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Organometallic conjugated complexes have become an important type of stimuli-responsive materials because of their appeal-
ing electrochemical properties and rich photonic, electronic, and magnetic properties. They are potentially useful in a wide 
range of applications such as molecular wires, molecular switches, molecular machines, molecular memory, and optoelectronic 
detections. This review outlines the recent progress on the molecular design of carbometalated ruthenium and osmium com-
plexes and their applications as redox-responsive materials with visible and near-infrared (NIR) absorptions and electron par-
amagnetic resonance as readout signals. Three molecule systems are introduced, including the symmetric diruthenium com-
plexes, metal-amine conjugated bi-center system, and multi-center redox-active organometallic compounds. Because of the 
presence of a metal-carbon bond on each metal component and strong electronic coupling between redox sites, these com-
pounds display multiple reversible redox processes at low potentials and each redox state possesses significantly different 
physical and chemical properties. Using electrochemical potentials as input signals, these materials show reversible NIR ab-
sorption spectral changes, making them potentially useful in NIR electrochromism and information storage. 
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1  Introduction 

Stimuli-responsive compounds are important functional 
materials that can show reversible conformation or config-
uration changes on the molecular or supramolecular scale, 
in response to external stimuli such as light, electricity, 
magnetism, temperature, or chemicals. The structural 
changes in turn give rise to the distinct variations of the 
physical and chemical properties of the material, which can 

be used as the output signals to distinguish the material in 
different states. These unique features have made respon-
sive materials useful in a wide range of applications includ-
ing chemical sensing, molecular machines, optoelectronic 
devices, energy conversion and storage, drug delivery, and 
medical diagnosis and treatment [1–5]. For instance, 
poly(N-isopropylacrylamide) is a typical thermal responsive 
functional material, which displays distinct conformation 
changes in response to temperature variations and has im-
portant applications in drug delivery [6]. Azobenzene and 
diarylethene derivatives are important photochromic mole-
cules, which display reversible cis/trans or ring closing/  
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opening structural changes in response to light and have 
been widely used in photosensing, molecular switches, and 
photochromic devices [4,7–10]. Crown ether, cyclodextrin, 
and cucurbituril are typical chemical responsive functional 
materials that act as host molecules for various guest mole-
cules with high selectivity and sensitivity such as secondary 
ammonium salts, viologen derivatives, and metal ions 
[11–15]. In addition, functional molecules that are respon-
sive to external electric or magnetic fields are well known 
and have received much attention [16–18].  

Redox-responsive compounds are a special type of re-
sponsive materials, which display reversible changes among 
different redox states in response to electrochemical poten-
tial or chemical oxidants or reductants. They are character-
ized by easy operation, high sensitivity, and good reversi-
bility, etc. One of the key requirements in these materials is 
that they must contain a redox-active structural component, 
which is used to control the redox states and physical and 
chemical properties of the material [19–24]. For instance, 
the tetrathiafulvalene-containing rotaxane and catenane 
compounds reported by Stoddart and co-workers [25,26] are 
typical redox-responsive materials, which are potentially 
useful in molecular machines and molecular electronics. In 
addition, polyaniline is another classical redox-responsive 
material, which exhibit three different redox states in re-
sponse to electrochemical potential changes: leucoemerald-
ine (the totally reduced form), emeraldine (the half oxidized 
form), and pernigraniline (the totally oxidized form) [27]. 

In addition to the purely organic molecules, redox-active 
organometallic complexes are important redox-responsive 
materials [28–30]. Ferrocene derivatives are a typical ex-
ample of such functional materials. Because of the good 
reversibility and low potential of the redox processes, fer-
rocene-containing redox-responsive compounds have re-
ceived intense interest in electrochemical sensing, molecu-
lar electronics, and molecular memory [23,28,31,32]. 
Polypyridine transition-metal complexes are important 
functional materials that have been widely used in various 
optoelectronic applications. However, normal polypyridine 
complexes have rather high oxidation potentials, which 
make them disadvantageous as redox-responsive materials. 
One method to significantly decrease the oxidation potential 
of polypyridine complexes is to introduce a metal-carbon 
bond to the molecule to give a carbometalated complex 
[33,34]. In addition to the relatively low oxidation potential, 
carbometalated complexes often display strong electronic 
coupling among different redox sites and tend to show sig-
nificantly different absorption spectra in different redox 
states. Taking advantage of these appealing features, we and 
others have made much progress in the redox-responsive 
organometallic materials based on carbometalated com-
plexes [35–37]. This review summarizes the recent progress 
on the redox-responsive carbometalated ruthenium and os-
mium complexes, including symmetric diruthenium com-
plexes, metal-amine conjugated bi-center system, and multi- 

center redox-active organometallic compounds. 

