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Abstract

The aim of this research was to investigate the potential multi-functionality of bimetallic
complexes through synthesis, characterization, and catalytic studies. Herein we proposed a
molecule design strategy called indicator/catalyst displacement assay (ICDA), which are
composed of an indicator and receptor for molecular sensing, meanwhile the indicator/receptor

serve as catalyst to amplify the sensor signal and degrade the molecules into smaller substances.

In chapter 2, a bimetallic complex {[Ru(‘Bubpy)(CN)4]>—[Fe(H20)3Cl]2} *2H,O (RuFe 1) (‘Bubpy
= 4,4’-di-tert-butyl-2,2’-dipyridyl) was synthesized and characterized, and proved is capable of
functioning as a chemodosimeter for oxalic acid with restoration of [Ru'(‘Bubpy)(CN)4]*"

I form adduct with oxalic acid which

characteristic emissive properties. Meanwhile, the Fe
catalyze the photooxidation of oxalic acid into carbon dioxide and also catalyze the decolorization

of organic dye methyl orange, the sensing properties of this complex can be amplified up to 50

times.

Another  example of  ICDA, a  bimetallic complex {[Fe('‘Bubpy)(CN)4]—
[Cu(dien)(ClO4)]2}-CH3C(O)CH3 (FeCu 1) (dien = diethylenetriamine) was reported in chapter 3.
This complex was synthesized and characterized, the presence of cyanide induce colorimetric
change. The Cu'-cyanide adducts can be oxidized to cyanate with hydrogen peroxide. The addition
of coloring agent phenolphthalin can also amplify the signal with detection limit from 500 ppb to
9.5 ppb. A series of Fe(Il)-Cu(Il) complexes with different number cyanide subunits were

synthesized. The complexes [Fe''(CN)s]-[Cu'l(dien)(H20)]2 (FeCu 2), [Fe'(‘Bubpy)(CN)]-



iii
[Cu'l(dien)Cl]> (FeCu 3) and {[Fe'('Bubpy)2(CN),]>-[Cu'l(dien)]}Cl, (FeCu 4) were also found
capable of oxidizing cyanide, but only when the cyanide concentration reach threshold. Further

kinetic and thermodynamic measurements were conducted and suggested that the differences in

threshold were controlled by both thermodynamic and kinetic properties of the complex.

In chapter 4, a series of ruthenium (II) 2-(2-hydroxyphenyl)benzoxazole (HPBO) complexes 1-3
containing different isocyanide ligands have been synthesized and characterized. The structures of
complexes trans,trans,trans-[Ru(PBO)>(PhNC):] (1b), trans,trans,trans-[Ru(PBO)2(BrsPhCN):]
(1e), cis,trans-[Ru(PBO)>(PPh3)(CIPhNC)] (2¢) and cis,trans,cis-[Ru(PBO)2(PhNC)>] (3b) have
been determined by X-ray crystallography. The photophysical properties so as the electrochemical

properties of the complexes were also studied.
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Chapter 1:  Introduction

1.1 An overview of water pollution

Freshwater conservation has become a worldwide challenge. Unlike other natural resources, such
as petroleum or earth metals, there are no substitutes for the use of freshwater. Unfortunately,
accessible freshwater only constitutes ~1% of the total volume of water on Earth.! Large quantities
of freshwater are required to support human activities, such as agriculture and industry, and

freshwater shortages can result in ecological and agricultural limitations and deterioration.

In addition to the available quantity, the quality of freshwater is also a critical issue. The extensive
use and improper disposal of organic and inorganic chemicals from various human activities have
led to significant water pollution throughout the world. In the past, several incidents involving
significant contamination of water sources resulted in severe financial, political, and health costs.*
% The practical and cost-effective treatment of contaminated water has thus been a long-standing
challenge for modern society. After World War 1II, organic and inorganic chemicals have been
widely used for the mass production of consumer products. Today it is known that most of these

chemicals have very poor degradability and tend to accumulate in the environment.”!!

In environmental monitoring, analytical detections are performed using conventional methods to
detect target contaminants; however, most require sample preparation procedures or the use of
expensive bench-top instruments, which results in difficulties during on-site monitoring. Moreover,
there 1s a time lag between sample analysis and the decision making required to solve the

environmental problem, which may result in a delayed resolution and also serious accidents if



people consume polluted food or water in the interim. Therefore, in addition to regulatory and
legislative tools for the control of industrial pollution, new potential technology that can quickly
determine contaminant levels and subsequently degrade them into harmless materials is highly

desirable.

1.2 Basic concept of Schiff base ligands

Schiff base was first reported by Schiff in the last century,'? which are formed by condensation of
amines and carbonyl compounds as shown in Scheme 1.1. The key feature of Schiff bases are their
imine functional groups formulated as RHC=N-R’, where R and R’ could be alkyl, aryl, cyclo
alkyl or heterocyclic groups, and therefore both steric and electronic effect of the ligand can be
readily fine-tuned.'® Schiff bases are commonly studied ligands as a result of the lone pair electron
on the nitrogen atom of the amine group, and most in the presence of others donor atoms such as
N, S, O donor group which allow the formation of highly stabilized polydentate metal complex.
Schiff base is widely used for industrial purposes,'* and also utilized as a pharmacophore for their

biological properties such as anti-inflammatory activity, antitumor activity and antibiotic activity.'®

121 Transitional metal complexes with Schiff base ligand

Schiff bases metals compounds were found to have interesting catalytic and photophysical
properties, therefore, provoked wide interest. For instance, Jacobsen et al. have found that a cobalt
(IT) and chromium (III) complex with a salen ligand can effectively catalyze the ring opening

reaction of large epoxides with good enantioselectivity as shown in Scheme 1.2.'® While with the



change of metal center to aluminum (III) the complex is capable to catalyze the Strecker reaction,
which is an additional reaction of trimethylsilyl cyanide (TMSCN) to N-allyl benzaldimine as
shown in Scheme 1.3.!7 Such examples reflected the variability of Schiff base complexes in

structures and properties.



R R
R'—NH, + 0= —= R'—N=( + H,0
R’ R’

Schiff base

Scheme 1.1  Synthetic route of Schiff base by the condensation of amines and carbonyl

compounds.



o” Yo M = crlll-cl, Co'!

Catalyst

catalyst 5 mol%

o  TBME, 20 hrs O;‘OH
o+ O =
@ OH i

cyclohexene oxide benzoic acid O

Scheme 1.2 Enantioselective ring-opening of cyclohexene oxide with benzoic acid catalyzed by

Cr'" and Co" salen complexes.'®
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(Strecker reaction) catalyzed by AI™! salen complex.



1.2.1.1 Ruthenium (IT) Complexes

Luminescent ruthenium (II) metal complexes bearing imine ligands have been investigated
extensively not only for their catalytic but also their photophysical properties. One of the
extensively studied ruthenium (II) complexes with diimine ligands is [Ru(bpy)s]*" which first
reported by Adamson et al.,'® this complex show interesting emitting properties with strong
luminescence in the visible light region. This work has drawn the attention of researchers to
investigate luminescent ruthenium complexes and their photochemistry. Numerous research found
that ruthenium (II) polypyridyl usually exhibit fairly strong luminescence in the visible light region,
which can be explained by use of molecular orbital diagram of octahedral ruthenium (II) complex
shown in Figure 1.1. As shown, there are four common types of electronic transitions in octahedral

metal complexes:

Q) Metal-centered (MC): Transitions localized on the central metal

(i)  Ligand-centered (LC): Transitions localized on the ligand

(i)  Metal-to-ligand charge transfer (MLCT): Electron transition from a metal-based
orbital to a ligand-based orbital

(iv)  Ligand-to-metal charge transfer (LMCT): Electron transition from a ligand-based

orbital to a metal-based orbital

In the case of [Ru(bpy)s]**, where the complex has a diamagnetic t2° electronic configuration
when excited by light absorption, one electron will transfer from the metal-centered HOMO to the

ligand-centered LUMO. After intersystem crossing, the electron will populate the *MLCT state



and deactivated through the emission of light, loss of heat (radiationless deactivation) and populate
3MC state with ligand dissociation and back to ground state. As the lowest excited state lay on

SMLCT state, the emission was found to have relatively long solution lifetime. "’

With the change of ligand, the relative energy of the orbitals may be different which subsequently
affect their photophysical and electrochemical properties. For instance, the terpyridine ligands in
[Ru(tpy)2]*>" have weaker ligand field strength due to distortion of the octahedron geometry, which
results in a smaller d-d splitting and smaller energy different between *MLCT and *MC excited
states compared to [Ru(bpy)s]**. Therefore [Ru(tpy)2]*" is emissive only at low temperature as the

non-radiative deactivation pathway through *MC is favored at room temperature.?’

