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Abstract: In the periodic table of the elements, ruthenium occupies an excellent position, just below
iron. And like iron, it possesses several oxidation states, with +2 and +3 being the most common.
Accordingly, ruthenium chemistry is extremely rich and well developed, and ruthenium complexes
show excellent catalytic aptitude, tremendous redox capacity, and intriguing biological activity.
However, in the design of sensors, the use of ruthenium complexes can be better exploited, as they
possess valuable electro- and photochemical properties. Therefore, there is an opportunity here, and
ruthenium-based complexes might become, one day, key players in sensing technology. Starting a
new research project with ruthenium-based sensors ourselves, writing this review was essential to
see the current state of research in the field, to better identify opportunities and to have an overview
of state-of-the-art examples.
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1. Introduction

When writing a review on sensors, the first challenge is to find the main thread.
The domain is so large because chemical sensors not only come in all kinds of shapes
and structures, but they also use different mechanisms to respond to external stimuli
(physical, biological, and chemical), and they are generally designed to target different
analytes. Therefore, it is important to take a decision early on; otherwise, one can be
rapidly overwhelmed by the literature. Herein, we have focused our attention on sensors
incorporating ruthenium-based complexes. Ruthenium is an extremely popular transition
metal, linked to Nobel Prize-winning discoveries [1]. It is a d-block metal with several
accessible oxidation states (—2 to +8), it possesses a rich redox chemistry, it offers structural
diversity, its chemistry is often compatible with water, and accordingly, it is an excellent
platform for the preparation of sensors. However, despite such positive attributes, sensors
developed on ligand design and ruthenium-based coordination chemistry are still limited.

In this review, we will present ruthenium-based sensors from an analyte point of view,
trying to give the readers not only state-of-the-art examples of ruthenium-based sensors,
but also where ruthenium complexes can be of special interest for sensing. The different
analytes will be divided and sub-divided using the most commonly accepted families, such
as anions, cations, gases, sugars, pollutants, biomolecules, etc. [2]. And each family will
be introduced separately, giving an overview of the situation; providing, when available,
information on sensitivity, affinity, selectivity, and the limit of detection; and trying to
pinpoint the remaining challenges associated with specific analytes.

2. Ruthenium-Based Sensors
2.1. Cations

In terms of cations, alkali and alkaline earth metals together with transition metal ions
remain the most common cationic analytes that have been studied with ruthenium-based
sensors. Of particular interest are those dealing with Cu?*, a common pollutant in the
environment (pesticides and fertilizers), but more importantly, an interesting biomarker in
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metallomics [3]. All ruthenium-based sensors for metal ions are either tris(bipyridyl) or
bis(terpyridyl) ruthenium(II) complexes with at least one of the pyridyl-based ligand being
functionalized with a coordinating unit for metal ions. Then, upon the coordination of
copper ions to the coordinating appendage, the photophysical property of the ruthenium
complex is modified, thus triggering a signal which can be observed by the naked eye or
by various spectroscopic methods (UV-visible, fluorescence, and NMR).

Almost 25 years ago, a bis(terpyridyl) ruthenium(II) complex was synthesized and
tested as a fluorescent sensor for transition metal ions [4]. The introduction of a 1,4,8,11-
tetraazacyclotetradecane macrocycle on the terpyridyl ligand has afforded a functionalized
complex with a cyclic tetradentate coordinating appendage (Figure 1). Interestingly, in the
presence of NiZ*, Zn%*, Cd?*, Hg2+, and Pb?* at various pH in water/acetonitrile mixtures,
no changes in the fluorescence behavior of the complex were observed. However, upon the
addition of Cu?* ions at neutral pH, a substantial quenching of the luminescent intensity of
the complex was observed. The result suggests that the coordination of Cu?* in the macrocy-
cle triggers an energy transfer process between the two parts of the bimetallic system (Cu?*
and Ru?*), thus modifying the electronic properties of the ruthenium-based fluorophore.

Figure 1. Bis(terpyridyl) ruthenium complex functionalized with a tetraazacyclotetradecane macrocy-
cle used for metal ions sensing [4].

Tris(bipyridyl) derivatives incorporating an analogous tetradentate ligand built from
a flexible 3,7-diazabicyclo[3.3.1]nonane core functionalized with two co-planar pyridyl
groups have been synthesized and tested as sensors (Figure 2) [5]. Like the terpyridyl deriva-
tives, in the presence of Cu* ions, the luminescence intensity is significantly quenched,
up to 40% with one equivalent of Cu?*, and even more at a higher stoichiometric ratio.
Similarly, the quenching of the ruthenium-based fluorophore after the coordination of Cu?*
to the tetradentate ligand was interpreted in terms of an energy transfer mechanism.

Figure 2. Tris(bipyridyl) ruthenium complexes functionalized with a tetradentate ligand [5].

A system with two tris(bipyridyl) complexes, bridged by a bis-phenanthroline linker,
has been synthesized and tested as a biological sensor for metal ions (Figure 3) [6]. The
system is extremely sensitive to Cu?* with a limit of detection of 3.33 x 10~8 M. However,
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in the presence of Na*, K*, Mg2+, CaZ*, Zn?*, Ag*, Fe?t, Fe3*, NiZ*, Mn2*, Co?t, Cd?*,
ng*, and Cr?*, the luminescence intensity remains almost the same (>80%). The strong
association constant (K, ~ 1.7 x 10° M~1) between Cu?* and the dinuclear complex offers
selectivity, and the water solubility of the system has provided an excellent probe for
the detection of Cu?* in zebrafish, taking, once again, advantage of the photophysical
properties of ruthenium complexes.
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Figure 3. Coordination of a Cu®* ion in a bimetallic complex [6].

The affinity of functionalized tris(bipyridyl) ruthenium complexes for Cu?* ions has
been demonstrated on many other occasions [7-9]. In these systems, like those presented
here, the strategy is very similar: the functionalization of one of the polypyridyl ligands
on the ruthenium(Il) center to be able to coordinate a cationic metal ion. Then, after
coordination, the photophysical property of the polypyridyl ruthenium complex is affected,
thus triggering a signal, which can be detected. However, adding selectivity and increasing
affinity can only be performed upon ligand design, and too often, the ligand can coordinate
different metal ions without discrimination.

Among other metal ions, Hg?* is also an interesting target. Mercury is a volatile
metal, which is toxic, and is often found in our environment due to mining activity or
fungicidal and antiseptic applications. The most common oxidation state of mercury is +2,
and therefore, developing sensors for Hg?* is quite relevant. The nature of Hg?", being
a soft metal ion, requires different captors than Cu®*. For example, instead of using a
functionalized polypyridyl ligand, thiocyanate derivatives have been prepared [10]. In
these complexes (Figure 4), the soft metal ion reacts with the sulfur atom of the thiocyanate
ligand to form mercury adducts, and upon the coordination of Hg?*, the photophysical
property of the ruthenium complexes is modified. Indeed, with no metal, or in the presence
of competing ions Cd?*, Pb?*, Fe?*, Cu?*, or Zn?* (~13 ppm), the aqueous solutions
are green, while in the presence of Hg?* (HgCl,) at the same concentration, the aqueous
solution turns pink. In such a system, the limit of detection was determined for the best
combination to be around 100 ppb (part per billion).