2  Symmetric diruthenium complexes 

Symmetric diruthenium complexes are important optoelec-
tronic materials. They are model compounds for the studies 
of mixed-valence electronic coupling [38–40] and have im-
portant applications in molecular electronics [41,42]. When 
the ruthenium ion is connected to the bridging ligand with a 
ruthenium-carbon bond, the Ru(III/II) potential is distinctly 
decreased and the degree of metal-metal electronic commu-
nication is significantly enhanced. As a result, these carbo-
metalated diruthenium complexes display strong interva-
lence charge-transfer (IVCT) transitions in the near-infrared 
(NIR) region in the mixed-valent state. However, these NIR 
absorptions are not present when the complex is in the ho-
mo-valent states. This forms the basis for the applications of 
carbometalated diruthenium complexes in NIR electro-
chromism and redox-responsive molecular switching. 

As shown in Figure 1, the carbometalated diruthenium 
complex 12+ bridged by 1,2,4,5-tetra(pyrid-2-yl)benzene 
(tpb) shows two Ru(III/II) redox processes at +0.12 and 
+0.55 V vs. Ag/AgCl and strong electronic coupling is ob-
served between two ruthenium components [43]. In re-
sponse to the stepwisely applied electrochemical potentials 
from 0.1 V to +0.8 V, three redox states (12+, 13+, and 14+) 
are accessible. A reversible reduction process from 14+ to 
12+ could be realized by stepwisely decreasing the potential. 
The mixed-valent state 13+ was characterized by the intense 
IVCT absorptions at 1147 nm with max of 1.8×104 M–1 cm–1 
and the Ru(III)-based rhombic electron paramagnetic reso-
nance (EPR) signal with an average g factor (<g>) of 2.144. 
Both IVCT absorptions and EPR signal were not observed 
for the homo-valent states 12+ and 14+. The stepwise oxida-
tion of 12+ to 13+ and 14+ could also be realized by adding 
proper amount of chemical oxidants such as cerium ammo-
nium nitrate (CAN). In this sense, complex 12+ is a typical 
redox-responsive organometallic material with NIR absorp-
tion and EPR spectroscopy as the readout signals. It is use-
ful as the active materials for NIR electrochromic films and 
devices [44].  

Figure 2 shows another example of redox-responsive 
carbometalated diruthenium complex 22+, which is bridged 
by the biscyclometalating ligand 1,3,6,8-tetra(pyrid-2-yl)- 
pyrene (tppyr). Complex 22+ shows two Ru(III/II) waves at 
+0.56 and +0.76 vs. Ag/AgCl in N,N-dimethylformamide 
(DMF) [45,46]. When 22+ was stepwisely oxidized by either 
electrochemical electrolysis or a chemical oxidant, it was 
transformed into 23+ and 24+. The mixed-valent state 23+ is 
characterized by the IVCT absorptions at 2080 nm with max 
of 2.0×104 M−1 cm−1 and a rhombic EPR signal with <g> of 
2.199. In addition, the high homo-valent state 24+ was char-
acterized by strong ligand-to-metal charge-transfer (LMCT) 
absorptions at 735 nm. These spectroscopic features could  
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Figure 1  The tpb-bridged diruthenium complex 12+. (a) Molecular struc-
ture; (b) cyclic voltammogram (CV) in 0.1 M n-Bu4NClO4/CH3CN at 100 
mV/s; (c) EPR spectrum of 13+ at 77 K; (d) Vis/NIR absorption spectra at 
different redox state. Adapted from Ref. [43]. Copyright 2011 American 
Chemical Society (color online). 