Instead of changing the diimine ligand, modification of the ancillary ligands also result in varied
photophysical properties of the complexes. The ruthenium (II) complex with mixed ligands
[Ru'l(bpy)(CN)4]* was first reported by Bignozzi et al.,?! this complex shows strong oxidizing
power and solvatochromic behavior with chemical and photochemical stability in aqueous and
acidic solutions. The cyanide ligands also provide a site for modifications. Therefore, this mixed

ligand ruthenium complexes have been utilized in the development of luminescent chemosensors

22,23 28,29

for various molecules including anion,?>? cations,?*%%, 0,27, DNA sequences,?**’ etc.
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Figure 1.1 Schematic presentation of molecular orbitals and electronic transitions in

octahedral Ru(I) metal complex, where L and M refer to ligand and metal respectively.
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1.2.1.2 TIron (II) Complexes

Numerous iron complexes with diimine base ligand have been synthesized. Iron (II) complexes
share some spectroscopic and electrochemical properties of ruthenium (II) analogues with intense
visible absorptions.*? The main different between iron (II) and ruthenium (II) complex is that when
iron complexes excited by visible light, a singlet MLCT (!MLCT) will be promoted which will
relax via intersystem crossing to a lower-lying ligand field (LF) state by nonradiative decay with
shorter lifetime therefore makes iron (II) complex non-emissive, but more efficient, instead, for

the conversion of solar energy into electricity and to be applied in solar cell.>!*?

1.2.1.3 Heterobimetallic Complexes

Instead of monometallic complex, scientists also have long been interested in bimetallic complexes
which contain two or more different metal centers.*® To hold two metal atom in close proximity
for integrity, bimetallic complexes are usually composed of bridging ligand which links the metal
centers. One of the easiest ways to assemble a large bimetallic complex is to use complexes as
building blocks and consider complexes as Lewis acid and base pair,** known also as “complexes

as ligands” strategy.>>*® Examples of such assembly are:

[(H3N)2Pt(SCN),] + AgNO; = [(H3N):Pt(SCN)(SCN: 2AQ)]'NOs3*  (1.1)

[Ir(PPh3)2(CO)CI] + SnCls = [(PPh3)2(CO)ClIr-SnCla]’’ (1.2)
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Where the platinum and iridium complexes as the base in the reactions. The requirement of this
bimetallic assembly is that the bridging ligand is a ditopic ligand which is capable of coordination

38,39

at two separate sites. Common bridging ligands include cyanide,***° carbonyl,***! chloride,*?

4344

nitride**** and polydentate ligands.*>*® Bimetallic complexes can be separated into three classes

according to their electrochemical properties also known as Robin-Day classifications:*’

Class I: Electronic interaction between metal centers are absolutely negligible with extra electron

fully localized on one metal atom.

Class II: Electronic interaction occurs between metal centers with the exhibition of intervalence
charge-transfer band with low activation energy, where the extra electron is localized on an

identifiable metal atom.

Class III: Electronic interaction occur between metal centers and the electron is fully delocalized

between metal centers with large electronic coupling.

Both class 1 and class II bimetallic complexes can be considered as supramolecular species as
individual properties of each metal complex are maintained whereas class III species should be
considered as a large molecular entity.*’ For class I and II bimetallic complexes, the combination
of metallic centers will not destroy the electrochemical properties of individual metal complexes

but will cause the appearance of new photochemical and thermal properties.
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Heterobimetallic complexes with diimine ligands are widely studied as potential solar energy
converter, multielectron catalyst and chemosensor. Ruthenium (II) bipyridine complexes have
been extensively used in the construction of bimetallic complexes as their properties are well
studied as mentioned before. Demas and co-workers have studied a series of bimetallic complexes
with [Ru'l(bpy)2(CN)2] and [Ru'(phen)>(CN).] as building blocks,* and found that the addition of
other transitional metal center on the CN linkage has quenched the luminescence of ruthenium (II)

complexes. These properties were then utilized in the development of molecular sensors %,

1.3 Strategies for Molecular Sensing

The early detection of toxic substances such as cyanide, lead, and mercury is critical to the
environmental protection because they are hazardous to humans and other organisms. Compared
with traditional instrumental or analytical methods such as molecular sensing using chemosensors
and chemodosimeters are favorable as they are more cost-effective, rapid, easy-to-use, and
applicable to different areas such as in medicine and in the environment. Chemosensors are defined
as abiotic molecules that bind with analyte through non-covalent interactions, typically reversibly,
to yield a measurable signal.>! Chemodosimeters are defined as abiotic molecules that interact with
the analyte to generate an irreversible observable signal, which usually involves the breaking and
formation of covalent bonds. Both of these are composed of molecular recognition and signaling
subunit(s), where the former acts as receptors to provide the sensor selectivity towards the analyte
and the latter generates a signal during the binding event, typically through optical signals, such

as color change’? or fluorescence emission.>
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To form a functioning molecular sensor, a mechanism for communication between the recognition
and signaling subunits is required. The most common approach is an indicator-spacer-receptor
(ISR) approach,> in which the subunits are covalently bound as shown in Figure 1.2. Although
this approach is frequently applied in molecular sensing, it has its own limitations, in particular,
its difficult syntheses. Scientists have therefore developed an alternative approach, the indicator-

displacement assay (IDA), to overcome the constraints in the development of molecular sensors.
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Colorimetric or luminescent
visual signal

9- G

Signal Molecular Analyte )
transduction recognition Indicator-Spacer-Receptor-
subunit subunit Analyte

Figure 1.2 A chemosensor/chemodosimeter based on the indicator-spacer-receptor approach.
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13.1 Indicator displacement assays (IDAs)

In the IDA system depicted in Figure 1.3, the molecular recognition subunit is typically called the
receptor, and the signaling subunit is the indicator. The characteristic of an IDA is that the two
subunits are usually non-covalently bonded and form an aggregate. When an analyte is introduced
into the system, a competitive displacement occurs between the indicator and the analyte for the
receptor, which results in the change of the molecular ensemble, and in turn generates an optical
signal when luminogenic or chromogenic indicators are used.”® Based on this mechanism, the
affinity between the indicator and the receptor must be comparable to that between the receptor
and the analyte. Compared with a traditional molecular sensor, an IDA has many advantages.
Firstly, the two subunits do not need to be covalently bound, and thus the same receptor can be
used with different indicators. Secondly, as there is no covalent bonding between the two subunits,
there is more flexibility in molecular design and a simpler synthesis can be used. Thirdly, these
assays work well in both aqueous and organic media.>®

Inouye et al.’’

have reported the first chemosensing ensemble for the detection of acetylcholine
shown in Scheme 1.4. The fluorescence emission of a pyridinium dye was quenched by

tetraphenolate through a photoinduced electron transfer (PET), put emission signal could be

readily assumed in the presence of acetylcholine.

IDAs have been used to sense different types of analyte, including but not limited to cations, anions

1‘58

and neutral molecules. Assay reported by Anslyn et al.”® shown in Scheme 1.5 is an IDA system

with the combination of a receptor having three guanidinium group and a commercially available
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indicator 5-carboxyfluorescein. The receptor was first bound to the fluorescein indicator by
hydrogen bonding. As the receptor was reported to have a higher affinity towards citrate than other
carbonate anions, the introduction of citrate displace the fluorescein indicator, as a consequence,

free the indicator from the assay, resulting in a decrease of absorbance and fluorescence signal.

Florea has reported an IDA system for sensing of neutral small hydrocarbon molecule by
cucurbit[n]urils (CBn).>® As shown in Scheme 1.6, CB6 is first assembled with 5-(4-
aminobutylamino)naphthalene-1-sulfonate dye, the addition of hydrocarbon gas with carbon atom
less than 6 will displace the dye and show markedly decrease in fluorescence intensity. This system
not only differentiate sizes but also have a preference for saturated and less bulky hydrocarbon

molecule.

Instead of the organic molecule, metallic complexes were also used in IDA systems. Chow C.F. et
al. have reported a series of cyano-bridged bimetallic chemosensors, e.g., Mao—C=N-Mg, [Ma =
Re(1), Fe(Il), Ru(Il), and Os(II) and Mg = Ni(II), Cu(II), Pt(Il), and Ln(III)]. One of the examples
of Ru'-C=N-Pt"! complex shown in Scheme 1.7 has been applied for the detection of sulthydryl-
containing amino acid and peptides.®® Such system is also applicable for the determination of
cyanide,’! carboxylic acids,®? and biogenic amines.®® Throughout their previous investigations, Mg
was selectively coordinated to the analyte to form stable Mg-analyte adducts. The thermodynamics
of the formation of these stable adducts eventually resulted in the cleavage of the cyano-bridge of
the bimetallic complex. Consequently, the Ma—C=N complex was released and resumed its

characteristic spectroscopic properties producing a chemosensing/chemodosimetric response.
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1.4 Strategies for Environmental Remediation

The approaches in environmental conservation are not only limited to the development of pollutant
detection methods. As environmental contamination is a global concern, efficient devices for
pollution remediation are also highly desirable. Different strategies have been reported for
environmental remediation. Traditionally, the removal of undesired substances in the environment
is accomplished by adsorption methods, such as heterogenetic adsorption processes or chemical
oxidation using strong oxidants, such as ozone and chlorine. However, these methods have several
drawbacks, such as the formation of undesirable toxic substances and the use of expensive and
hazardous chemicals.®* Biological degradation is now the main route for the removal of
contaminants; however, chemicals with low biodegradability or high chemical stability have

limited the use of biological treatments.®

The use of advanced oxidation processes (AOPs) for the complete oxidative mineralization of
pollutants had been extensively studied. This approach aims to completely mineralize pollutants
into COz and H2O or at least to less harmful intermediates. The term AOP was first defined by
Glaze et al. and refers to any system that generates hydroxyl radicals using different combinations
of oxidants, radiation, and catalysts.®® Fenton and photo-Fenton reactions are one of the typical