CO,H

CO,H

CO,H

Figure 4. Structures of two molecular probes for Hg?* ions [10].
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To obtain a reversible system, ruthenium complexes were also incorporated in a
mesoporous nanocrystalline TiO, support [10]. Like before, without Hg2+, the color of
the material was initially green. However, when the TiO, film loaded with the terpyridyl-
tris(thiocyanato) ruthenium complex was dipped for an hour in an aqueous solution
containing Hg?* ions at 9 ppm concentration, the color changed from green to pink. Then,
the ion-free ruthenium complex was regenerated almost instantly by dipping the film in
a 10 mM aqueous solution of KI. This process was repeated several times, showing the
reversibility of the system, which is crucial for commercial applications. Similar ruthenium
complexes were loaded on other supports, such as nanophosphors [11], metal/organic
frameworks (MOFs) [12], and mesoporous silica coating upconversion nanoparticles [13].
All the systems show great potential for the detection of the Hg?* ion.

Other coordination strategies can be used to sense Hg2+, as well as other metal ions,
exploiting, for example, ligands with both NNN and NNO chelating groups [14]. However,
having chelates reduces selectivity, both being stronger ligands due to the chelating effect,
unless one of the two units is coordinated to a metal prior to sensing. Indeed, when
the NNN chelating group is coordinated to a bis(bipyridyl) ruthenium unit (Figure 5),
the remaining NNO chelating site can selectively bind Cu?* and Hg?*, which, like the
previous examples, turns off the fluorescence property of the ruthenium complex through
an intramolecular electron transfer photo-induced process, and accordingly, provides a
visual signal for the detection of metal ions.

Figure 5. Bis(bipyridyl) ruthenium complex with a pending NNO chelating unit for sensing Hg?*
and Cu?* metal ions [14].

Regarding alkali metals interacting with arene ruthenium-based complexes, the first
example came from the group of Severin [15]. Trinuclear arene ruthenium metallacycles
were prepared to mimic the cavity of crown ethers, thus allowing small ions to interact
with the three perfectly positioned oxygen atoms of the bowl-shaped cavity (Scheme 1).
In these systems, the selectivity for Li* over Na* was achieved by steric constraints from
the arene ligands (p-cymene, toluene, triethylbenzene, hexamethylbenzene), which were
located at the periphery of the cavity. The stability constant for these host—guest systems
was quite high (>10° L-mol~! in CD30D for LiCl), but also very dependent on the solvent
used. Interestingly, when the host cavity is occupied by a guest, the trinuclear complex is
protected from oxidation. However, in the absence of LiCl or NaCl in the cavity of the host,
a solution containing the trinuclear arene ruthenium metallacycle upon the addition of
the oxidizing agent 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) will show a distinct
color change, from yellow to orange-red. This color change is due to the oxidation of the
ruthenium complex, which is extremely fast for the free receptor, and slow when occupied.
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Scheme 1. Sensing mechanism of alkali metal ions in a trinuclear arene ruthenium complex [15].

2.2. Anions
From halides to phosphates, nitrates, etc., and because of acid-base chemistry, there is

a plethora of anions, and we have divided this section into four sub-groups: halides and
small anions, phosphates, carboxylates, and others. In these sections, some ruthenium-
based sensors have interacted with different types of anions and could have been presented
in two or three sub-sections; however, we have discussed and located these complexes in
the section where they have shown the best selectivity and/or affinity for a specific anion

to avoid repetitions.

2.2.1. Halides and Small Anions
Halides and small anions play important roles in biology, and following industrial-
ization, they can also be considered as environmental pollutants at high concentrations.
Therefore, the development of rapid and accurate sensors for small anions is crucial, and
several groups have worked on the matter for years, including inorganic and organometal-
lic chemists. Accordingly, ruthenium-based sensors for small anions have been developed,
taking advantage of the coordination and electronic properties of the ruthenium center.
The perturbation on the fluorescence behavior of polypyridyl ruthenium complexes
upon the complexation of metal ions has also been exploited for small anions sensing [16].
Indeed, a series of hetero-dinuclear complexes in which NiZ*, Cu?*, or Zn2* are coordinated
to a tris(bipyridyl) ruthenium unit has been prepared (Figure 6) [16]. In the presence of
coordinating anions (AcO~, H,PO,~, Cl~, Br—, or I7), the dicationic metal is displaced
from the thioacetate pocket, thus modifying the fluorescence spectrum of the ruthenium
complex. The increase in luminescence was especially strong when a source of C1~ was

added to a solution containing the zinc derivative.
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Figure 6. Sensing of small anions by hetero-dinuclear complexes [16].

Arene ruthenium complexes were also used to sense small anions (AcO~, HyPO, ™,
HSO4~, CF35057, NO3;~, Cl7, and Br™) [17]. The presence of amino groups on the
pyridine-based ligands can interact with small anions in a 1:1 or 1:2 ratio. Under a 1:2 ratio
(anion—complex), the anion is surrounded by two arene ruthenium complexes, forming four
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weak N-H'-anion interactions (Scheme 2). In such an environment, the ligand-to-metal
charge transfer which takes place in the free complex is disrupted, thus modifying the
fluorescence spectrum. Similarly, upon the addition of anions, some 'H NMR signals
become diastereotopic, providing another spectroscopic method to study the host-guest
systems, and if desired, to allow the determination of binding constants.
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Scheme 2. Sensing of small anions by arene ruthenium complexes (X~ = AcO~, H,PO4~, HSO,4~,
CF350;57,NO;3;~, CI7, Br™) upon formation of hydrogen-bonded dimeric systems [17].

Similar arene ruthenium complexes incorporating two bis-imidazolyl tetramethyl-
benzene ligands have also been prepared [18]. The parallel orientation of the two ligands
provides a bowl-shaped cavity that can host anions. When trapped in that cavity, the
anion forms several hydrogen-bonded interactions with the side arms of the complex,
these interactions being observed by 'H NMR. Depending on the nature of the anion,
up to 6 hydrogen bonds are formed, thus creating strong binding systems via a second
coordination sphere approach [19].

