova et al. reported the polydentate ligands by coupling mono-4-aminotetraphe-
nylporphyrin with the anhydride of the ethylenediaminetetraacetic acid (EDTA) or the di-
ethylenetriaminepentaacetic acid (DTPA) and constructed NIR radiative metal complexes
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in 2010 [41]. These ligands have been obtained by covalently binding porphyrin core with
penta- or hepta-dentate ligands. As shown in Figure 5, the corresponding photophys-
ical properties of Yb complexes and other metal complexes (Zn and Cu) were studied.
The results showed that energy was transferred from porphyrin antenna to Yb ion. Due to
the good shielding effect of the emitter, the near-infrared radiation of heptadentate ligand
was slightly enhanced. However, the existence of Cu or Zn ions in the porphyrin cavity led
to the quenching of the NIR emission.

Figure 5. Structures of complexes 13 and 14. Adapted from ref. [41].

In 2018, Xiong et al. synthesized a series of metal complexes by using porphyrin
derivative as organic bridging ligands [42]. As shown in Figure 6, the free base and Pd
chelate chlorins were appended to the 4-position of the dipicolinic acid through either the 3-
or the 15-position of the chlorin to form bridging ligands. The excitation of porphyrin
derivatives at 590 nm induced the emission at 980 nm for the Yb complex and 890 nm and
1064 nm for the Nd complex. In this report, the combination of narrow Ln emissions with
narrow chlorin absorptions provides avenues for excitation and emission-based multiplex
imaging.

Figure 6. Structures of Yb and Nd complexes. Reprinted with permission from [42]. Copyright 2018,
American Chemical Society.

In addition, some polypyrrole bridging ligands which are similar to those in Figure 7
have been designed, synthesized, and used to construct near-infrared absorption and lumi-
nescent metal complexes [43–46]. They all follow the same design principle: Use the lone
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electron pair of N atom to coordinate with metal atoms with empty orbitals to obtain metal
complexes.

Figure 7. Chemical structure of some polypyrrole bridging ligands.

3.3. Schiff Base Bridging Ligand

Schiff bases are an important class of organic ligands with adjustable structures.
The synthesis process of Schiff base is relatively simple, and its performances and structures
are varied. Researchers meticulously designed and synthesized many kinds of Schiff base
ligands containing functional groups, which aim to prepare structurally stable transition
metal, non-transition metal, and rare earth metal complexes demonstrating potential
application in luminescent materials.

In recent years, with the development of NIR luminescence materials, salicylaldehyde
Schiff base derivatives with long alkyl chains have been widely used as bridged ligands
in the synthesis of NIR complexes with bridging ligands [47–51]. These flexible ligands can
exhibit various coordination modes with metal ions and have interesting structures and
properties. For example, Xu et al. using β-diketonate (DBM = dibenzoylmethanide) and
Schiff base (20) designed and synthesized a series of lanthanide complexes with a dinuclear
double-stranded helicate structure [47]. Among them, the luminescence spectra of complex
Yb0.1Gd0.9DBM3 in the solid state were obtained at 193 K, and the NIR emission bands of
Yb3+ were detected and assigned at nearby 970 nm (2F5/2 − 2F7/2), alongside the other
broad bands centered at about 1020 nm. Flexible ligands may provide more possibilities for
constructing unique frameworks structures due to their freedom of conformation. However,
there are few reports on the construction of multi-core d-f clusters by flexible ligands.
Therefore, Yang et al. made compound 21 by modification of ligand 20 and applied it as
a bridge to synthesize multinucleated lanthanide complexes with different multidentate
ligands, which were capable of bonding two metal centers [48]. Their NIR luminescence
properties were determined. The excitation of Cd−Ln complexes [Ln8Cd24L12(OAc)48] at
285 or 355 nm induced to the emission at 980 nm for the Yb complex and 890 nm and 1080
nm for the Nd complex.