AQP examples.
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14.1 Fenton Reaction

Fenton H. J. H. first reported the Fenton process a century ago and demonstrated that trace amounts
of ferrous salts and hydrogen peroxide could oxidize tartaric acid.®’” Today, the Fenton reagent
refers to a mixture of hydrogen peroxide and ferrous ion,®® where hydrogen peroxide catalytically

decomposes into hydroxyl (-OH) and hydroperoxyl radicals (OOH)® as shown below:

Fe’" + H,0, 2 Fe** + OH + OH- (1.3)
OH- + H,0, = HO»: +H,0 (1.4)
HO»- + H,0, & 02 + H,O + OH- (1.5)
Fe’" + OH- = Fe** + OH" (1.6)

These radicals have high standard redox potentials of up to 2.8 V’° and they are able to oxidize
organic substances such as azo dyes,’! herbicides,’”> pharmaceutical compounds,’® and phenols’
through oxidation. The application of Fenton process is not limited to pollution degradation. In the
work of Shelor et al.,” Fenton reaction was used for the sample digestion for iodinalysis of milk.
The Fenton reagent was also applied for the measurement of amino acids and primary amines with

the presence of Fenton reagents and Schiff base derivatives.”®

1.4.2 Photo-Fenton Reaction

The degradation rate of organic substances by the Fenton reagent is strongly dependent on

environmental conditions. When the Fenton reagent is combined with UV-Vis irradiation, photo-
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Fenton reaction, the efficiency of the organic degradation is enhanced by the photolysis of ferric

ions (Fe*") to regenerate Fe?" ions (equation 1.5):7*

Fe(OH)," + hv > Fe*" + OH: (1.5)

The mineralization of organic substances through the photo-Fenton reaction is also improved when
compared with the Fenton reaction. As shown in the work of Kiwk et al., the degradation of
anthraquinone sulfonate by a photo-Fenton system was eight times faster than in the dark,”” and
the complete mineralization of anthraquinone sulfonate to carbon dioxide was achieved by the

photo-Fenton process within 2 h.

14.3 Fenton-like Reaction

The Fenton reaction has been modified and studied intensively, and some similar systems have
been developed. The oxidation of organic substances by a mixture of low-valent transition metal
complexes and hydrogen peroxide is commonly attributed to a “Fenton-like” mechanism.”
Various transition metal ions e.g. Cull,”?-8! Cr!ll 3283 Co!! 3485 Mn!! 86 Ni' 3789 Cd"™ and transition

metal mixtures were investigated and used for the degradation of organic substances.

One of the more extensively studied transitional metal is Cu", which shows a higher efficiency in
the production of oxidizing species at neutral pH than ferrous ion.*? Proposed mechanisms for the

Fenton-like reaction of Cu'is shown below:



25

Cu*" + H,0; = Cu’ + -:O.H + HO" (1.6)

Cu" + H,0, > Cu* + :OH + HO (1.7)

The Cu'lion is first reduced by hydrogen peroxide to Cu', which is subsequently re-oxidized and
produce hydroxyl radicals.”® The application of the Fenton-like reaction of Cu'! includes the

oxidative destruction of cyanide:*?

CN" + H202 = [OCN] + H20 (1.8)
OCN" + 3H,0, = NOy + CO3* + 2H,0 + 2H* (1.9)
NO;" + H202 2 NOs; + H,O (1.10)

In this reaction, cyanide is first oxidized to cyanate and eventually turned into carbon dioxide and
nitrate in the presence of excess hydrogen peroxide. Another example was the reduction of
hazardous high-valent heavy metals, such as hexavalent chromium.”* In the work of Abu-Saba et

al., Cr¥'ion was reduced by Cu' produced from superoxide redox cycling.

144 Fenton and Fenton-like Reaction with Metallic complex

Fenton reaction catalyzed by metallic complex was also widely studied. Different kinds of ligands
have found can affect Fenton reaction in terms of rate and products. Zuo and Holgné have
investigated the mechanistic and kinetic properties of Fe(Ill)/Fe(Il)-oxalate complexes in
hydrogen peroxide formation,’* found that oxalate radicals were produced during photolysis of the
Fe(IlT)-oxalate complexes result in increased formation of hydrogen peroxide and superoxide,

which later proved by Tachiev ef al. that the formation of peroxide by iron with carboxylic acid
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ligands have higher reaction rate than free iron catalyst.”> More ferric complexes were also
investigated by Pignatello and Baehr, and it was shown that relatively mild chemical oxidation
reaction can be performed using ferric nitrilotriacetate (NTA) complex compared with traditional

Fenton reagent (Fe’" + H,0,).”

145 Fenton-like reaction with bimetallic complexes

Instead of the change of ligands, the presence of other metal cations are also studied to facilitate
Fenton reaction. Bimetallic system of Fe coupled with different metal i.e. Cu, Ni, Co were also
studied for their potential use in Fenton reactions.’’ Guimaraes et al. have proved that the presence

of Cu can significantly increase the radical formation in oxidation of quinoline as follows:*®

Fe?' + H,0, > Fe3* + HO + OH- (1.11)

Cu' + H,0, & Cu?* + HO' + OH- (1.12)

Yip et al. have investigated the photo-Fenton-like catalytic properties of bimetallic Cu/Fe clay in
the degradation of organic dye Acid Black 1 (AB1).” The Cu/Fe clay was prepared by chemical
vapor deposition method with a 1:1 mole ratio. Degradation of AB1 by the bimetallic and
respective monometallic clay was investigated at different pH. The bimetallic system was found
to be more applicable over a broaden pH range and exhibited less metal leaching compared with

the monometallic system.
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Dong et al. further investigated the bimetallic Fenton reaction by introducing different metals i.e.
Cu**, Co?", Ce*" and La*" into modified amidoximated polyacrylonitrile (PAN) fiber together with
Fe and compared their performance in the degradation of Rhodamine B (RhB).!% It was found that
the reductive potential (AE) of Cu**/Cu” was lowered in the bimetallic system, leading to a faster
Cu?*/Cu” redox cycle and a higher catalytic performance with a 3-fol increase in the oxidative

degradation of RhB in dark compared with the monometallic iron system.

1.5 Strategies for Signal Amplification

Sensing methods with high selectivity and sensitivity are highly desirable. Scientists put efforts to
enhance detection sensitivities. Detection using a signal amplification strategy, in which the
sensitivity of the sensing process is increased by forming a large number of reporter molecules
through the catalytic reaction in the presence of the analyte, has thus gained attention. Enzyme-
linked immunosorbent assay (ELISA) is an example of signal amplification, in which the antigen
is identified by measuring the catalytic activity of a reporter enzyme that is attached to the antibody
as shown in Figure 1.4.1°! Typically, chromogenic reporter molecules are catalytically produced as

3

the indicator.'” Recently, fluorogenic,'®® electrochemiluminescent,'®* and quantitative PCR

reporters'® have also been used in ELISA systems.

Chemists have also explored the development of molecular sensors with catalytic signal
amplification properties similar to that of ELISA.!% In the work of Anslyn et al.,'"” a Cu (I)-
catalyzed Huisgen cycloaddition reaction was amplified (Scheme 1.8) in the presence of regulatory

elements for the detection of metal ions (Scheme 1.9). In this protocol, Cu (II) first forms an
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assembly with exogenous species such as EDTA. When other transition metal ions (Zn", Pb", Cd")
were added, a competitive displacement occurs, frees the Cu (II) ions which react with sodium
ascorbate, and results in the in situ generation of a Cu (I) catalyst. The Cu (I) ions then catalyze
the formation of 1,4-substituted triazole from an alkylazide and a terminal alkyne. The subsequent

change in fluorescence behavior and thus amplifies the signal for analyte detection.
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Figure 1.4 Schematic of an enzyme-linked immunosorbent assays (ELISA).!°!
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M?* + L-ascorbate [M(II)(L-ascorbate)]

M** + [Cu(II)(EDTA)]> Cu* + [M(I[)(EDTA)J*

Cu?" + L-ascorbate Cu(I) + dehydroascorbic acid

Scheme 1.9 A Cu (I)-catalyzed Huisgen cycloaddition reaction for a signal amplifying detection

of metal ions.'"’
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1.6 Strategies for Latent Catalyst

Latent catalysts are catalysts that are only activate under specific conditions, while in normal

conditions they remain inactive.!%® Most of the reported latent catalysts are activated by external

109-111 112-114 115,116

stimulations like heating, photoirradiation, ultrasonic wave or addition of
reactant.!'”!!8 Ag illustrated in Figure 1.5, the latent catalyst remain inactive in the absence of
significant external stimulation. Meanwhile, non-latent catalyst mediates the reaction without

stimulation.