 
Figure 2  The tppyr-bridged diruthenium complex 22+. (a) Molecular 
structure; (b) CV in 0.1 M n-Bu4NClO4/DMF at 100 mV/s; (c) EPR spec-
trum of 23+ at 77 K; (d) Vis/NIR absorption spectra at different redox state. 
Adapted from Ref. [45]. Copyright 2015 American Chemical Society (col-
or online). 

be used as the readout signals for distinguishing the differ-
ent redox states of 2.  

In addition to the above discussed 1n+ and 2n+, cyclomet-
alated diruthenium complexes 3n+–5n+ (Figure 3) bridged by 
3,3′,5,5′-tetra(pyrid-2-yl)-1,1′-biphenyl [47], 1,3,6,8-tetra-       
(pyrid-2-yl)carbazole [48], and 3,3′,5,5′-tetra(N-methylben-                                    
zimidazole)-1,1′-biphenyl [49], respectively, show similar 
redox-responsive properties. However, because of the dif-
ferent electronic nature of the bridging ligands and terminal 
ligands, these complexes show IVCT bands of different 
wavelength and intensity. 

The diruthenium complex 6 reported by Liu and 
co-workers [50] shown in Figure 4 is somewhat different in 
structure with respect to complexes 1–5. The ruthenium  

 

Figure 3  Symmetric diruthenium complexes 3n+–5n+ and the IVCT pa-
rameters in the mixed-valent state (color online). 

components of complexes 1–5 have a bis-tridentate config-
uration and they are typical cyclometalated complexes. In 
contrast, the ruthenium components of 6 consist of a pen-
tamethylcyclopentadiene and a diphosphine ligand and the 
ruthenium ions are connected to the terminal alkynes of the 
bridging ligand with a ruthenium-carbon bond. Complex 6 
shows two redox processes at 0.39 and 0.064 V vs. fer-
rocene(+/0). It shows interesting redox-responsive switch-
ing with multiple readout signals. Upon stepwise oxidation 
with a chemical oxidation (ferrocenium hexafluorophos-
phate), 6 was transformed into 6+ and 62+. Complex 6+ was 
characterized by intense absorptions at 600 nm (max= 
2.6×104 M–1 cm–1) and 1390 nm (max=2.1×104 M–1 cm–1). 
Complex 62+ shows intense absorptions at 754 nm with max 
of 1.7×104 M–1 cm–1. Another appealing feature of 6 is that 
its different redox states could also be distinguished by IR 
spectra. The (CC) bands of 6, 6+, and 62+ appeared at 
2056, 1961, and 1914 cm–1, respectively. In addition, a sin-
gle-line EPR signal was observed for 6+, while other two 
redox states are EPR inactive. 

In addition to complex 6, Liu and co-workers [38,39,51, 
52] have recently prepared a series of diruthenium com-
plexes bridged by different polyaromatic alkynyl or vinyl 
ligands. Figure 5 shows two representative examples, where 
the two ruthenium ions were bridged by a 2,7-dialkynyl 
pyrene or 2,6-divinylanthracene bridge, respectively [39, 
51]. These complexes display similar three-state redox swit-  
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Figure 4  The thiophene-bridged alkynyl diruthenium complex 6. (a) Molecular structure; (b) absorption spectral changes in CH2Cl2 upon stepwise oxida-
tion with ferrocenium hexafluorophosphate; (c) IR spectra of 6n+ at different redox states; (d) EPR spectrum of 6+ at 298 K. Adapted from Ref. [50]. Copy-
right 2013 John Wiley & Sons, Inc. (color online). 

 

Figure 5  Diruthenium complexes 7 and 8 (color online). 

ching with multiple readout signals (NIR absorption, EPR, 
and IR spectra), as have been discussed for complex 6. 

It should be mentioned here that Lahiri and co-workers 
[53,54] have recently developed a series of diruthenium 
complexes bridged by a redox-noninnocent ligand with an 
anionic oxygen and/or nitrogen coordination site. These 
complexes also display multistate redox switching in re-
sponse to low electrochemical potentials. However, these 
complexes do not contain a ruthenium-carbon bond in 
structure and do not belong to carbometalated complexes. 
Their redox-responsive behavior is thus not further dis-
cussed. 