Bis(terpyridyl) ruthenium complexes have been used as well for anion sensing [20].
In the presence of an excess of anions (AcO~, BF,~, ClO4~, PFs—, HPO4~, CN ™, S042,
F~,Cl7, Br~, or I7), the imidazolyl N-H groups in the terpyridyl ligands are deprotonated
(Figure 7), which triggers a photochromic change in the complex in a solution. In addition
to this naked-eye observation, absorption, emission, 'H NMR, and cyclic voltammetry tech-
niques can also be used to determine the presence of anions in a solution. The best results
were observed with fluoride and cyanide, the binding constants being ~2.0 x 10° M~!
in dimethylsulfoxide; however, most anions showed interactions with the proton of the
imidazolyl-based ligands, thus offering the possibility to use such complexes as proton-
driven molecular switches.

Similar interactions between anions and the N-H proton of 2,2'-dipyridylamine lig-
ands have been observed on tris(bipyridyl) ruthenium complexes (Figure 8) [21]. Among
several anions (AcO~, ClO4~, PFs~, NO3—, CN—, HSO,~, F~, Cl~, and Br™), only CN~
and F~ show strong interaction in acetonitrile (25 °C), with the binding constants of
10* dm3-mol~! for the mono-substituted derivative (Figure 8I), 100 dm®-mol~2 for the
di-substituted (Figure 8II), and 10'* dm? - mol 3 for the tris-2,2’-dipyridylamine ruthenium
complex (Figure 8III). The naked-eye detection of anions occurs by deprotonation of the
N-H groups, as demonstrated by a combination of 'H NMR, electrochemistry, and emission
spectroscopy studies.



Inorganics 2024, 12, 239

7 of 27

Figure 8. Sensing of small anions from tris(bipyridyl) ruthenium complexes, incorporating one (I),
two (II), or three (III) 2,2'-dipyridylamine ligands [21].

Cationic cyclometalated ruthenium complexes with a Lewis acid appendage at the
periphery for anion sensing have been synthesized and characterized [22,23]. For the boryl
derivative (Figure 9A), in the presence of F~ and CN~, the corresponding zwitterionic fluo-
roborate and cyanoborate species are formed, with the binding constants (9/1 THF/DMF
mixture) of 8.0 x 10° M~! for fluoride and >10” M~! for cyanide, respectively [22]. The
antimony analog (Figure 9B) shows in acetonitrile with slightly weaker binding constants,
being 6.8 x 10° M~! for CN~ and 1.4 x 10° M~! for F~ [23]. In both systems, the coordina-
tion of an anion on the Lewis acid moiety modifies the photophysical and electrochemical
properties of the ruthenium polypyridyl complex, which is used to sense the presence of
small anions in a solution.

_‘ +
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Figure 9. Sensing of cyanide and fluoride from cyclometalated ruthenium complexes (Mes = mesityl,
Ph = phenyl) [22,23].

The anion exchanged capability of an inorganic [RuCly(PPhs)L] (L = N,N-bis(2-
hydroxy-5-nitrobenzaldehyde)-2,2'-diaminodiethylamine) complex has been used to sense
small anions [24]. In the presence of bisulfate, a strong enhancement of the fluorescence
(Aex = 310 nm, Aery = 347 nm) was observed, which was attributed to the replacement of
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one coordinated chloride with a bisulfate anion (Scheme 3). The binding constant was
estimated at 2.3 x 10° M~ (8/2 H,0O/CH;3CN mixture). The fluorescence remains high
in the presence of an excess of other anions (AcO~, ClO4~, PFs~, NO3~, CN—, H,PO,~,
S,05%2~,F,Cl=,Br—,orl"), showing a specificity for the bisulfate anion.

on PPh; OH e
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- ~ \
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Scheme 3. Anion exchange in a dichloro ruthenium complex [24].

2.2.2. Phosphates

Phosphates are fundamental molecules in biology and essential to living organisms.
Phosphates are also critical in various cellular mechanisms, and participate in the formation
of membranes, DNA, RNA, and proteins [25]. The selective binding and recognition of
phosphate derivatives by proteins is a highly regulated event in living systems and of great
interest for medicinal or analytical purposes. Therefore, sensing phosphates in aqueous
media has been under scrutiny for decades, and several systems and strategies have been
deployed to develop sensors. Accordingly, some ruthenium-based sensors for phosphates
have been designed.

Among the first ruthenium-based sensors for phosphates, the calix[4]arene ruthenium
bipyridyl complexes are worth mentioning [26]. In these systems, the phosphate anion
interacts with amido groups, thus forming multiple hydrogen bonds. The strong affinity
between the cationic complex (Figure 10) and phosphates is highlighted by the formation
of single crystals, in which the ionic interactions are well defined. The stability constant
between Hy,PO4~ and the calix[4]arene ruthenium complex in DMSO is estimated at
2.8 x 10* M~ 1. The interaction is also reflected by a higher quantum yield in a solution
of the ruthenium-phosphate adduct as compared to the free complex, providing a rapid
detection tool.

Figure 10. Sensing of phosphates from a calix[4]arene-functionalized ruthenium complex [26].



Inorganics 2024, 12, 239

9 of 27

A few years later, a series of analogous amido-pyridyl ligands coordinated to bis(bipyridyl)
ruthenium unit was prepared [27]. The addition of imidazolium groups at the end of
the amido-containing linkers (Figure 11) has increased the luminescence response for
HyPO4~ (by 226%). In terms of binding constants, the affinity for Cl1~, as well as other
anions (Br~ and AcO™), were higher (7.6 x 10* M~! for Cl~ in a 9/1 CH3CN/H,0
mixture), thus limiting selectivity, but interestingly, a blue shift of 11% was observed in the
presence of NapATP (ATP = adenosine triphosphate). The ability of sensing ATP?~ in a
water/acetonitrile mixture opens new perspectives for biological applications.

4+
o 4 PFg

\—/

\ /" \ /
|

Figure 11. Imidazolium-amido bipyridyl ligands attached to ruthenium bis(bipyridyl) center for
phosphates’ sensing [27].

A ferrocene-imidazophenanthroline ligand was also designed for anion recogni-
tion [28]. The ligand and the corresponding ruthenium complex (Figure 12) interact with
various anions. The redox-active ferrocenyl group is used for ADP (ADP = adenosine
diphosphate) and ATP sensing through different signaling pathways, electrochemical, spec-
tral, and fluorescence. The hetero-bimetallic complex showed high affinity for small anions
like C1~ (K = 4.5 x 10* M~! in CH3CN), having an important fluorescence enhancement,
as well as a cathodic shift of the ferrocenyl oxidation wave. Moreover, the ferrocenyl-
functionalized ligand can selectively sense HP,O~ anions over ADP and ATP due to a
deprotonation process involving the imidazolyl moiety. The binding constant between
the ferrocenyl complex and hydrogen-pyrophosphate was estimated to be 6.2 x 10* M~!
in CH3CN

Figure 12. A ferrocene-imidazophenanthroline ligand coordinated to a ruthenium bis(pyridyl) unit
for sensing HP,0,%~, ADP, and ATP [28].