The advantages of using latent catalysts over the common catalyst is a more controllable initiation
step of the spontaneous catalytic reaction.!!” In other words, use of latent catalysts can ensure the
chemical reaction initiated under a specific condition. Some polymer synthesis processes have

120-122 and olefin metathesis'?*!?* to produce

made use of the advantage of latent catalyst in curing
functionalized polymer chain'? and improve the reaction efficiency.'?® Although latent catalysts

are widely used in polymer synthesis, its application in environmental remediation is less common.
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1.7 Objectives

Although much effort has been developed to detect or degrade pollutants, only a few techniques
have been reported for the simultaneous detection and degradation of pollutants. In the following
chapters, we attempt to use bimetallic complexes to develop two sensing and catalytic degradation
approach as, i.e. the indicator/catalyst displacement assay (ICDA) and the catalyst displacement
assay (CDA). The ICDA approach involved the design of multifunctional molecular devices that
feature chemosensing of target analytes, and at the same time catalytically amplify the detection
signal and degrade them. As shown in Figure 1.6, the ICDA includes an indicator, which is also a
catalyst and is first reversibly bound to a receptor, which is also an inhibitor. When a competitive
analyte, such as a toxic pollutant, is introduced into the system, the displacement of the
indicator/catalyst from the receptor/inhibitor, in turn, activates both the indicator/catalyst.
Ultimately, the analyte concentration can be monitored and catalytically degraded into harmless
materials in a one-step process. This design enables the molecular device to degrade the pollutants
when their levels reach a certain detection threshold. This approach can reduce the loading of
reagents (e.g. H20.), catalysts (transition metal complexes), energy (UV irradiation) and
manpower used in traditional Fenton / Photo-Fenton / Fenton-like processes. To the best of our

knowledge, there are no existing examples of such multifunctional molecular device.

While the CDA approach, as shown in Figure 1.7, is similar to the ICDA approach, the catalyst is
first bound to a receptor which not only inhibits the activity of the catalyst but also introduces
latency to the catalysis. The CDA system, therefore, inherits the characteristics of latent catalyst,

where reaction conditions to initiate the degradation can be conveniently selected by the inhibitor.
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This CDA approach will be useful in the field of environmental remediation and pollutant
treatment, where CDA catalyst will remain inactive when pollutants concentration is ignorable,
while the degradation of the pollutants will take place when the concentration is over a certain

threshold level.

In the following chapters, two examples of ICDAs are reported as proof of concept. In Chapter 2,
a cyano-bridged bimetallic tetranuclear complex [Ru"(‘Bubpy)(CN)s]>—[Fe(H>0);Cl]> (RuFe 1)
and its anion binding properties are reported. This complex acts as a multifunctional device that
features chemosensing, signal amplification and photo-Fenton (PF) catalytic properties of oxalate
(HOOC-COO). In Chapter 3, a similar cyano-bridged bimetallic complex Fe(‘Bubpy)(CN)s—
[Cu(dien)(ClO4)]> (FeCu 1) is reported and it acts as a multifunctional device that features
chemosensing, signal amplification and photo-Fenton catalytic properties toward cyanide (CN").
Also, CDA based on three cyano-bridged bimetallic complexes, [Fe''(CN)¢]-[Cu''(dien)(H20)]2
(FeCu 2), [Fe''('Bubpy)(CN)4]-[Cu'l(dien)Cl], (FeCu 3) and {[Fe'(‘Bubpy)2(CN):2]>—
[Cu'l(dien)]}Cl, (FeCu 4) are reported. Their thermodynamic, kinetic and catalytic properties with
cyanide and oxalate are examined. In Chapter 4, a series of new ruthenium (II) complexes with
Schiff base 2-(2°-hydroxyphenyl)benzoxazole (PBO) and isocyanide ligands are synthesized and
studied in order to understand factors that control the photophysical and electrochemical properties

of mixed-ligand ruthenium (II) isocyanide complexes.



36

\‘\\\

o] 008
O

5
%,
e M.
< — T
W

Analyte

%
small molecules from
degradation of analyte

Receptor-Inactive-
Indicator/Catalyst Activated indicator/Catalyst

Figure 1.6 A chemosensor/chemodosimeter based on the indicator/catalyst displacement assay

(ICDA) approach.



Catalyst Catalyst
) remain activated
inactive

100 <

80
L |
2 60 4
=
k3]
©
B
E 40
©
(@) J

20 4

0
Pollutant concentration —
Allowance
level
. Analyte _ I
Receptor-Inactive- (concentration below Rece}g;){a}nsf tive
Catalyst allowance level) Y

(Remain inactive)

@Q*dqd . . oo

Receptor-Inactive- Analyte Activated catalyst

Figure 1.7

small molecules
from degradation

Catalyst (CODCCHtI’aIlOl’l over of analyte

allowance level)

A pollution remediation based on catalyst displacement assay (CDA) approach.

37



38

Chapter 2:  Ru(Il)-Fe(I11) Bimetallic Complex as a Multifunctional Device for Detection,

Signal Amplification, and Degradation of Oxalate

2.1 Introduction

Oxalic acid is a colorless organic acid that dissolves in water. It is found in food, especially in the
spinach family and the brassicas, but its concentration seldom causes poisoning in humans.'?’
While high levels of oxalic acid are commonly found in manufacturing processes, such as printing
and dyeing processes, pharmaceutical production, rare earth metal extractions and fine chemical
synthesis.!?®1?° In 2009, the global demand for oxalic acid was approximately 450,000 tons,
whereas the demand in Mainland China alone exceeded 300,000 tons."*° Due to its excessive use,
several studies have been started to detect the presence of oxalic acid in different freshwater bodies,

such as groundwater, rain and snow."*! Thus, the safe disposal of spent oxalic acid is a challenge

to industrial, environmental and public health.

In mammals, oxalic acid has an oral LDso of up to 600 mg/kg body weight.!3> However, excessive
accumulation of oxalic acid in the human body can cause a variety of health disorders. When oxalic
acid is salted out with calcium, the mineral bioavailability decreases and the resulting calcium
oxalate is a key component of kidney stones, which induce renal failure, urinary stone disease and

pancreatic insufficiency.'?¥13

Several methods are available for oxalic acid detection. Zarembski and Hodgkinson have reported
a fluorometric determination method of oxalic acid in serum (Scheme 2.1).!% In this method,
oxalic acid was first extracted by precipitation with calcium sulphate and reduced to glyoxylic acid
by zinc spirals, followed by coupling with resorcinol to produce a fluorescent complex. Later on,
several methods also based on precipitation of oxalic acid were proposed,'*”!*® whereas these
methods have several systematic errors, including incomplete precipitation and reduction, pH
dependence and complicate determination method. Others detection method include colorimetric
analysis usually include the use of derivatization reagents and most of them suffer from

interference by other carboxylic acids.!3%!%3
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Several oxalic acid chemosensors were reported, but sensors with high sensitivity and selectivity
are seldom reported.'**!46 Fabbrizzi et al. have reported a fluorescence chemosensor for
carboxylic acid,'*’ which consist of a fluorescent Zinc(Il) complex with 2,4,6-triamino-1,3,5-
trimethoxycyclohexane ligand (ATMCA) (Figure 2.1) and forming ternary ligand/zinc/carboxylic
acid complexes with a notable decrease of fluorescence intensity. The detection limit of this
method for oxalate anion can be down to sub-mM level. However, this complex was also quenched

by nucleotides containing an imide or amide functional group.

Oh et al. have reported another fluorescent probe for detection of oxalic acid,'*® which is composed
of a fluorescence zinc(Il) complex with modified cyclen ligand, oxalic acid will bind in between
the enamine group and zinc metal center of the complex result in fluorescence quenching (Scheme
2.2). However the presence of other dicarboxylic acids such as acetic acid and succinic acid will

increase the fluorescence intensity.

Hu and Feng have reported a chemosensor of oxalic acid based on IDA, which consists of a
Fluorescenin/Eosin Y indicator which was first non-covalently bind to a copper-cyclophanes
bimetallic complex acceptor (Scheme 2.3). The presence of oxalic acid will competitively bind to
the acceptor and indicator released will give color changes and emission. The detection limit of

oxalate was found at 0.079 uM.

Much work has been done to remediate natural environments contaminated by oxalic acid.
Different degradation methods have been investigated, proving that oxalic acid can be destroyed
effectively to carbon dioxide.!*1>! However, to the best of our knowledge, there have been no

chemical devices that detect and degrade oxalic acid simultaneously.