Some d-block transition metal ions, such as Zn(II), Ru(II), Pt(II), and Cd(II), as metal
chromomeres, not only have strong visible emission but can also be used as sensitizers for
NIR lanthanide luminescence. Therefore, the design of suitable ligands to link them to real-
ize the dual-emissive performance of visible ligand center emission and near-infrared lan-
thanide luminescence has aroused researchers’ interest. Upon the above analysis, the long-
chain bis-salicyaldehyde Schiff base may be used as an antenna ligand to achieve this func-
tion. So Liu et al. employed ligand 22 as a bridge to link Zn(II) with Nd(III) to synthesize
complex [Zn6Nd8L2(OAc)20(O)2(NO3)4(-OC2H5)4] [49]. [Zn6Nd8L2(OAc)20(O)2(NO3)4(-
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OC2H5)4] not only exhibited typical NIR luminescence of Nd3+ at 1061 nm (4F3/2→4I11/2),
but also the ligand-centered emission is found at 494 nm. Furthermore, by increasing
the length of alkyl chains, Liu and co-works designed compound 23 as a bridge to con-
nect Sm(III) and prepared the homonuclear complex [Sm(HL)2(NO3)]n [50]. Despite
the absence of transition metal ions, [Sm(HL)2(NO3)]n still exhibited dual-emission per-
formance. The excitation of [Sm(HL)2(NO3)]n at 365 nm induced the emission at 649 nm
(4G5/2→6H9/2) and 959 nm (4G5/2→6F5/2), respectively. Meanwhile, the ligand-centered
emission is found at 465 nm.

Salen-type Schiff base is a kind of commonly used organic ligand, which is chelating
ligand formed by the condensation of two identical salicylaldehyde molecules and a di-
amine molecule. There are 4 atoms of O, N, N, and O in the center, which can be used
as ligand units of some metal ions to form M-salen complexes (M = Ti, Zr, Fe, Mn, Co,
Zn, etc.). Interestingly, 3-Methoxysalicylaldehyde react with different diamine derivatives
can generate an additional coordination cavity for coordinating with other metal ions
(usually lanthanides) to form dinuclear complexes, which are usually used to study the lu-
minescence properties of 3d-4f heterometallic Schiff base complexes [52–55]. For example,
complexes 24–26 in Figure 8 all exhibit excellent luminescence performance in the NIR
region. Inspired by salen-type Schiff base, some ligands that mimic the coordination pattern
of salen-type Schiff bases were synthesized. Refs. [56,57], such as complexes 27 and 28, they
have the same coordination mode as salen-type Schiff base. These metal complexes with
these synthesized bridging ligands also show good near-infrared luminescence properties.

Figure 8. Some Schiff base bridging ligands and complexes mentioned in this section.
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3.4. Carboxyl Bridging Ligand

Carboxyl group, the oxygen-containing functional group, occupies an important po-
sition in coordination chemistry because it has abundant coordination patterns and can
form stable complexes. In the study of NIR light-emitting complexes with bridging ligands,
carboxyl compounds are also a very important type of bridging ligand, and a large num-
ber of complexes using carboxyl groups for bridging have been synthesized [14,52,58–63].
Usually, the metal atoms involved in the coordination and the carboxyl group form co-
ordination bonds in the same plane. The coordination modes can be roughly divided
into three categories, i.e., monodentate coordination, chelation coordination, and bridge
coordination (Figure 9). However, this does not mean that they exist independently or
oppositely. Sometimes in a polycarboxyl ligand, two or three coordination modes can be
found to exist simultaneously.

Figure 9. The coordination pattern of carboxyl group: (a) Monodentate coordination; (b) chelation
coordination; (c) bridge coordination.