Amino-benzenesulphonamido phenanthroline ligands have been coordinated to
bis(bipyridyl) ruthenium unit to afford a series of functionalized complexes [29]. Like
the previous sensors, the amino and amido groups are sensitive to the presence of various
anions (AcO~, F~, and H,PO4 7). In acetonitrile, the binding constants are in the range
3 x 103 to 5 x 10* M~!, which is comparable to those found for imidazolyl-phenanthrolin-
(nitrophenyl)diazenylphenol [30] and aryl urea derivatized 2,2'-bipyridyl analogs [31].
In all cases, hydrogen bonds are observed between the anions and the functionalized
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ruthenium polypyridyl complex, thus disturbing the electronic properties of the ruthe-
nium(II) center.

Coordination-driven self-assembly was used to develop luminescence hosts for the
selective sensing of ATP in water [32]. The water-soluble hetero-bimetallic assemblies
were built from two ruthenium bis-dipyridylphenazine units and two rhenium chloro
triscarbonyl metal centers linked by two tetrapyridyl connectors (Figure 13). This par-
ticular host shows a specific emission response to ATP, while with the structurally ana-
log GTP (guanosine triphosphate), no such emission behavior was observed. Compu-
tational studies suggest a different host-guest binding geometry, thus modulating the
host-guest stacking interactions, and ultimately, modifying the luminescence response of
the ruthenium(Il) sensor.

4
4CrI

CcO
OC\ ]/CO
\N/Re\N/

Figure 13. A water-soluble bimetallic metalla-assembly to selectively sense ATP [32].

Another imidazolyl-polypyridyl ruthenium-based complex has been used to sense
anions and cations [33,34]. Despite the dicationic nature of the ruthenium complex, the
presence of a tris-pyridyl unit at the periphery allows coordination to cationic metal ions
(Figure 14), thus offering to some extent the possibility of sensing both anions and cations.
Indeed, Fe?* and H,PO,~ have shown a specific affinity for the complex, the metal ions
bind to the terpyridyl unit, while H,PO,~ forms hydrogen bonds with the imidazolyl
group. Both host-guest systems show a naked-eye response in solution, offering a dual
functional sensor. The terpyridyl group was also used to coordinate Re(CO)3Cl unit [34].
The hetero-bimetallic complex shows a higher affinity for H,PO, ™, with a binding constant
of 1.5 x 10'® M~2 in CH3CN. The enhanced binding affinity and increased emission were
exploited for imaging cancer cells [34].

Figure 14. Ruthenium-based sensor with dual imidazolyl and terpyridyl functions [33].

Other functional groups can be inserted at the periphery of polypyridyl ruthenium
complexes. For example, ruthenium(Il) complexes incorporating two phenanthrolines
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and a triazolo-pyridyl functionalized ligand have been designed for anion sensing [35,36].
The iodo derivative (Figure 15, left) interacts strongly with H,PO4~ through halogen-
bond interactions, with an association constant of 1.94 x 10° M~ (CH3CN solution) [35].
Similarly, the 4-fluorophenyl urea functionalized complex (Figure 15, right) selectively
sensed phosphates (H,PO,~ and HP,O?") in the presence of competitive anions (AcO~,
ClO;~, PhCO,~,NO3~, HSO;—, CO52~,F~,Cl~,Br—, or I7) [36]. Interestingly, a titration
of dihydrogen phosphate with the ruthenium complex showed a two-site binding system,
while with hydrogen pyrophosphate a single 1:1 binding system was observed.

Figure 15. Ruthenium-based sensor with dual functions [35,36].

Analogous complexes, with two bipyridyls and a triazolo-pyridyl functionalized
ligand with an iodo group, have also been used to sense phosphates [37]. In these sys-
tems, a phthalimide group was anchored to the triazolo-pyridyl unit (Figure 16). Like its
predecessors, the binding affinity for H,PO,~ and HP,0,%~ was excellent, with a limit
of detection being in the nanomolar range (CH3CN solution). The presence of an iodo
group was demonstrated to be crucial for increasing the selectivity for phosphates via
halogen—anion interactions.

2+
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1 “\\\\\N /
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Figure 16. Ruthenium-based sensor with a phthalimide-anchored triazolo-pyridyl ligand [37].

A tris(bipyridyl) ruthenium(II) complex, in which a triazolo group is coupled with a
benzothiazole, is part of the functionalization of a bi-pyridyl ligand (Figure 17), which was
used for sensing phosphate anions [38]. The binding constants in acetonitrile for HyPO4~
and H,P,O,2~ were estimated to be 7.7 x 10* mol~! and 4.4 x 10* mol~!, respectively.
The luminescence-enhancing phenomena in the presence of phosphates were exploited for
cancer cell imaging. After 24 h of incubation, the ruthenium complex (50 M) was internal-
ized, showing strong red fluorescence in MCF-7 cancer cells. Interestingly, the fluorescence
was quenched by adding four equivalents of Cu?* ions to the cellular supernatant, thus
suggesting that this fluorescence response can be used to evaluate levels of Cu* in cells.
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Figure 17. Ruthenium-based sensor with dual functions, detection of phosphate and evaluation of
Cu?* levels in cells [38].

In view of the importance of phosphates in biology and alarming phosphate concen-
trations in some lakes and the environment, the sensing of phosphates, and especially to
selectively discriminate between the various types of phosphate anions, will remain an
active field of research in the future.

2.2.3. Carboxylates

Carboxylates are intermediates or by-products in several biological and industrial
processes [39]. The most common carboxylates are those of the conjugate bases of organic
acids, such as acetic acid, propionic acid, butyric acid, valeric acid, caproic acid, citric acid,
lactic acid, formic acid, malonic acid, tartaric acid, and succinic acid. Therefore, these anions
can interact with sensors by forming hydrogen bonds, and all the ruthenium-based sensors
for carboxylates are taking advantage of that property. However, different strategies to
introduce donor groups around a ruthenium-based sensor have been employed, showing
in this section a great structural diversity.

One possibility is to use coordination-driven self-assembly to generate hosts with a
cavity capable to form multiple hydrogen bonds, and this can be easily achieved with arene
ruthenium complexes [40]. The donor groups can be attached to different building blocks,
and even the arene ligand, thus offering a great diversity of structures and functions [41].
For sensing carboxylates, arene ruthenium metalla-rectangles incorporating bi-pyridyl
functionalized linkers have been designed (Figure 18). In this particular case, mono-
carboxylate anions could interact either inside or outside the cavity with limited affinity
(Ka < 10° M) [42]. However, multi-carboxylate anions could not only interact with the
multiple donor groups but also sit in the cavity of the cationic metalla-rectangle host, and
consequently, the binding affinity in methanol was significantly amplified for these anions
(oxalate K, =5 x 10* M1, citrate K, = 1.4 x 10° M, and tartrate K, = 1.8 x 10° M~1). The
strong affinity offers a degree of selectivity and suggests an inside-the-cavity interacting
system, which is ideal for multi-carboxylate anions.