To address the above research gap, we have synthesized a bimetallic Ru'-Fe" complex,
[Ru''(‘Bubpy)(CN)4]o—[Fe(H,0);Cl]> (RuFe 1), as an ICDA (Indicator-catalyst displacement
assay) system for oxalic acid. In this chapter, RuFe 1 complex is examined for its sensing and
catalytic degradation properties towards oxalic acid. [Ru'(‘Bubpy)(CN)4]*, as one of the building
blocks of RuFe 1, is well-known for its solvatochromic and luminescent properties acts as both an

indicator and an inhibitor in this system. This Ru(Il) complex is firstly allowed to bind with a
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Fe(IIl) receptor/catalyst, for the Fenton degradation of organic substrates. In the absence of a
competitive analyte, RuFe 1 stays inactive. When oxalic acid is introduced to the system, Fe(III)
is displaced from Ru(Il), as an indicator that provides both chromatic and fluorescence signals.
Simultaneously, the Fe(III) receptor released and was catalytically activated to degrade oxalic acid
into harmless substances. Most importantly, Fe(III) not only acts as Fenton catalyst, it is also a
catalyst which amplifies the chromatic signal by initiating reaction such as the decolorization of
the azo dye, which induces intensive colorimetric change detectable with naked-eye, achieving the

signal amplification.
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Scheme 2.1  Fluorometric determination of oxalic acid by precipitation of calcium oxalate

followed by reducing to glyoxylic acid and coupling with resorcinol.!3
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2.2 Experimental

221 Materials and Reagents

4,4°-Di-tert-butyl-2,2’-bipyridine (‘Bubpy), ruthenium (III) chloride hydrate, and potassium salts
of acetate, L-tartrate dibasic dehydrate, azide, nitrate, thiocyanate, dihydrogen phosphate, bromide,
chloride and sulfate were obtained from Aldrich. Anhydrous ferric chloride, glyoxylic acid
monohydrate, pyruvic acid, tetra-n-butylammonium hexafluorophosphate and potassium cyanide
were obtained from Acros. Potassium oxalate was obtained from Farco Chemical Supplies.
K>[Ru('Bubpy)(CN)4] was synthesized following the method in the literature.!>?> All organic

solvents used were of analytical grade.

2.2.2 Syntheses

{[Ru('‘Bubpy)(CN)4]>—[Fe(H20)3Cl]2} *2H>0 (RuFe 1)

A solution of Ko[Ru'(‘Bubpy)(CN)4] (0.276 g, 0.5 mmol) was mixed with an equivalent of FeCls
(0.081 g, 0.5 mmol) in deionized water to give a total volume of 50 mL. The mixture was stirred
at room temperature for 60 min. Blue colored precipitates were isolated by filtration and were
subsequently washed by deionized water, acetone, and diethyl ether. The solids were allowed to
air-dry overnight. Yield: 0.261 g (76%); IR (KBr): vc=n = 2030, 2076, and 2114 cm™'; ESI-MS
(+ve mode): m/z 620.0 {2H"[Ru(‘Bubpy)(CN)4]2—[Fe(H20)3Cl]2} (mass = 1240.1 gmol™; charge
= 42); Anal. Calc. for C4Cl2Fe:HsoN120sRu2-8H,0 (1): C, 38.24; H, 5.54; N, 12.16; Found: C,
37.98; H, 5.55; N, 12.00.

2.2.3 Physical Measurements and Instrumentation

Infrared spectra in the 500-4000 cm™ range were recorded using a Perkin Elmer Model Frontier
FTIR spectrometer using KBr plates. Electrospray mass spectra (ESI-MS) were measured with an

AB SCIEX API 2000 LC/MS/MS system. The emission spectra were recorded using a Horiba
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FluoroMax-4 spectrofluorometer with a 5 nm slit width and a 0.5 s integration time. Luminescence
quantum yields were measured by the optical dilution method'>® using an aerated aqueous solution
of [Ru(bpy)s]Cl2 (¢ = 0.028, excitation wavelength at 455 nm)'>* as the standard solution. UV-vis
spectra were measured by a Cary 50 ultraviolet visible spectrophotometer. Dissolved organic
carbon was measured using a Shimadzu TOC-L CSH High-Sensitivity Total Organic Analyzer.

Elemental analyses were performed on a Vario EL CHN analyzer.

224 Spectroscopic and Spectrofluorimetric Titration

2.2.4.1 General Parameters

Testing solutions were allowed to reach equilibrium prior to measurements. The receptor-substrate
interactions were analyzed with the Benesi-Hildebrand equations!'>> for the UV-vis spectroscopic

titrations (Equations 2.1 and 2.2).

o _ ( i )( ! + 1) 2.1
A—A, \g,—¢&/ Ko [substrate] @.1)

"= 62 (o ey Y 22
A—A, \g,—¢&/ \K,yeran [substrate]? (2.2)

Where Ao and A represent the absorbance of the chromogenic reagent in the absence and the
presence of the substrate respectively; ¢, and ¢ are the corresponding molar absorption coefficients
of the chromogenic reagent in the absence and the presence of the substrate; [substrate] is the

concentration of the target analyte.

Receptor-substrate interactions were also analyzed by spectrofluorimetric titrations with the use of

Equation 2.3 and 2.4.
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Ip and [ are the luminescence intensity of the fluorogenic reagent in the absence and the presence

of the substrate; a, b, ¢ and d are constants.
2.2.4.2 Binding Constant Determination

Formation constants (Koverall) Were estimated by the ratio between the y-intercept and the slope of
the straight lines obtained by plotting Ao/(4 — Ao) or Io/(I — Io) vs. 1/[substrate] or 1/[substrate]?
depending on either 1:1 or 1:2 host-guest interactions, respectively. The Gibbs free energy of
formation (AG/kJ mol ') for the donor—acceptor ensembles and the acceptor metal-analyte adducts

were evaluated from the corresponding formation constants as stated below (equation 2.5):1>°
AG = —RT In(Kgyerann) (2.5)

Where R is the gas constant and 7 is the experimental temperature.

2.2.4.3 Binding Constant for [Ru'(‘Bubpy)(CN)s]>—[Fe'(H>0);Cl]> Adducts

Titrations of KoaRu(*‘Bubpy)(CN)4 (4.76 x 10* M) with FeCls (0 to 4.76 x 10* M) were carried out
at aratio of 2:1 ethanol/pH 1.5 aqueous buffer mixture. Spectral changes of the resultant mixtures
were measured. The binding constant for the [Ru"(‘Bubpy)(CN)s]>—[Fe"™(H20);Cl]» adducts was
calculated by fitting the titration curves to the 1:1 Benesi-Hildebrand equation (Equation 2.1).

2.2.44 Binding Ratio Determination for [Ru'(‘Bubpy)(CN)s]o—[Fe(H,0);Cl]> Adducts by
Job’s Plot
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All the measurements were carried out in deionized water. A series of indicator
KoRu('‘Bubpy)(CN)s complex solutions were mixed with FeCls catalyst solutions under the
condition that the sum of the concentrations of the indicator and catalyst solutions was constant.
Spectral changes (4/40) at 606 nm of the resulting mixtures were plotted as a function of the FeCls

mole fraction.

2.2.4.5 Binding Constants for [FeCls]-[substrate] Adducts

All titrations were carried out in a pH 1.5 aqueous buffer. Different concentrations of oxalate
solutions (0 to 1.67x 10~ M) were titrated with a fixed concentration of FeCls solution (1.67 x 10-
4 M). Different substrates including glyoxylic acid, L-tartrate, pyruvate, acetate, NCS", HoPO4”, Br,
CI', NOs, N3 and SO4* (0 to 6.67 x 107 M) were also titrated with FeCl; (3.33 x 10 M). The
changes in the absorbance or emission of the resultant mixtures were measured. Binding constants
for the [FeClz]-[substrate] adducts were analyzed by fitting the titration curves to the Benesi-

Hildebrand equations.

2.25 Method Detection Limits of RuFe 1 toward Oxalate

A series of oxalate solutions (0 to 9.52 x 10~ M) were mixed with RuFe 1 solutions (2.17 x 10*
M). The detection limit studies were carried out in a 2:1 ratio of ethanol/pH 1.5 aqueous buffer
mixture at room temperature. Spectroscopic and spectrofluorimetric changes for the resultant
mixtures were recorded. The method detection limits were calculated using the corresponding

critical concentrations via the Hubaux and Vos methods, as outlined in Equation 2.6.1%

Xc

(2.6)

t A XS 1 1 X2
_ (0.05,n—2) y/x % |=+ n : _
b KT xJ " Tx gl (x — D)2

Where X. is the critical concentration, S, is the standard error of regression, b is the slope of the
calibration curve, K is the number of preparations for each unknown sample, / is the number of

calibration points, and J is the number of preparations for each calibration point.
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2.2.6 Photocatalytic Degradation of Organic Substrates by RuFe 1

All experiments were conducted in a 125 mL conical flask with a 200 W Hg(Xe) ultraviolet—visible
lamp (Newport) as the irradiation source. The whole setup was shielded to block out surrounding
light. The distance between the lamp and the test solution was 10 cm. Mixtures of the RuFe 1
complex (1.79 x 10* M) with organic substrates such as oxalate, glyoxylic acid, pyruvate, L-
tartrate, and acetate (1.79 x 10 M) were prepared to 100 mL with the pH value adjusted to 1.5.
Dissolved organic carbon (DOC) of the mixture was obtained at regular intervals and analyzed to

evaluate catalytic efficiency.

2.2.7 Catalytic Signal Amplification of RuFe 1 toward Oxalate

A series of oxalate solutions [0 to 2.17 x 10 M (0 to 400 ppm)] were mixed with RuFe 1 (2.17 x
10% M) and a methyl orange (2.17 x 10 M) mixture. The studies were carried out in a pH 1.5
aqueous buffer at room temperature. Each solution was irradiated for 180 min using the 200 W
Hg(Xe) ultraviolet—visible lamp (Newport). The whole setup was shielded from surrounding light.
The distance between the lamp and the test solution was 30 cm. The UV-vis absorption spectra and

their intensities at 510 nm were recorded at fixed time intervals.