It can be found from the above analysis that ligands with a single carboxyl group can
also be used as bridging ligands to prepare metal complexes. However, in the preparation
of most complexes, researchers tend to use polycarboxyl organic ligands which can link
multiple metal centers for the synthesis of complexes with bridging ligands. Ethylene
Diamine Tetraacetic Acid (EDTA) (Figure 10, 29), as a representative chelating agent, is an
early polycarboxylic organic ligand. It can form a stable water-soluble complex with alkali
metals, rare earth elements, and transition metals and has a wide range of applications
in life [64–67]. Nevertheless, with the development of coordination chemistry research,
fatty acid ligands have been unable to meet the demands of researchers, so a large number
of aromatic acids began to be used in the synthesis of complexes. Among them, p-phthalic
acid (Figure 10, 30) has perfect geometric symmetry and diverse coordination modes and is
a commonly used polycarboxyl ligand. It is also found that p-phthalic acid is often used as
an auxiliary bridged ligand in NIR luminescence complexes. For example, Lü group and
Dong group used p-phthalic acid as an auxiliary ligand to self-assemble with the salen-type
Schiff base binuclear complex, and obtained multinuclear NIR luminescent complexes
with bridging ligands [52,63]. Their crystal structures were shown in Figure 11. Among
them, complexes C-2, C-3, and C-4 exhibited similar absorption spectra in the UV-visible
region (λmax = 203, 230, 267, and 348 nm), showing a redshift compared to the ligand
(e.g., salen-type Schiff base) (λmax = 248, 337 nm). In addition, the NIR emission spectra of
these three complexes in MeOH at room temperature were obtained. The results showed
that they exhibited excellent NIR emissive properties at 863, 1060, and 1328 nm, which are
typical emission of Nd3+ originating from the 4F3/2→4I9/2, 4F3/2→4I11/2, and 4F3/2→4I13/2
transitions, respectively. Other small-molecule polycarboxylic compounds, such as o-
phthalic acid (Figure 10, 31), m-phthalic acid (Figure 10, 32), and trimesic acid (Figure 10,
33), are commonly used bridging ligands.
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Figure 10. Some polycarboxyl compounds which can be used as bridged ligands mentioned in this
chapter.

Figure 11. A view of the molecular structures of complexes (a) C-1; (b) C-2; (c) C-3; (d) C-4.
(a) Reprinted with permission from [52]. Copyright 2016, American Chemical Society; (b–d)
Reprinted from [63]. Copyright 2009, with permission from Elsevier.
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However, the metal complexes with polycarboxyl compounds as ligands are easy to
form coordination polymers and metal-organic frameworks (MOFs) because of the super
coordination ability of carboxyl oxygen atoms [58,60–62]. For instance, Erkarslan group
and Feng group synthesized 1D chain polymer with near-infrared luminescence using
modified polycarboxylic acid compounds 34 and 35 (Figure 10) in coordination with
lanthanide ions, respectively (Figure 12) [60,62]. To obtain coordination compounds with
better photophysical and photochemical properties, some functional groups with specific
functions are introduced into organic ligands, e.g., from compound 36 to compound 39
(Figure 10), tertiary amino group, boron, and pyrene group were introduced, respectively,
and they all fulfilled specific functions [14,59,61]. However, they still use carboxyl groups
for coordination and the molecule contains multiple carboxyl groups, so these complexes
are mainly polymers.

Figure 12. (a) A view of the molecular structure of complexes C-5; (b) a view of 3-D hydrogen
bond network of C-6 in bc plane. Uncoordinated 4,40-bipyridine molecules occupy the channels;
(c) a view of 1-D infinite chain along a axis constructed by C-6. (a) Reprinted with permission
from [60], Copyright 2019, Feng, X. et al. (b,c) Reprinted from [62], Copyright 2016, with permission
from Elsevier.

The photophysical data of some complexes which were mentioned in this section were
summarized in Table 1 below.

Table 1. Photophysical data for some complexes that were mentioned in this chapter.