3  Metal-amine conjugated bi-centre system 

The compounds discussed in the above section are redox 
symmetric. The presence of strong electronic coupling leads 

to the redox potential splitting of the complex and the ap-
pearance of intense IVCT NIR absorptions in the mixed- 
valent state. The shortcomings of these complexes include 
the low yield of synthesis and low solubility of the product. 
These two issues can however be alleviated by using a 
monoruthenium complex with a redox-active amine unit 
that is connected to the metal component with a short con-
jugated bridge. Triarylamines are well-known organic hole- 
transporting materials that possess well-defined redox be-
haviour [55,56]. In addition, triarylamines and carbomet-
alated ruthenium complexes have comparable oxidation 
potentials, which is beneficial for maintaining a high degree 
of electronic coupling between two components. 

As shown in Figure 6, the cyclometalated ruthenium- 
amine conjugated asymmetric complex 9+ displays two re-
dox couples at +0.27 and +0.68 V vs. Ag/AgCl [57], which 
were caused by the stepwise oxidations of the triarylamine 
and ruthenium component, respectively. Because of the low 
oxidation potential, complex 9+ is very sensitive to chemical 
oxidant or electrochemical potential and it can be readily 
oxidized to 92+ and 93+. Complex 92+ is characterized by a 
strong absorption band at 1050 nm with max of 2.0×104   
M–1 cm–1 and a single line EPR signal at room temperature. 
Complex 93+ can be distinguished by an intense absorption 
band at 710 nm caused by the N•+-localized transitions. In 
addition, the three redox states of 9n+ show completely dif-
ferent solution colors (violet, red, and blue for 9+, 92+ and 
93+, respectively), which can be used as an additional 
readout signal for the redox-stimulated switching process. 
The spectroscopic and color changes of 9n+ in solution can  
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Figure 6  The ruthenium-amine conjugated complex 9+. (a) Molecular 
structure; (b) CV in 0.1 M n-Bu4NClO4/CH3CN at 100 mV/s; (c) EPR 
spectrum of 92+ at room temperature; (d) Vis/NIR absorption spectra and 
pictures of the solution at different redox states. Adapted from Ref. [57]. 
Copyright 2012 The Royal Society of Chemistry (color online).  

be transformed into thin film state when the molecule was 
functionalized with suitable polymerizable groups [58], 
which forms the basis for building two-wavelength electro-
chromic devices with a flip-flap molecular logic function. 

Figure 7 shows the redox-responsive behavior of the tri-
arylamine-derived styryl ruthenium complex 10 developed 
by Winter and co-workers [59]. Complex 10 shows two 
redox couples at 0.12 and +0.27 V vs. ferrocene(+/0). In 
response to a positive electrochemical potential, 10 was 
transformed into 10+ and 102+ stepwisely. The three redox 
states of 10 show a similar set of absorption spectra with 
respect to those of the above-discussed complex 9. In addi-
tion, complex 10+ shows a multi-line EPR signal at room 
temperature. Another interesting feature of complex 10 is 
that its three redox states display significantly different IR 
spectra. Specifically, the Ru(CO) band experiences a blue 
shift from 1910 to 1944 cm–1 during the first and then to 
1985 cm–1 during the second oxidation.  

In addition to ruthenium-amine conjugated system, cy-
clometalated osmium-amine conjugated complex has been 
reported. Figure 8 shows the redox-responsive behavior of 
complex 11+ [60], which is the osmium analogous of the 
ruthenium complex 9+. Due to the electron-rich nature of 
the osmium ion, the redox potentials of 11+ (+0.18 and 
+0.59 V vs. Ag/AgCl) are further negatively shifted with 
respect to those of 9+. The three redox states of 11 have very 
rich visible and NIR absorptions. Complex 11+ shows rich 
singlet and triplet metal-to-ligand charge-transfer (1MLCT 
and 3MLCT) transitions between 400 and 1200 nm. Com-
plex 112+ is characterized by the amine-to-osmium(III) 
charge-transfer at 970 nm and the Os(III)-localized d-d 
transitions at 1950 nm. Meanwhile, the N•+-localized transi-
tions at 700 nm were observed for the doubly-oxidized state 
113+. The three redox states of 11 are purple, wine, and dark 