2.2.8 In Vivo Toxicity Assay for RuFe 1

Medaka embryos were obtained from Dr. Doris W. T. Au (City University of Hong Kong). Hatched

),'57 and fed with finely ground

larvae were maintained in an embryo rearing medium (pH 7.2
Otohime BETA1 (Nisshin Co., Japan). Larvae (~4-5 mm in length) were fasted for 5 h and then
exposed to RuFe 1 on the fifth day-post-hatch (dph) using multi-well cell culture plates. Each of
the cell culture wells held seven medaka larvae, which were incubated in 7 mL of embryo rearing
medium at room temperature with a suspension of a known RuFe 1 concentration (i.e., O (as a

control), 1, 10 and 100 mg/mL) and were continuously fed every other day for up to 7 days. Due
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to the low complex RuFe 1 specific gravity relative to water, the complex solid floated in the
embryo-rearing medium rather than sunk to the bottom of the wells. Vitality of larvae was checked

every 24 h. Data was processed with SPSS 21.0 software.
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2.3 Results and Discussion

231 Synthesis of Tetranuclear Bimetallic Complex RuFe 1

K[Ru'(‘Bubpy)(CN)4] is a well-known strong luminescent complex and metallic coordinating
donor; it can be synthesized according to the method in the literature.'*® The complex was well
characterized by infrared spectrometry, elementary analysis, electrospray mass spectrometry, and

'H-NMR. All of them gave satisfactory results compared with the literature. '35

4- 2 r Cl
N N H,0. i OH N
g N ﬁ‘l T !3‘ ZN":F'e” N 2 @
R H
o Se . RS @ LN | .¢7 OH, e, | N —
RuCl;3H,0 — Ru_ — " Ru" . 05 SRu SRU 2H,0
i - ~C” | TCx =N"" | ~C =N | Cs. OH; -C7 | N= i
NZ I(ﬁ SN -~ C ¥y =~ <‘3 \N"‘FE N ¢ =~
_Fe. |
N i N HO { OH, N
L Cl J
RuFe 1

Scheme 2.4°Synthetic scheme for RuFe 1. Reaction condition: (i) reflux with excess amount of
KCN in water, (ii) reflux with 1 eq of 'Bubpy in aqueous methanol (pH 2), (iii) stirring 1 eq of

FeCls in deionized water in room temperature.

Bimetallic complex RuFe 1 was formed by simply stirring equal equivalents of
K>[Ru'(‘Bubpy)(CN)4] complex and FeCl; in deionized water in open atmosphere and at room
temperature (Scheme 2.4). It was isolated as an air-stable blue colored solid with satisfactory yield.
The complex was slightly soluble in polar organic solvents such as DMSO, DMF, methanol, and
ethanol but insoluble in acetone and water. Integrity of the tetranuclei state of RuFe 1 in ethanol
was demonstrated by electrospray-MS showing peaks at m/z 620.0 m/z representing
{2H"*[Ru(‘Bubpy)(CN)4]>—[Fe(H20);Cl]2} (mass = 1240.1 gmol’!; charge = +2). Figure 2.2
depicts the electrospray mass spectra for RuFe 1 in a methanol/DMSO mixture with 0.1%

hydrochloric acid.

According to the elementary analysis, eight water molecules were found in RuFe 1. It is commonly

found that in cyano-bridged bimetallic complexes, water molecules trends to coordinate with
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cyano-bridged bimetallic complexes, and the porous crystalline structure also tends to trap water
molecules in the unit cell during synthesis.!**-16? Therefore the composition of the RuFe 1 was
tentatively assigned as {[Ru(‘Bubpy)(CN)4]>—[Fe(H20)3Cl]2}*2H0, with six coordinated to

unsaturated Fe (IIT) and two non-coordinated water molecules.

The binding ratio of Ko[Ru"(‘Bubpy)(CN)4] and FeCls in complex RuFe 1 was also confirmed by
Job’s plot titration. By plotting the UV absorbance of solution Kz2[Ru''(‘Bubpy)(CN)4] against the
mole fraction of FeCl3 shown in Figure 2.3, the maximum of the plot at 0.5 implicated that the two

species is in equal stoichiometry.

Formation of the cyano-bridged bimetallic complex was also confirmed by IR spectroscopic
studies where the vc=n of Ko[Ru(‘Bubpy)(CN)4] at 2042, 2058, and 2093 cm™! was shifted to 2030,
2076, and 2114 cm™! after binding with Fe(III). The band red shifted was assigned as terminal
cyano,'®® whereas bands blue shifted were assigned to be bridging cyano. This blue shift was
attributed to the kinematic coupling placing a mechanical constraint upon the bridging cyano by
the second metal, the second metal withdraw charge from the nitrogen resulting in the

strengthening of back-bonding.!6+166
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Figure 2.2 Electrospray mass spectrum of the isotopic distribution for RuFe 1: and (inset) its
simulation for {[Ru(‘Bubpy)(CN)s]o—[Fe(H,0)3Cl]2*2H}*" peak at 620.0. Mass spectrometry was
performed in a methanol/DMSO mixture with 0.1% of HCL.
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Figure 2.3 Job’s plot of K2[Ru('Bubpy)(CN)4] by FeCl; showing that the maximum

response of the complex RuFe 1 occurs at amole ratio of 2:2. The experiment was performed

in deionized water at 298 K.
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2.3.2 Electronic Absorption and Luminescent Properties of RuFe 1

The absorption spectra for RuFe 1 and its precursors are shown in Figure 2.4. The RuFe 1
complex shows an increase in the absorption coefficient compared with its precursors
K2[Ru('Bubpy)(CN)4] and FeCls. The increase from 200 to 465 nm is due to the superposition
of the absorption of two precursors. The broad absorption band which is dominant in the visible
range at ~500—750 nm is assigned as mixed valent species,'®” the formation of a metal-metal
charge transfer (MMCT) band,'®® resulted, form a class II mixed valent species and the

suggested direction as Ru(I1l) — Fe(III).*

Figure 2.5 shows the triplet state metal-to-ligand charge transfer CMLCT) emission spectra for
K>[Ru('Bubpy)(CN)s] and RuFe 1 at 298 K in aqueous ethanol at pH 1.5. The
K>[Ru('‘Bubpy)(CN)s] complex has a low-energy emission band at ~550-750 nm. With
reference to previous works this low-energy emission band is assigned to the [n*(diimine) —
dm(Ru)] *MLCT emission.'® Upon coordination of the FeCls acceptor, the emission intensity

decreased as the paramagnetic Fe(III) quenched the Ru(II)-diimine chromophore.*’-!7°

Figure 2.6 shows the spectra change upon the UV-vis spectroscopic and spectrofluorimetric
titrations of KoRu(‘Bubpy)(CN)s with FeCls. The formation constant for the
[Ru"(‘Bubpy)(CN)s]>-[Fe(H,0)3Cl]> adducts was determined by fitting the titration curves
with the 1:1 Benesi-Hildebrand equation giving the linear relationship. The binding constant

(log Kovera) between Ko[Ru(‘Bubpy)(CN)4] and FeCls was found to be 3.15 = 0.005 M.
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Figure 2.4 (a) Absorption spectra for RuFe 1 (—), KaRu(‘Bubpy)(CN)4 (---) and FeCl3 (-++)
in aqueous ethanol (1:2 v/v) (1.00 mL of aqueous KCI/HCI buffer at pH 1.5 + 2.00 mL of
ethanol) at 298 K.
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Figure 2.5 Luminescent spectra for RuFe 1 (—), KoRu(‘Bubpy)(CN)4 (---) and FeCls ()
in aqueous ethanol (1:2 v/v) (1.00 mL of aqueous KCI/HCI buffer at pH 1.5 + 2.00 mL of

ethanol) at 298 K. Luminescent spectra were obtained with 467 nm excitation.
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Figure 2.6 (@) UV-vis spectroscopic, (b) spectrofluorimetric titrations  for
K>Ru(‘Bubpy)(CN)s (1.00 x 10* M) with FeCls (0 to 1.00 x 10 M). (c) The slope and y-
intercept are 3.20 x 10 and 4.56 x 10 respectively of the best fitted Ao/(4-Ag) versus 1/[FeCls]
plot with log K =3.15+0.005 M at 630 nm. All titrations were carried out in aqueous KCI/HCI
buffer at pH 1.5 at 298 K. Excitation Aex = 468 nm.
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2.3.3 Detection of Oxalate Anions

2.3.3.1 Chemodosimetric Properties of RuFe 1 toward Oxalate

With the addition of oxalate (HC204") to RuFe 1 in an aqueous ethanol solution at pH 1.5, the
intensity of its MMCT band declined and resulted in a blue to pale yellow colorimetric response.
Meanwhile, the addition also perturbed the *MLCT transition in RuFe 1 with a significant
enhancement in intensity resulting in an intense orange colored emission. Figure 2.7 shows the
colorimetric and luminescent responses of RuFe 1 to oxalate. The spectrofluorimetric titration
for RuFe 1 with different anions (glyoxylic acid, pyruvic acid, potassium tartrate, potassium
acetate, KoSO4, KH2PO4, KNO3, KCN, KSCN, KNj3, and KBr) in aqueous ethanol solution at
pH 1.5 is summarized in Figure 2.8. Among these anions, only oxalate is able to induce
significant luminescent/colorimetric responses. These results reveal that RuFe-1 has selectivity
toward oxalate and other anions do not interfere with the signaling responses of RuFe 1 toward
the detection of oxalate. Moreover, the spectrofluorometric responses of RuFe 1 toward a
mixture of oxalate and other anions showed emission enhancements similar to those toward
oxalate alone as shown in Figure 2.9. This indicates that the detection of oxalate by RuFe 1

has no interference from other analytes.