Complex Medium λabs (nm) λex (nm) λem (nm)

[Zn2Nd2L2-(4,4′-bpy)(NO3)6]·Et2O MeOH 204, 228, 271, 348 337 863, 1060, 1328
[Zn2Nd2L2(4,4′-bpe)]·2H2O MeOH 204, 228, 271, 348 337 863, 1060, 1328

[Re(CO)3Cl(µ-bpm)Ln(fod)3] CH2Cl2 >400 460
Ln = Yb, 975;

=Nd, 866, 1060, 1330;
=Er, 1534.

[(F3C−C6H4−CC)2Pt(µ-bpm)Nd(hfac)3] CH2Cl2 >400 460 866, 1061, 1330;

Ln2(HTH)6bpm CH2Cl2 - 378
Ln = Yb, 976;

=Pr, 1030;
=Er, 1531;

11 DMSO 291, 397 445 785

12 MeOH - 529 Ln = Yb, 980;
=Nd, 870, 1064

15 MeOH - 590 Ln = Yb, 980;
=Nd, 890, 1064
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Table 1. Cont.

Complex Medium λabs (nm) λex (nm) λem (nm)

Yb0.1Gd0.9DBM3 Solid 225, 252, 321, 400 296 970, 1020

[Ln8Cd24L12(OAc)48] CH3CN 226, 270, 350 298,355 Ln = Yb, 980;
=Nd, 890, 1080

[Zn6Nd8L2(OAc)20(O)2(NO3)4(-OC2H5)4] CH3CN 355 355 1061
[Sm(HL)2(NO3)]n DMF 255, 278, 332, 424 365 917, 959, 1043, 1196

C-1 MeOH 350 350 874, 903, 1059, 1339
C-5 Solid - 376 1026
C-6 Solid - 349 840, 960

4. Application

NIR light-emitting metal complexes display unique potential applications in elec-
troluminescence, magnetism, chemosensors, optical telecommunication, and bioimaging.
Most of the above-mentioned research on complexes with bridging ligands is based on their
near-infrared luminescence properties [68–74]. Herein, NIR light-emitting metal complexes
with bridging ligands in different fields of applications are introduced below.

4.1. Electroluminescence

Organic light-emitting diodes (OLEDs) have been widely used in displays and lighting
production [75,76]. Many corresponding red, green, and blue (RGB) emitters have passed
rigorous industrial evaluations for commercial applications. However, the development
of NIR emitting material prepared OLED devices with emission wavelengths exceeding
700 nm is relatively lagging and still in the exploratory stage [77–79]. To promote the appli-
cation of NIR emission complexes with bridging ligands in OLED, some researchers have
made great contributions [80].

As shown in Figure 13, Su et al. designed and synthesized two NIR emitting binu-
clear platinum(II) complexes bridged by ancillary ligand of 3,5-dimethyl pyrazol (dmpz),
in which 2-(pyren-1-yl) pyridine (pypy) and its derivative of 2-(7-(tert-butyl)pyren-1-
yl)pyridine (tBupypy) were used as cyclometalated ligands, respectively [81]. The authors
further investigated their photophysical and electroluminescent properties. These re-
sults showed that the intrinsic NIR electroluminescent (EL) emission peak at 692 nm with
a shoulder at 753 nm was observed in both the single-emissive-layer polymer light-emitting
diodes (PLED) doping binuclear platinum(II) complexes. Interestingly, their external
quantum efficiency (EQE) changed inversely with the increase of doping concentration.
The (pypy)2Pt2(dmpz)2-based devices exhibited a decreased EL efficiency with increasing
dopant concentrations from 2 wt% to 8 wt%, while the (tBupypy)2Pt2(dmpz)2-based de-
vices displayed an increased EL efficiency. Unfortunately, neither of them showed high
EQE. The highest EQE values of 0.11% and 0.15% were obtained in the (pypy)2Pt2(dmpz)2-
and (tBupypy)2Pt2(dmpz)2-based devices, respectively.
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Figure 13. (a) The structure of (pypy)2Pt2(dmpz)2 and (tBupypy)2Pt2(dmpz)2; (b) electroluminescent (EL) spectra of the of
(pypy)2Pt2(dmpz)2 and (tBupypy)2Pt2(dmpz)2-based devices. Inset: The diagram of the EL devices; (c,d) are the external
quantum efficiency (EQE) curves of the (pypy)2Pt2(dmpz)2- and (tBupypy)2Pt2(dmpz)2-based devices at different dopant
concentrations from 2 wt% to 8 wt%. Reprinted from [81], Copyright 2016, with permission from Elsevier.