Following the same strategy, other arene ruthenium metalla-rectangles were synthe-
sized, and their ability to sense carboxylate anions was evaluated [43,44]. In all the cases,
the donor groups were located on a bipyridyl linker. They consist of amido derivatives with
different flexibility and geometry. In the case of 2,6-bis{N-(4-pyridyl)carbamoyl}pyridine, a
bowl-shaped structure was obtained in which oxalate, tartrate, and citrate could sit and
interact with NH-amido groups (K, > 10* M~! in methanol) [43]. On the other hand, with
the unsymmetrical linker N-{4-(pyridin-4-ylethynyl)phenyl}isonicotinamide, a distorted
rectangular geometry of the assembly was obtained, thus having isomeric mixtures [44].
Nevertheless, the metalla-rectangle showed a similar affinity for multi-carboxylate anions
in solution thanks to the flexibility of the linkers. The binding constant for tartrate in
methanol was estimated to be 5.5 x 10* M~1.
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Figure 18. Ruthenium-based metalla-rectangle for sensing multi-carboxylate anions [42].

Other ruthenium-based complexes incorporating donor groups have been synthesized
and studied for their binding affinity for carboxylates [45]. An amido-amino functionalized
3,3/-bipyridyl ligand was coordinated to a bis(bipyridyl) ruthenium complex in view to
have multiple hydrogen bonds (Figure 19). The tetracationic complex shows great flexibility,
and despite some distance between the binding site and the metal center, upon interactions
with carboxylates, electrochemical and photoluminescence responses were observed in
solution. Dihydrogen phosphate was detected by electrochemiluminescence, increasing
the intensity of the signal and modifying the electronic behavior even in the presence
of competing anions such as glutamate. However, with glutamate, the intensity of the
photoluminescence increased, but no changes in the electrochemical process were observed,
thus showing the different binding modes and consequently offering a degree of selectivity
according to the technique used.

Figure 19. Photoluminescent ruthenium complex with multiple hydrogen bond receptors [45].

Mononuclear arene ruthenium complexes were also used for sensing carboxylate
anions [46]. Once again, the ruthenium complexes possess functional groups that allow the
formation of hydrogen-bonded adducts between a functionalized ligand of the ruthenium
complex and anions. Carbonate showed the strongest binding affinity (K, = 3.97 x 10* M~!
in DMSO), followed by sulfate (K, = 2.59 x 10* M~!). The geometry and double negative
charge of these anions appear to be ideal for forming adducts (Figure 20), while all the other
ions (SCN~, N3 ~, BPhy—,NO,~, $,02~, Cl~, Br—, I, Mg?*, K*, Ca?*, Sr?*, Hg?*, Cu?*,
Fe3*, Mn?*, Zn?*, NH,*, Ni%*, Ba®*, Al**, and Cd?*) have shown no specific interaction
that could be detected by spectroscopic methods.
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Figure 20. Arene ruthenium complex interacting with CO52~ (or SO427) [46].

2.2.4. Others

Among the other small anions, peroxynitrite (ONOO™) is also a biologically relevant
anion [47]. Peroxynitrite is a reactive biological oxidant which is involved in multiple
biological processes where it acts as a peroxide, Lewis base, or free radical generator.
However, because it is a short-lived and very reactive oxidant, sensing peroxynitrite
remains a challenge. Nevertheless, a ruthenium-based polypyridyl complex was used to
sense ONOO™ in a methanol/water mixture [48]. In the presence of peroxynitrite, the
functionalized bipyridyl ligand was oxidized, thus generating 1,4-benzoquinone (Scheme 4).
The dealkylation reaction quenched the fluorescence signal of the complex, a phenomenon
that was not observed with other ROS/RNS species (-OH, O,~, NO3~, NO,~, H,O3, 10,,
‘0,7, and NO). The probe was water soluble and showed a good response in the range of
10-50 uM at physiological pH.
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Scheme 4. Oxidation reaction of a ruthenium-based sensor in the presence of peroxynitrite [48].

2.3. Carbohydrates

The development of boronic acid-based sensors for carbohydrates remains one of the
most popular strategies to detect sugars [49]. Boronic acids can reversibly bind diols, a
ubiquitous feature of sugars, and therefore, boronic acid functions are often introduced
in the molecular sensors of carbohydrates. Consequently, it is not surprising that the
first ruthenium-based sensor for glucose has taken advantage of that property [50,51].
The bis-bipyridyl 5,6-dyhydroxy-1,10-phenanthroline ruthenium complex forms at pH
8 a boronic acid adduct, which in the presence of glucose is broken up (Scheme 5). In
this displacement assay, the luminescent intensity of the ruthenium boronic acid complex
is extremely high, but it decreases gradually in the presence of glucose. An analogous
ruthenium-based probe has been developed to sense glucose by the luminescence decay of
a long-lifetime ruthenium tris(bipyridyl) complex [52]. The ruthenium center was coupled
with Concanavalin A, a mannose residue binder, and the system was based on competitive
displacement in the presence of glucose, once again, taking advantage of the disruption of
the MLCT energy transfer process at the ruthenium center.
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Scheme 5. Boronic acid functionalized ruthenium complex to sense glucose by displacement

assay [51].

Redox-active dinuclear ruthenium-based complexes (Figure 21) have been prepared
using 1,2-dicarbonylhydrazido bridging ligands [53]. The dinuclear complex can be oxi-
dized, thus switching on near-infrared (NIR) absorption. Under the right conditions, the
response was particularly strong when the diruthenium complex reacted with hydrogen
peroxide and glucose under physiological conditions (acetonitrile/Tris buffer).

Figure 21. Redox-active dinuclear ruthenium-based sensor for sugars [53].

2.4. Biomolecules

In biology, sensing is crucial for diagnostics, therapy, and more generally for under-
standing how living organisms function. Generating an interaction between a biomolecule
and a metal-based complex is easy to obtain and quite common. However, showing speci-
ficity and selectivity remains extremely difficult to achieve in biological systems due to
competition [54,55]. Indeed, to determine the degree of selectivity, a plethora of control
experiments is required. Such control experiments involve not only competitive analytes,
but also varying physical and physiological conditions (T°, pH, concentration, light, buffer,
solvent, etc.) according to the sensor and the target. Unfortunately, it is unthinkable to run
all the possible conditions. Nevertheless, the more you do, the more your system will show
robustness, and therefore, usefulness.

2.4.1. Proteins

The aggregation of amyloid-f3 has been associated with Alzheimer’s disease, thus pre-
venting or sensing such aggregations can help save lives. A dipyridophenazine ruthenium
complex (Figure 22) has been used to detect the aggregation of amyloid-f [56]. In the pres-
ence of amyloid-f3, a strong photoluminescence is observed in solution, which is associated
with the large Stoke shift and long-lived photochemical process of the ruthenium complex
when interacting with aggregates. Functionalized dipyridophenazine analogs were studied
a few years later, confirming the sensing ability of ruthenium-based complexes for the
aggregation detection of the amyloid-f3 peptides [57].