Through the UV-vis spectroscopic and spectrofluorometric methods, the method detection
limits (MDL) of RuFe 1 toward oxalate were found as 78.7 and 5.5 ppm, respectively, via the
Hubaux and Vos method. From Figure 2.10 and Figure 2.11, qualitative analysis of oxalate by

naked eye was about 100 ppm and can be distinguished from other common anions.
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Figure 2.7 (a) UV—vis spectroscopic and (b) spectrofluorimetric titrations for RuFe 1 (1.08

x 10 M) with oxalate (0 to 3.24 x 102 M). All titrations were carried out in aqueous ethanol

(1:2 v/v) (1.00 mL of aqueous KCI/HCI buffer at pH 1.5 + 2.00 mL of ethanol) at 298 K.

Excitation A was 468 nm.
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Figure 2.8 Summary of spectrofluorometric titration (///p at 620 nm) for RuFe 1 (2.17 x

10"* M) with various analytes monitored as a function of the increase in emission intensity. All

titrations were carried out in aqueous ethanol (1:2 v/v) (1.00 mL of aqueous KCI/HCI buffer at

pH 1.5 +2.00 mL of ethanol) at 298 K. Excitation A was 468 nm.
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Figure 2.9 Bar chart showing the spectrofluorometric responses of RuFe 1 (2.17 x 10* M)
in the presence of oxalic acid and various analytes (concentration of each of the analyte 8.68 X
103 M: glyoxylic acid, pyruvic acid, potassium tartrate, potassium acetate, K»SOs, KH2POs,
KNO3, KCN, KSCN, KN3 and KBr) at aqueous ethanol (1:2 v/v) (1.00 mL of aqueous KCI/HCl
buffer at pH 1.5 + 2.00 mL of ethanol) at 298 K. Luminescent spectra were obtained with 467

nm excitation.
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Figure 2.10  Photos of the colorimetric responses of complex RuFe 1 (2.17 x 10 M) to 40
molar equivalent of different anions (8.68 x 10 M) : (/) RuFe 1 + oxalate, (2) RuFe 1 only;
(3-13) RuFe 1 + glyoxylic acid, pyruvic acid, potassium tartrate, potassium acetate, KoSOsq,
KH>PO4, KNO3, KCN, KSCN, KN3, and KBr. Recorded in aqueous ethanol (1:2 v/v) (1.00 mL
of aqueous KCI/HCI buffer at pH 1.5 + 2.00 mL of ethanol) at 298 K.
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Figure 2.11  Photos of colorimetric response of RuFe 1 to oxalate in aqueous ethanol (1:2

v/v) (1.00 mL of aqueous KCI/HCI buffer at pH 1.5 + 2.00 mL of ethanol) at 298 K.
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2.3.3.2 Binding Constant and Binding Mechanism of RuFe 1 with Oxalate

Figure 2.12 shows the fitting of UV-vis spectroscopic responses of RuFe 1 to oxalate in 1:2 to
the Benesi—Hildebrand equation.'>® The binding constant, log Koveran, for RuFe 1 and oxalate
was found to be 3.43 £ 0.03 M, indicating that each Fe(IlI) center in the tetranuclear complex

binds one molecule of oxalate.

Figure 2.13 shows the electrospray-MS for the mixture of RuFe 1 and oxalate. The m/z 512.9
[M + K] was attributed to [Ru(‘Bubpy)(CN)4]* suggesting that all the cyanide bridges between
Ru(Il) and Fe(III) in the tetranuclear complex are cleaved following oxalate molecule binding
to the Fe(III) centers. The close resemblances in the UV-vis and luminescent responses for the
“RuFe 1-oxalate-mixture” to those for KoRu(‘Bubpy)(CN)s also implicate the cleavage of
cyanide bridges.

The substrate selectivity of the binding-induced dissociation is most probably attributable to
the relative stability of the Ru(II)-Fe(IlI) complex compared with that of the Fe'-analyte
adducts. Table 2.1 summarizes the binding constants and Gibbs free energy change (-AG) for
the complexation of FeCls to various anions. Only Fe'-oxalate exhibits a AG® smaller than
that of RuFe 1, indicating that the driving force for the cleavage of RuFe 1 by oxalate is due

to the formation of more stable Fe(IIl)-oxalate species.
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Figure 2.12  Fitting of UV-vis spectroscopic responses of RuFe 1 to oxalate in 1:2 Benesi—

Hildebrand equation.
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Figure 2.13  Electrospray mass spectrum of the isotopic distribution of “RuFe 1-oxalate-
mixture”: and (inset) its simulation of {[Ru(‘Bubpy)(CN)4]K} peak at 512.6. The mass

spectrum was performed in methanol/water mixture.
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Table 2.1 Binding constants (log Kovera) and Gibbs free energy changes (AGo) for the
complexation of various analytes and KoRu(‘Bubpy)(CN)4 by FeCls.

Acceptor Donor log Kovera AG®
/kJmol™!

1 FeCls Oxalate 3.52 -20.1
2 FeCls KoRu('‘Bubpy)(CN)s  3.15 -18.0
3 FeCl; Pyruvic acid 2.55° -14.5
4 FeCls KH2PO4 2.33 -13.3
5 FeCls KCN 1.91 -10.9
6 FeCl3 KNj3 1.47¢ -8.16
7 FeCls Potassium tartrate 1.36 -7.7
8 FeCls Potassium acetate 0.96 -5.5
9 FeCl; KSCN 0.75 4.3
10 FeCls Glyoxylic acid 0.54 -3.1
11 FeCls K2SO4 0.24 -14
12 FeCls KNOs -4 ---d
13 FeCls KBr ---d -4

*Binding strengths were measured by UV spectroscopic titration and calculated with Benesi-
Hildebrand 1:1 equation. ®Binding strengths were measured by spectrofluorimetric titration and
calculated with Benesi-Hildebrand 1:2 equations. “Binding strengths were measured by UV
spectroscopic titration and calculated with Benesi-Hildebrand 1:2 equations. *°All the titrations

were conducted in aqueous KCI/HCI buffer at pH 1.5 at 298 K. 9Too small to be determined.
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2.4 Photocatalytic degradation of Oxalate by RuFe 1

The photocatalytic properties of RuFe 1 in oxalate degradation were studied by treating the
same concentration of oxalate solution (4.16 x10* M) in various working conditions. The
results are summarized in Figure 2.14. The concentration of oxalate was determined by
monitoring the change of DOC content, where influence of dissolved carbon dioxide was
eliminate by baseline correction, and assumption was made that the dissolved carbon dioxide
in reaction mixture was equal to the control setup. The change of DOC can be contributed by
degradation of RuFe 1 complex or intermediates (e.g. formic acid) of the reaction, therefore
may not be a good method to study the reaction rate. Instead of reaction rate, time or ability to
reach 95% mineralization (DOCoys) was measured in different reaction conditions to study the

reaction mechanism.

The DOC content of RuFe 1 in oxalate solution decreased rapidly in the first 250 min and
achieved DOCos at approximately 360 min [Figure 2.14 curve (®)] under UV-vis irradiation at
room temperature. Similar experiments were conducted in the presence of FeCl; and
KoRu('Bubpy)(CN)4, with only mixtures containing FeCl3 showing a DOC decrease with a
similar pattern as that of RuFe 1 [Figure 2.14 curve (m)], while the DOC content of the
[K2Ru(‘Bubpy)(CN)4]-oxalate mixture did not have significant changes following 7 h of
treatment [Figure 2.14 curve (¢)]. These results indicate that the remediation of oxalate by
RuFe 1 is due to the release of Fe(Ill) complexes, and the decrease of DOC content indicates

that oxalate was degraded into CO» in this process.

The degradation mechanism was further investigated by treating a series of oxalate solutions
in the presence of RuFe 1 under the following conditions: (i) dark, (i1) dark with heat (50 °C),
and (ii1) nitrogen atmosphere; all three conditions showed no significant DOC change [Figure
2.14 curves (), (<), and () respectively]. Hence, the degradation of oxalate is most probably
due to the generation of a superoxide ion radical, Oz, and/or the hydroxyl radical via the photo-

assisted Fenton mechanism with the help of UV-vis irradiation.!7!-173

The photodegradation of Fe(Ill)-oxalate complexes has been widely studied, the existing
mechanism involve the electron transfer from the oxalate ligand to the ferric ion with assist of

radiation, following by the formation of ferrous ion and oxalate radical (Equation 2.7 to 2.9).
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The oxalate radical further react with atmospheric O2 to produce O, and finally produce H>O»
and regenerate the ferric ion (Equation 2.10 to 2.13).°*!7* The mechanism is in agreement with
the deactivation of Fe(IIl) catalyst when there is absent of radiation and atmospheric oxygen.