External quantum efficiency is an important factor in the evaluation of electrolu-
minescent devices, only materials with high EQE can be commercialized. In order to
improve the luminescence ability of platinum(II) complexes, Wu and co-workers re-
ported a novel NIR-emitting binuclear platinum complex (piq)2Pt2(µ-C8OXT)2, in which
piq is 1-phenylisoquinolinato (piq) and C8OXT is a bridging ancillary ligand of 5-(4-
octyloxyphenyl)-1,3,4-oxadiazole)-2-thiol (C8OXT) [82]. As shown in Figure 14, the study
about photo-physical, electrochemical, and electroluminescent characteristics revealed that
binuclear platinum complex exhibited an intense absorption peak at about 493 nm from
the metal-metal-to-ligand charge transfer transition (MMLCT) and a bright near-infrared
emission at 721 nm in chloromethane. In the EL spectra, a NIR emission with a maximum
peak at 706 nm and CIE coordinates (0.68, 0.31) were observed at different dopant concen-
trations from 1 wt % to 8 wt % for these devices under electric field. Whereas, the external
quantum efficiency (EQE) changed from 2.7% to 6.3% at 7.6 mA cm−2 as the concentrations
of (piq)2Pt2(µ-C8OXT)2 in PFO-PBD film increased. Thus, the highly efficient NIR emission
was realized from the binuclear platinum(II) complex in PLEDs.

Recently, non-doped OLED devices in which NIR emissive complexes with bridging
ligands with electroluminescence properties are directly used as light-emitting layers have
attracted attention. In 2019, Wang and co-workers synthesized a series of diplatinum(II)
complexes with the molecular formula [Pt(pypm)(µ-Fn)]2 bearing a pyridine-pyrimidinate
(pypm) chelate and a formamidinate bridge (Figure 15), in which (pypm)H and FnH
stand for 5-(pyridin-2-yl)-2-(trifluoromethyl)pyrimidine and functional formamidines with
various substituents of Ph (n = 2) (40a), C6H4

tBu (n = 3) (40b), and C6H4CF3 (n = 4)
(40c) [77]. 40b was selected as a non-doped emitter for the fabrication of NIR-emitting
OLEDs. An electroluminescence NIR peak was observed at 767 nm in EL spectra and
the maximum EQE value of 0.14% was obtained in the OLED device. Although the EQE
value is too low or even negligible, it has realized the progress of the NIR light-emitting
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complexes with bridging ligands as a light-emitting layer from being a dopant to the pure
substance.

Figure 14. (a) The structure of (piq)2Pt2(µ-C8OXT)2; (b) Absorption and PL spectra of (piq)2Pt2(µ-
C8OXT)2; (c) EL spectra and (d) EQE curves of the (piq)2Pt2(µ-C8OXT)2 -doped PFO–PBD devices
with different dopant concentrations. Insert: (c) The diagram of the EL devices. Reprinted from [82].
Copyright 2012, with permission from Elsevier.

Figure 15. (a) The structure of 40a–40c; (b) EQE curves of organic light-emitting diodes (OLED)
with 40b as the non-doped emitter. Inset: EL spectra of OLED. Reprinted with permission from [77].
Copyright 2019, American Chemical Society.