 
Figure 7  The ruthenium-amine conjugated complex 10. (a) Molecular 
structure; (b) Vis/NIR absorption spectra at different redox states; (c) EPR 
spectrum of 10+ at room temperture; (d) IR spectral changes upon stepwise 
oxidations by electrolysis. Adapted from Ref. [59]. Copyright 2012 Walter 
de Gruyter GmbH (color online). 

 
Figure 8  The osmium-amine conjugated complex 11+. (a) Molecular 
structure; (b) CV in 0.1 M n-Bu4NClO4/CH3CN at 100 mV/s; (c,d) 
Vis/NIR absorption spectral changes and pictures of the solution upon 
stepwise oxidations. Adapted from Ref. [60]. Copyright 2014 The Royal 
Society of Chemistry (color online). 

cyan for 11+, 112+ and 113+, respectively. Because of the 
strong spin-coupling effect to the osmium ion, no EPR sig-
nal was detected for 11 at different redox states. 

The above discussed complexes all show reversible ab-
sorption spectral changes in the visible to NIR region, 
which makes them useful in electrochromic devices. Re-
cently, a ruthenium-amine conjugated complex 12+ was 
reported (Figure 9), which is redox-responsive and useful 
for ion sensing [61]. The cyclometalated ruthenium com-
plex 12+ contains a dipyridylamine recognition site which is 
connected to the metal component by an amide bond. This 
complex is able to selectively recognize Cu2+ in CH3CN/ 
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Figure 9  Cyclometalated complex 12+ for Cu2+ sensing. (a) CV spectral 
changes in CH3CN/H2O (4:1) upon addition of 1 equiv. Cu2+; (b) absorp-
tion spectral and solution color change upon addition of 2 equiv. Cu2+; (c) 
ion recognition mechanism. Tol is p-tolyl group. Adapted from Ref. [61]. 
Copyright 2013 American Chemical Society (color online). 

H2O (4:1) mixed solvent by multi-channel readouts. In the 
presence of one equivalent of Cu2+, two new redox couples 
at 0.03 and +0.66 V vs. Ag/AgCl appeared, in addition to 
the original wave at around +0.40 V of 12+. When more 
than one equivalent of Cu2+ was added, big changes were 
observed to the absorption spectrum, as evidenced by the 
decrease of the MLCT band at 516 nm and the appearance 
of a new LMCT band at 750 nm. At the same time, the col-
or of the solution turned pale yellow from violet. These 
electrochemical and spectroscopic responses were rational-
ized by a coordination-followed-by-oxidation mechanism 
[61]. When complex 12+ was deposited on electrode surfac-
es, practically useful thin films for Cu2+ sensing could be 
developed [62]. 

4  Multi-centre organometallic systems 

Molecular materials with multiple redox processes are use-
ful for molecular electronics, molecular memory, and other 
optoelectronic fields [63–65]. By using these materials, re-
dox-responsive processes with multi-step spectral changes 
are possible. 

Figure 10 shows the redox responsive properties of a tri-
arylamine-bridged cyclometalated diruthenium complex 
132+ [66,67]. This complex is an appealing three-centre sys-
tem with a large degree of charge delocalization among the 
ruthenium-amine-ruthenium framework. It shows three 
consecutive redox couples at +0.21, +0.44, and +1.03 V vs. 
Ag/AgCl, which points to the presence of four readily ac-
cessible redox states by either chemical oxidation or elec-
trochemical electrolysis. Three-step NIR absorption spectral 
changes were observed when 132+ was stepwisely oxidized.  

 

Figure 10  The amine-bridged diruthenium complex 132+. (a) Molecular 
structure; (b) CV in 0.1 M n-Bu4NClO4/CH2Cl2 at 100 mV/s; (c) EPR 
spectrum of 133+ at room temperature; (d) Vis/NIR absorption spectral 
changes upon stepwise oxidations. Adapted from Ref. [66]. Copyright 
2015 John Wiley & Sons, Inc. (color online). 