Nanorods grafted with tris(bipyridine) ruthenium complexes were used as electro-
chemiluminescence materials and incorporated into an immunosensor array in view to
detect N-acetyl-B3-D-glucosaminidase (NAG) [58], NAG being a biomarker for diabetic
nephropathy. The luminescent signal shows linearity in concentrations from 1 ng mL~! to
0.5 pg-mL~!, with the limit of detection being below 0.2 pg-mL~!. Similar devices were
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built with titanium dioxide nanoparticles decorated with tris(bipyridine) functionalized
complexes. The tris(bipy)Ru-TiO, nanoparticle/electrode system shows a linear response
to protein kinase activity from 0.5 to 40 U-mL~! [59]. Then, following a similar approach,
the human heart-type fatty-acid-binding protein was also detected by electrochemilumines-
cence using cationic tris(bipy)ruthenium [Ru(bpy)s]*>* complexes incorporated in organic
framework thin films [60]. The immunosensing tool has shown an extremely sensitive
response with linearity from 150 ng-mL~! to 150 fg:mL~! and a limit of detection at
2.6 fg-mL~!. The high cationic ruthenium loading content in the films was crucial for the
corresponding modified electrode to show an outstanding sensitivity.

2+
2 PFg

Figure 22. Dipyridophenazine ruthenium complex used to detect aggregation of amyloid-f [56].

Arene ruthenium metalla-assemblies, which are generally positively charged, have
shown interactions with several proteins. In addition to electrostatic interactions, such
assemblies have cavities that can also interact with proteins to potentially increase the
binding affinity and the stability of the host-guest systems [19]. However, in such systems,
other properties have to be exploited to study the protein-sensor interactions (NMR, mass,
UV-vis, and fluorescence). For example, a tetracationic arene ruthenium metalla-rectangle
(Figure 23), with bis-amido pyridyl linkers, has shown interaction with enhanced green
fluorescence protein (EGFP) [61]. The binding constant (7.5 x 10 M~!) was estimated by
UV-visible spectroscopy. Likewise, a hexacationic arene ruthenium metalla-prism, which
interacted strongly with albumin, transferrin, cytochrome ¢, myoglobin, and ubiquitin by
forming aggregates [62], has suggested that proteins are a possible target, which might
explain the in vitro activity of arene ruthenium assemblies [63].
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Figure 23. Tetranuclear arene ruthenium metalla-rectangle interacting with EGFP protein [61].

2.4.2. DNA/RNA

Like proteins, DNA and RNA tend to interact strongly with positively charged com-
pounds, thus making cationic ruthenium-based complexes ideal for sensing nucleic acids,
DNA, and RNA. Accordingly, different mechanisms were exploited to generate a chemical
response in the presence of such analytes, among them displacement assays. For example, a
tagged-DNA sequence forms with polypyridyl ruthenium complexes as an adduct (tagged-
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DNA@Ru), which can be dismantled in the presence of a complementary RNA sequence
(Scheme 6). When linked to the ruthenium complex, the fluorescence of the tagged DNA
is quenched, but recovered upon dissociation [64]. The best detection limit was obtained
for the 3-amino-1,2,4-triazino[5,6-f]-1,10-phenanthroline derivative, showing a value of
0.28 nM. A few years later, analogous ruthenium phenanthroline-functionalized complexes
were tested, showing affinity for other microRNA sequences, and confirming the versatility
of this strategy [65].
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Scheme 6. Mechanism involved in the displacement assay of a tagged-DNA ruthenium adduct in the
presence of the complementary RNAs to form a DNA/RNA duplex [64].

The natural luminescence of tris(bipyridyl) ruthenium(Il) complexes was also taken
advantage of in electrochemiluminescence (ECL) nanohybrid materials [66]. Branched
polyethylenimine-coated carbon dots covalently linked to ruthenium complexes have
shown enhanced ECL in the presence of microRNA-133a, a target for acute myocardial
infarction diagnosis. The detection limit was 60 fM in human serum samples, thus showing
potential as biosensors. Gold nanoparticles were also coated with tris(bipyridyl) ruthenium
complexes, thus adding redox-active centers to these hybrid materials to generate electro-
chemical indicators [67]. In the presence of a double-stranded DNA, the electrochemical
behavior of the adduct is exploited to detect over the limit of 25 pmol the sequence associ-
ated with the stomach Helicobacter pylori bacterial infection. In the case of amino-linked
ruthenium complexes on gold nanoparticles, the ruthenium complex (Figure 24) is largely
displaced in the presence of cysteine, thus regaining its fluorescence (>30%) [68]. With
other amino acids, the fluorescence intensity is at best at 5%, showing a clear selectivity

for cysteine.
2+
2Cr
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\ /" \ /
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Figure 24. Amino-functionalized tris(pyridyl) ruthenium complexes fixed to gold nanoparticle
surfaces [68].
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2.4.3. Primary and Secondary Metabolites

Like most ruthenium-based sensors involving tris(bipyridyl) ruthenium derivatives,
the electrochemical or electrochemiluminescence properties of these complexes have been
used to trigger a signal in the presence of metabolites. Among electrochemical recognition
mechanisms, a carbon nanotube decorated with ruthenium complexes was used as an elec-
trode for sensing D-penicillamine, 6-thioguanine, and catecholamines by differential pulse
voltammetry [69]. The limit of detection was estimated to be at 80 mM for penicillamine
over a concentration range of 0.2-750 nM. In another system, an electrode consisting of a
gold surface grafted with ruthenium complexes has been employed to sense dopamine [70].
The electro-catalytic process of oxidation in the presence of the analyte was studied in
solution, with the lowest potential of detection being 0.2 V and the limit of detection being
3.3 uM.

When dealing with electrochemiluminescence, different hybrid materials incorpo-
rating various tris(bipyridyl) ruthenium complexes have been developed. In the case
of a polymeric system, built from poly(methacrylic acid) crossed-linked to [Ru(bpy)s;]**
units, the detection range was 5 x 10713 to 5 x 107® M (limit of detection =1 x 10713 M)
for melamine [71]. Interestingly, the ruthenium units act as catalysts as well as sensing
probes, thus showing a bifunctional behavior. For sensing estradiol (E2), an estrogen
steroid hormone associated with breast cancer, functionalized perylene-DNA strands
coupled with CuO nanoparticles modified with carbohydrazide and [Ru(dcpy)s]** com-
plexes (dcpy = 4,4'-dicarboxylicacid-2,2"-bipyridyl) were prepared [72]. The dual-mode
sensing system interacts with E2 in the 0.001-100 nM range. Following a similar electro-
chemiluminescence process, tenuazonic acid (pKj = 3.5), a food and feed mycotoxin, has
shown a strong quenching of the fluorescence when a hydrogen-bonded adduct is formed
(Scheme 7); with two equivalents of analyte, the quenching reaches 82% [73].
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Scheme 7. Electrochemiluminescence quenching of a ruthenium complex upon the addition of
tenuazonic acid [73].