To improve the luminescence efficiency of pure dinuclear platinum complexes as light-
emitting layers in OLED devices, Chou’s group strategically designed and synthesized
a new series of dinuclear platinum(III) complexes, namely Pt2a–Pt2c (Figure 16) [83].
The donor (D)−acceptor (A)-type oxadiazole-thiol was used as bridging ligands to chelate
with Pt(III). Although dinuclear platinum(III) complexes were usually reported to have
short-lived lowest-lying triplet states, which is harmful to photoluminescence, they possess
a d7−d7 electronic configuration and exhibit intense phosphorescence under ambient
conditions. Photo-physical and photo-chemical study showed that Pt2a exhibited orange
phosphorescence (λmax = 618 nm) in degassed dichloromethane solution (Φp ≈ 8.2%, τp
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≈ 0.10 µs) and near-infrared (NIR) emission (λmax = 749 nm) (Φp ≈ 10.1% τp ≈ 0.66 µs)
in the crystalline powder. Pt2a was employed as a non-doped emitter to fabricate high-
performance organic light-emitting diodes (OLEDs). The electroluminescence property
study that the device had a strong NIR emission peak at 716 nm under electric field,
and achieved an EQE value of 5.1%. Importantly, the efficiency roll-off of the device was
perfectly controlled and retains 3.8% of the EQE even at a high current density of 100 mA
cm−2. Authors also studied Pt2a as a dopant (in mCP) to fabricate OLED device. Although
the device did not exhibit NIR electroluminescence performance (the maximum EL peak
blue shift from 716 nm to 614 nm), its EQE was improved from 5.1% to 8.7%.

Figure 16. (a) The synthetic route of Pt2a–Pt2c; (b) energy-level diagrams, and (c) configuration
of the device; (d) EQE curves of the device. Insets: EL spectra and a photograph of thebdevice
in operation. (e) Current density−voltage−radiance (J−V−R) curve of the device. Reprinted with
permission from [83]. Copyright 2020, American Chemical Society.

4.2. Biosensing/Bioimaging

Compared with visible fluorescence imaging, NIR fluorescence imaging possesses
unique advantages including low background, deep penetration, and minimal damage to
biological tissues, and has extensive applications in biosensing and bioimaging [84–87].
The NIR emissive metal complexes with bridging ligands also show excellent performance
in the biosensing/bioimaging field [88–92].
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In 2018, Yang et al. found that many fluorescent pyrophosphate (PPi) sensors were
developed with emission changes in the visible region, while NIR emissive sensors for
PPi were rather scarce [91]. Thereupon, they designed and prepared a dicyanomethylene-
benzopyran (DCMB) based phenol-bridged dinuclear Zn(II)-DPA (DPA: Dipicolylamine)
complex (1-2Zn) which was found to be a promising NIR fluorescent sensor for PPi.
The photo-physical study showed that 1-2Zn had a large Stokes shift (>150 nm) and
exhibits unusual NIR fluorescence changes for PPi. Interestingly, upon addition of PPi with
increasing amounts from 0 to 0.5 equiv., this emission band decreased gradually and almost
linearly, and red-shifted to 654 nm. Whereas, when PPi concentration was further increased,
significant NIR fluorescence enhancement was observed at 654 nm. In addition, the authors
investigated the potential bioimaging applications of sensor 1-2Zn. As shown in Figure 17,
the cells were incubated with PPi and 1-2Zn for 30 min at 37 ◦C, and a remarkable increase
of intracellular fluorescence was observed. The result demonstrated that 1-2Zn had great
potential for imaging of PPi in living cells. 1-2Zn sensor in vivo detection of PPi experiment
was also carried out. The fluorescence showed obvious enhancement when injection of
PPi (1 or 2 eq) to the mouse and incubation with 1-2Zn were conducted, indicating 1-2Zn
exhibited the excellent performance to the detection of PPi in vivo.

Figure 17. (a) The responsive mechanism of sensor 1-2Zn for PPi sensing; (b) fluorescent images of
PPi in cell and mice with sensor 1-2Zn. Reprinted from [91], Copyright 2018, with permission from
Elsevier.