Complexes 133+, 134+, and 135+ were characterized by a 
unique absorption band at 1680, 1170, and 750 nm, respec-
tively. In addition, complex 133+ can be read out by a    
single-line EPR signal at room temperature. This complex is 
useful for mimicking a flip-flap-flop ternary molecular gate 
[66]. 

When a cyclometalated diruthenium complex was used 
as an organometallic bridge to connect two distal triaryla-
mine segments, an amine-ruthenium-ruthenium-amine type 
of tetra-centre complex 142+ was obtained (Figure 11) [68]. 
It shows four redox couples at +0.38, +0.48, +0.83, and 
+0.91 V vs. Ag/AgCl. The former two couples are associ-
ated with the amine oxidations and the latter two are as-
cribed to the oxidations of the ruthenium components. The 
two distal amines can be stepwisely oxidized, which means 
that efficient electronic communication is present between 
them. When 142+ was oxidized into 143+ and 144+, a NIR 
absorption band at 1186 nm appeared. This band decreased 
when 144+ was further oxidized into 145+ and 146+, accom-
panied by the appearance of the N•+-localized transitions at 
around 800 nm. The one-electron-oxidized form 143+ was 
characterized by a single-line EPR readout signal. When the 
ruthenium ions of 142+ were replaced by the electron-rich 
osmium ions, an amine-osmium-osmium-amine analogous 
was obtained [69]. It shows very similar four-step re-
dox-responsive behaviour as was observed for 142+. 

In addition to cyclometalated ruthenium or osmium metal 
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Figure 11  The ruthenium-amine conjugated four-center compound 142+. 
(a) Molecular structure; (b) CV and differential pulse voltammogram (DPV) 
in 0.1 M n-Bu4NClO4/CH2Cl2 at 100 mV/s; (c) EPR spectrum of 143+ at 
room temperature; (d, e) Vis/NIR absorption spectral changes upon step-
wise oxidations. Adapted from Ref. [68]. Copyright 2013 American 
Chemical Society (color online). 

components, alkynyl or vinyl carbometalated ruthenium 
complexes have been used to generate multi-centre systems. 
For instance, Humphrey and co-workers [70] reported the 
ferrocene-alkynyl ruthenium-triarylamine conjugated 
tri-centre compound 15 and the triruthenium complex 16 
with a triphenylamine core (Figure 12). Complex 15 dis-
plays three consecutive redox couples at +0.19, +0.56, and 
+0.93 V and complex 16 displays five redox waves at 
+0.20, +0.45, +0.69, +0.90, and +1.08 V vs. Ag/AgCl, re-
spectively. Accordingly, four and six redox states have been 
distinguished for 15 and 16, respectively, by absorption and 
IR spectra. A similar vinyl carbometalated triruthenium 
complex with a triphenylamine core was reported by Winter 
and co-workers [59]. In addition, Liu and co-workers [52] 
recently reported that the alkynyl carbometalated triruthe-
nium complex 17 with a terthiophene bridged showed three 
consecutive redox couples at 0.24, 0.16, and +0.11 V vs. 
ferrocene(+/0). The four-step redox-responsive behaviour of 
17 can be monitored by absorption and IR spectral changes. 

5  Conclusions 

Bi-centre or multi-centre carbometalated ruthenium or os-
mium complexes possess low redox potentials and a high 
degree of charge delocalization. They are excellent re-
dox-responsive organometallic materials which show sig-
nificantly different physical and spectroscopic properties at 
different redox states. The redox-responsive processes were  

 

Figure 12  Multi-centre compounds 15–17 (color online). 

performed with chemical oxidants or electrochemical po-
tentials as input signals and NIR absorption, IR, and EPR 
spectral changes as readout signals. These materials are 
potentially useful in molecular electronics, NIR electro-
chromism, information storage, and ion sensing. It would be 
interesting in the future to develop smart responsive molec-
ular materials that can be readily synthesized and triggered 
by multiple input signals. In addition, it would also be criti-
cal to transform the solution-based demonstrations to elec-
trode-confined surfaces for practical applications [71]. 
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