2.4.4. Biothiols

Reactions at the periphery of tris(bipyridyl) ruthenium complexes have been exploited
for sensing and imaging biothiols [74,75]. For example, the replacement of the dinitrophenyl
group in [Ru(bpy),(DNS-bpy)]>* (DNS-bpy = 4-(2,4-dinitrophenylthio)-2,2'-bipyridine) by
glutathione (GSH) allows the emission of the ruthenium center to be recovered upon the
annihilation of the intramolecular donor-acceptor photo-induced electron transfer (PET),
thus providing visual evidence of the presence in vitro of thiol compounds (Scheme 8).
A similar disruption of a PET process was used for the in vitro and in vivo visualization
of biothiols [76]. The system shows discrimination between GSH and cysteine, form-
ing different species in solution, a non-emissive compound with GSH or a short-lived
green-emitting derivative with cysteine (or homocysteine). The same strategy was used
with mononuclear and dinuclear complexes [77]. In these systems, the acceptor group is
ortho-2,4-dinitrobenzenesulfonate, which produces the PET effect, and when displaced by
biothiols, the strong luminescence of the complex is regained.
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Scheme 8. Nucleophilic substitution of dinitrophenyl with GSH to recover the natural MLCT emission
of the tris(pyridyl) ruthenium unit [75].

2.5. Gases

The development of oxygen sensors is in great demand for both industrial and
biological applications. Oxygen can be beneficial or detrimental to chemical and bio-
logical processes, so knowing rapidly and effectively the level of oxygen is key [78].
Among the first oxygen probes built from ruthenium are the [Ru(dpp)(dmch),]*>* and
[Ru(dpp)z(dmch)]** (dpp = 4,7-diphenyl-1,10-phenanthroline; dmch = 6,7-dihydro-5,8-
dimethyl-dibenzol[i,j][1,10]-phenanthroline) complexes, both isolated as their dodecylsul-
fate salts [79]. The complexes were immobilized on different membranes, showing for the
best system an oxygen-sensing capacity between 0 and 200 Torr of partial pressure, with
visual luminescent response times being around 1 min for O, in a solution and seconds in
the gas phase. A few years later, analogous phenanthroline-based ruthenium complexes
were linked to porous glass materials or Nafion membranes to provide non-aqueous solvent
luminescent probes for oxygen [80,81]. The commercially available [Ru(bpy)s]** was also
incorporated in polyelectrolyte microshells [82] and mesoporous silica spheres [83], in
view to develop robust ruthenium-based oxygen indicators. Both showed luminescent
response to oxygen in an aqueous solution, thus offering new perspectives in biological
applications. Indeed, to monitor oxygen levels in cells, a coumarin-functionalized [84] and
a Hoechst-tagged [85] ruthenium complexes have been synthesized (Figure 25). In both
systems, the lipophilic appendage helped to internalize the fluorescent probe into cells,
thus allowing an in situ visualization of oxygen content in living cells, in the mitochondrion
for the coumarin derivative and in the nucleus for the Hoechst analog.

N
N 2+ | 2
| . YN - | 2¢
| N N 1 2N, l ‘“\[\i =
N N JRul
A ul ) SN | N =
NS (N, == )wo
ANy 2 N Q | N h H Ng
l
| H S N H
l\‘l N N\)
NMe n=35729 z > <\Nj©/

Figure 25. Structure of a coumarin-functionalized ruthenium complex (left) [84] and a Hoechst-tagged
analog (right) [85].

Not only tris(bipyridyl) ruthenium scaffolds can be used to prepare oxygen sensors.
For example, the neutral dichloro-{2,6-bis[1-(4-dimethylaminophenylimino)ethyl]pyridine}
ruthenium complex (Figure 26) has been used to sense O, in perfluorochemical matri-
ces [86]. The perfluorochemicals increase the solubility of O, by three, thus intensifying
the fluorescent response of the ruthenium complexes. Analogous dichloro polypyridyl
complexes, in which the acetonitrile ligand was replaced by a bipyridyl linker (pyrazine,
4,4'-bipyridine), have generated dinuclear systems [87]. The bimetallic sensors show a
56% fluorescence intensity decrease in solution in the presence of O,. More biologically
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pertinent, a ruthenium carbonyl mesoporphyrin IX dye (Figure 26) was incorporated in
myoglobin and the heme nitric oxide binding site within Thermoanaerobacter tengcongen-
sis bacteria [88]. These protein-based sensors show intense red emission (Aex = 550 nm) in
the absence of Oy, which can be strongly quenched in the presence of oxygen. The sensors
even responded in E. coli, and the level of detection for O, was biologically relevant, thus
offering new avenues for biological applications in living organisms.
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Figure 26. Dichloro-{2,6-bis[1-(4-dimethylaminophenylimino)ethyl]pyridine}ruthenium complex
(eft) [85] and rutheniumcarbonyl mesoporphyrin IX (right) [88].

In view to generate other types of sensors for Oy, polypyridyl ruthenium complexes
have been incorporated into all kinds of hybrid materials, for example, in various forms of
silicate-based materials, such as mesoporous silicates [§9-91], core-shell nanospheres [92],
and nanoparticles [93,94]. In addition, other matrices and supports were also used to de-
velop ruthenium-based oxygen probes, like Langmuir-Blodgett film on glass [95], quantum
dots in sol-gel matrix [96], zeolite [97], or zinc-coordination polymers [98]. These materials
exploit the possibility of quenching the MLCT excited state of the ruthenium center in the
presence of oxygen, thus triggering a visual effect within the hybrid materials, which can
be integrated into devices.

Other gasses can also be detected by ruthenium-based sensors. In the case of Ny, a
nitrogen-bearing macrocycle was coordinated to a ruthenium diaqua complex to generate
the dicationic complex [Ru(H,0),(tmc)]** (tme = 1,4,8,1 1-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane) [99]. The complex is pH-sensitive, showing a strong absorbance at 235 nm
at pH > 10, which is associated with the formation of [Ru(OH)(N;)(tmc)]* (Scheme 9). The
limit of detection was determined to be at a N, partial pressure of 0.01 MPa. Also pH-
sensitive, a carbon dioxide sensor involving [Ru(pzth)g]2+ (pzth = 2-(2-pyrazinyl)thiazole)
has been tested [100]. In the presence of CO,, a pH transduction via excited-state proton
transfer to the ruthenium complex takes place, thus creating a Stokes shift that can be
detected by an optic fiber.
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Scheme 9. pH-dependent structural changes and equilibria during the sensing of Ny from
[Ru(H0);(tme)** [99].