Unlike the above-mentioned complexes that emit from organic ligands, NIR lumi-
nescent bridging complexes with central metal ions emission have also been studied and
applied to cell imaging. For example, Crowston and co-workers used these N-heterocyclic
ligands to connect metal ions to prepare a series of Ru·M and Ru·M2 complexes, which
were evaluated for their photophysical and cell imaging properties [92]. Among them,
Ru·Gd and Ru·Gd2 were observed with strong emission peaks at 664 nm and 700 nm,
respectively, and then were employed as the fluorescent sensor to use for cellular imaging.
As shown in Figure 18, Live HeLa cells were initially incubated with either of these com-
plexes at concentrations of 25 µM, 50 µM, and 75 µM for six or sixteen hours. The emission
images of HeLa cells after incubation showed punctate cytoplasmic staining, indicating
that both of the probes localized in a specific organelle within the HeLa cells, such as
the lysosomes or the mitochondria. This study provided a successful case for the subse-
quent studies on biological imaging of NIR metal complexes bridged by N-heterocyclic
ligands.
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Figure 18. (a) The structure of Ru·M and Ru·M2; (b) Confocal microscopy images of HeLa cells
incubated with Ru·Gd (left) or Ru·Gd2 (right). Scale bars = 20 µm. Reprinted with permission
from [92]. Copyright 2019, Royal Society of Chemistry.

5. Summary and Perspectives

This review introduces the recent development of NIR luminescent metal complexes
with bridging ligands in the fields of electroluminescence, biosensing/bioimaging, etc.
The luminescence behavior of metal complexes is directly related to the relative energy lev-
els of metal ions and bridging ligands in excited states. Different energy level relationships
lead to different excited states charge transfer directions between metal ions and organic
ligands and induce different luminescence behaviors of metal complexes, which provide
a theoretical basis for the preparation of luminescent metal complexes. Furthermore, small
organic molecules, such as 4,4′-bipyridine, 2,2′-bipyrimidine, and ingeniously designed
macromolecules such as polypyridine and polypyrrole molecules, used as bridging lig-
ands have been described, which provides the strategies for the selection and design of
bridging organic ligands. Thus, using these bridged ligands, the corresponding complexes
with NIR luminescence properties have been synthesized and applied in the fields of
electroluminescence and biological imaging.

Compared with visible light-emitting metal complexes with bridging ligands, which
have been widely used in various fields, there is a lack of research on the practical appli-
cation of NIR emitting bridged metal complexes. Most of the studies are still in the stage
of researching the spectrum of NIR complexes with bridging ligands without material
application. However, their great potential for practical application is still highly valued as
new NIR luminescent materials due to the current research advances. Although there is
a certain gap between the EQE of NIR complexes with bridging ligands and that of other
materials currently used as the OLED emitting layer, rapid improvement has been achieved
recently, which is incomparable by other materials.

Currently, the luminescence of most NIR emissive complexes comes from lanthanide
ions, and organic ligands only serve to sensitize metal ions to emit light. This is also
a key factor limiting the development of NIR complexes with bridging ligands, because (1)
lanthanide metals are expensive, and (2) the performance of bridging ligands cannot be
reflected in the luminescence behavior. Therefore, we believe that the next step in the de-
velopment of NIR light-emitting complexes with bridging ligands is the design of bridging
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ligands to realize the wide applications: (1) Design organic ligands with excellent perfor-
mance as bridges to coordinate with lanthanides metal ions, especially functional ligands
with carboxyl groups. As mentioned above, the carboxyl group is an ideal bridging group.
By itself, it can be used as a bridge group to coordinate with metal ions. Furthermore, it is
easy to design bridging ligands with multiple carboxyl groups and metal ion coordination.
(2) Design NIR luminescent bridging ligands to coordinate with cheap metal ions.

In short, although bridged near-infrared luminescent metal complexes have achieved
corresponding progress, there is still much space for improvement in their performance and
applications. This work may arouse widespread attention and provide help for the research
of NIR luminescent complexes with bridging ligands.
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