For carbon monoxide, a series of inorganic ruthenium complexes has been synthe-
sized [101,102]. The ruthenium complexes possess two key elements, a vinyl-functionalized
ligand linked to a fluorophore, and a labile 5-(3-thienyl)-2,1,3-benzothiadiazolo (tbtd) lig-
and. Upon the gradual addition of CO, the tbtd ligand is replaced by CO, which turns on
the fluorescence of the newly formed complex. The naked-eye limit of detection is esti-
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mated to be at 0.005 ppm of CO in the air, while for the fluorescence, the limit of detection is
0.001 ppm. Control experiments show that acetonitrile and nitric oxide (NOx) can interfere
at high concentrations, much higher than the general range of concentrations that require
most CO detection applications.

Nitric oxide is another gas that can trigger an electronic response from tris(bipyridyl)
ruthenium complexes [103]. In the presence of NO and oxygen, the [Ru(bipy)2(dapby)]>*
complex (dapby = 4-3,4-diaminophenoxy)-2,2'-bipyridine) forms a benzotriazole derivative
(Scheme 10). The triazolo complex shows a much stronger luminescence at pH > 5, thus
being compatible with biological applications. Indeed, in cells, the production of NO was
monitored, thus showing the versatility of this probe.

Scheme 10. Reaction of NO with [Ru(bipy)Z(dapby)]2+ to form a trizolo derivative [103].

2.6. Explosives-Pollutants

Among pollutants that have not been discussed previously in the review, we can
mention organotin compounds with the general formula R,SnX(4_n,) where R is an alkyl or
aryl group and X a halide or hydroxide anion, both entities surrounding a tetrahedral Sn
center. Accordingly, a chromophore-bridged dinuclear complex was synthesized, and its
ability to generate aggregation-induced emission in the presence of organotin halides was
studied [104]. The fluorescence at 645 nm (Aex = 510 nm) is increased significantly upon
the addition of PhSnCl; in dichloromethane, a phenomenon that can also be followed by
NMR spectroscopy.

Multiple arene ruthenium metallacycles have been built from dinuclear complexes
and various ditopic ligands [41]. The size, shape, flexibility, and electronic properties of
such assemblies can be controlled, thus providing a modulating approach for preparing
supramolecular sensors. Indeed, such arene ruthenium metallacycles have been tested for
sensing nitroaromatic molecules [105]. The bowl-shaped derivative, obtained by combin-
ing 1,3-bis(3-pyridylethynyl)benzene linkers and [{(p-cymene)Ru},(p-oxalato)]?* dinuclear
complexes (Figure 27), showed a binding affinity for 2,4,6-trinitrotoluene (TNT) in methanol
at a room temperature of 3.3 x 10° M~1. Analogous tetranuclear arene ruthenium metalla-
cycles have also interacted with nitroaromatic compounds, and therefore, could potentially
act as sensors [106,107].

Encapsulated luminescent ruthenium complexes in molecular organic frameworks
(MOF) have been developed to sense volatile nitroaromatic compounds (NAC) [108]. In
the presence of NAC vapors, the energy transfer occurring between the MOF and the
ruthenium complex upon light excitation is disrupted, thus providing a fluorescent signal.
Similar photochemical processes have been used to sense humidity from air. Indeed,
[Ru(phen),(dppz)]** (phen = 1,10-phenanthroline, dppz = dipyrido[3,2-a:2-3'-c]phenazine)
has been immobilized on poly(tetrafluoroethylene), thus generating an optode for moisture,
ranging from 4 to 100% relative humidity at 20 °C [109]. The recovery time is less than 2 min,
and it can be performed repeatedly for years without the loss of sensitivity. Langmuir films
coated on quartz and incorporating phenanthroline-derived ruthenium complexes have
been used to measure the adsorption and desorption of humidity rates using the quartz
crystal microbalance technique [110]. The precision range was determined to be between
11 and 97% of relative humidity at room temperature. Ruthenium loaded in mesoporous
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WO; microflowers has been used to sense H,S in the gas phase [111]. Ruthenium chloride
hydrate (RuClz - n H,O) was added during the preparation of the mesoporous materials,
reaching up to 0.5 wt% of ruthenium. The ratio between the resistance in the air (R,) and
the resistance in the presence of a gas (Rg) for this hybrid material was quite high at 142 for
a 10 ppm concentration of HjS.
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Figure 27. Tetranuclear arene ruthenium metalla-rectangle interacting with TNT [105].

2.7. Miscellaneous

Detecting traces of water in solvents is often crucial for conducting successful organic
syntheses, and therefore, sensors are needed. In that regard, polyurethane-silica thin
films doped with tris(bipyridyl) ruthenium complexes have been prepared [112]. The
luminescence response to water ranges (v/v) from 0-6% in acetone (LOD = 0.13%) and
0-12% in THF (LOD = 0.49%). The doped membranes not only sense water molecules, but
they can also extract water from the solvent, thus showing dual applications.

Monitoring hydrogen sulfide in vivo is essential for better understanding biolog-
ical processes as H,S is naturally produced in mammals and can act as a mediator.
Therefore, a ruthenium-based probe has been designed for sensing H,S in biological
media [113]. The tris(bipyridyl) ruthenium complex was linked to a quenching group 2-
((2,4-dinitrophenyl)thio)benzoate, which can be released in the presence of H,S (Scheme 11).
The red luminescence (Aex =456 nm, Aem = 612 nm) can be monitored in living organisms,
such as zebrafish and mice, thus allowing the visualization of exogenous-endogenous HS
activity in vitro and in vivo.

non-emissive emissive

Scheme 11. Cleavage of the dinitrophenyl quencher in the presence of H,S to recover the natural
MLCT emission of the tris(pyridyl) ruthenium unit [113].

Luminescence thermometry has been achieved with the bis(1,10-phenanthroline)(4-
chloro-1,10-phenanthroline)ruthenium complex embedded into poly(ethyl cyanoacry-
late) [114]. The ruthenium dye incorporated in polymeric materials has been implemented
in optical fiber tips for macroscopic applications, showing a 0.05 °C resolution with linear
response ranging from 0 to 40 °C.
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3. Conclusions

As illustrated in this review, ruthenium complexes and sensing have a long history,
and several analytes have triggered different responses from ruthenium-based sensors.
Nevertheless, even after 30 years or so of research involving ruthenium-based sensors, the
subject has been covered in a single review. Moreover, it can also be seen in this review
that among these examples, only a handful of them have shown proficiency in water,
despite the relative stability of ruthenium complexes in aqueous solutions. Working in
water is essential for detecting species in living cells and tissues [115]. Therefore, it is clear
that more sensors developed around ruthenium chemistry should appear in the future,
especially those compatible with water, a more challenging environment, but certainly
more rewarding.
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