The probable reaction pathways are shown below:

C204> + Fe¥* — [Fe(II1)(C204)]* 2.7)

h
[Fe(11)(C,00]" ———>  [Fe(I1)(C,00)]"

e transfer (2.8)
[Fe(I1)(C204)]" — Fe* + (C204) (2.9)
(C204) + 02 — Oy +2CO> (2.10)
Fe?" + O— Fe’" + Oy (2.11)
20, +2H" — H,02 + 02 (2.12)
Fe’"+ H,0, — Fe** + OH+ HO- (2.13)

To investigate the selectivity of RuFe 1 in oxalate photo-degradation, organic carboxylic
acids/carboxylates were used as organic interferences. Figure 2.15 summarizes the changes in
the DOC content of oxalate, glyoxylic acid, pyruvic acid, potassium tartrate, and potassium
acetate against time in the presence of RuFe 1 under UV-vis irradiation exposure at room
temperature and under open atmosphere. Among all the organic carboxylic acids, only the
mixture of oxalate with RuFe 1 shows a significant decrease in its DOC content, whereas the
other substances were nearly unchanged. These selective degradation properties are similar to
the chemosensing properties of RuFe 1 toward oxalate as stated before. The introduction of
oxalate to the RuFe 1 system caused the breakage of cyano-linkages and the release of the
Fe(III) catalyst. Meanwhile, the cyano- bridged Fe(III) catalyst remained inactive when other

analytes were introduced and could not initiate the photo-degradation reaction.
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The reproducibility of RuFe 1 to degrade oxalate degradation by RuFe 1 was investigated as
shown in Figure 2.16. The experiments were performed six times with oxalate continuously
added to the [RuFe 1-oxalate] mixture after reacted for 240 min. Afterwards, the efficiency

still reached 85.0%, indicating that the catalyst exhibited repeatable efficiency.
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Figure 2.14  DOC during the degradation of oxalate under various conditions. (@) In the
presence of RuFe 1 (1.90 x 10*M), (m) FeCl; (1.90 x 10*M) and (¢) K:Ru(‘Bubpy)(CN)4
(1.90 x 10* M) under UV irradiation at room temperature. In the presence of RuFe 1 (1.90 x
10* M) under (<) dark condition at room temperature, () dark condition at 50 °C, and (%)
under UV irradiation at room temp with saturation of Nz (). Control experiment was
conducted at pH 1.5 with oxalate (4.16 x 10* M) under UV at room temperature and open

atmosphere.
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Figure 2.15  Selective degradation properties of RuFe 1 (1.90 x 10 M) toward different
organic carboxylate (4.16 x 10* M), (m) potassium oxalate, (®) potassium acetate, (V)
potassium tartrate, () pyruvic acid, and (x) glyoxylic acid. All experiments were performed

at pH 1.5 under UV at room temperature.
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Repeatability of RuFe 1 (1.90 x 10* M) toward potassium oxalate (4.16 x10

M). All experiments were performed at pH 1.5 under UV at room temperature.
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24.1 Catalytic Signal Amplification of RuFe 1 towards Oxalate

To amplify the detection signal of RuFe 1 towards oxalate, methyl orange was introduced to
the system as the coloring agent. Methyl orange is an organic chromophore that is decolorized
and destroyed in the photoassisted Fenton reaction through a reaction with hydroxyl
radicals.!”>!7® Scheme 2.5 shows the mechanism for RuFe 1 as ICDA toward oxalate in
detection, degradation, and signal amplification, where Fe(Ill)-oxalate complex formed was

known to be catalyst of the photodegradation of methyl orange.

Figure 2.17 shows the UV-vis spectroscopic changes of the [RuFe 1-oxalate-methyl orange]
solution with UV-vis irradiation as a function of time. The results show that the color of methyl
orange (Aabs at 510 nm) fades with time, resulting in a more contrasting color change compared
with that in the absence of methyl orange. The complete decolorization (95% of Aabs at 510 nm)
of the [RuFe 1-oxalate-methyl orange] solution can be achieved in 180 min with an initial
oxalate concentration of 15 ppm. The decolorization rate became faster when the initial oxalate
concentration increased as shown in Figure 2.17. Complete decolorization was achieved in 100
min when the initial oxalate concentration was increased to 80 ppm. The increase of rate is in
trend with the increase of RuFe 1:oxalate mole ratio, where more Fe(Ill)-oxalate complex

formed which catalyze the decolorization of methyl orange.

With this amplification, the visual detection limit of oxalate by RuFe 1 improved to 2 ppm for
an irradiation period of 180 min as shown in Figure 2.18. Compared to the colorimetric
responses before the amplification, the sensitivity of RuFe 1 towards oxalate was amplified

~50 times.
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Scheme 2.5 Proposed ICDA of RuFe 1 toward oxalate. The mechanism is composed of

chemosensing, degradation, and signal amplification with the addition of methyl orange.
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Figure 2.17  Spectroscopic changes with time of RuFe 1 solution added with methyl orange
(1:1 mol/mol) in the presence of oxalate (0 ppm to 200 ppm). All titrations were conducted in

aqueous buffer (pH 1.5) under UV-vis at room temperature.
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Figure 2.18  Photos of colorimetric response of RuFe 1 (a) added with methyl orange (1:1
mol/mol) in the present of oxalate (0 ppm to 200 ppm) in aqueous buffer (pH 1.5) under

irradiation at 298 K compare with (b) oxalate detection by RuFe 1 without amplification.
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2.4.2 Detection, Amplification, and Photo-degradation of Oxalate in Real Water Samples
by RuFe 1

To verify the practical application of RuFe 1 to actual environmental situations, water samples
were spiked with RuFe 1 and oxalate. Water sample sources included lake, river, and
underground water collected in Hong Kong, China to simulate different contaminated water
bodies. The samples were filtered through 0.45 pum pore-size membrane filters (Pall

Corporation) to remove insoluble substances and used without any further treatment.

For spectrofluorometric detection of oxalate by RuFe 1 in the real samples, all samples were
spiked with the same amount of oxalate (33.3 ppm) and analyzed by RuFe 1 under the same
conditions as of the developed calibration curve shown in Figure 2.19. The analytical results
show a good recovery and relative standard deviation (RSD, %) of 92.4%—115.8% and 2.24%—
2.76%, respectively, suggesting that RuFe 1 can function properly as a molecular detector for

practical water sources.

For photo-degradation of oxalate by RuFe 1 in the water samples, the samples were spiked
with 767 ppm oxalate and tuned to pH 1.5 to simulate heavily polluted water bodies. With the
addition of RuFe 1 and exposure of 200 W UV-vis irradiation, oxalate degraded rapidly in the
first 2 h with respect to a decrease in the DOC content. Figure 2.20 shows the DOC content of
the samples against time. The times required for the 95% mineralization (DOCos) of all water
samples were within 200 min, indicating that the photocatalytic properties of RuFe 1 can

function properly for practical water sources.

A small amount of oxalate was added to river (3.3 ppm), lake (10.0 ppm), and underground
(13.3 ppm) water samples. With the addition of RuFe 1 and methyl orange, the oxalate
concentrations were determined using the developed calibration curve shown in Figure 2.21.
Under the amplification mechanism, the results show that RuFe 1 achieved good recovery and
relative standard deviation. Table 2.2 summarizes results for the detection, amplification, and

degradation of oxalate by RuFe 1 in actual water samples.
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Toxicity tests were conducted to further validate the application of RuFe 1 to real
environmental situations. Figure 2.22 shows the results for an in vivo toxicity assay for the
complex towards Japanese Medaka (Oryzias latipes). The test was performed with four
different RuFe 1 concentrations (0, 1, 10, and 100 mg/mL). Medaka larvae (~4—5 mm in length)
were exposed to the RuFe 1 complex for 7 days. Neither abnormal behavior, nor mortality of
the fish was observed within the 7 day exposure period. The results indicate that RuFe 1 does

not cause any apparent adverse effects to the organism.
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Figure 2.19  Calibration curve developed from the spectrofluorometric titrations of RuFe 1
(3.33 x 107> M) with oxalate (0 to 36.67 ppm). The slope and y-intercept are 179.9 and 1041.4
ppm respectively of the best fitted /1y versus [oxalate] plot at 620 nm. All titrations were carried

out in a 2:1 ratio of ethanol/pH 1.5 aqueous buffer mixture at room temperature. Excitation Aex

=468 nm.
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Figure 2.20  DOC during the course of the photo-degradation of oxalate by RuFe 1 (1.79 x
10* M) in the different water bodies within 300 min. (m) lake water, (®) river water, and (A )
underground water. All the experiments were conducted at pH 1.5 with spiked oxalate (767

ppm) under 200W Hg(Xe) irradiation at room temperature and open atmosphere.



83

0.90-

o o o
N @ o
g oS O

A/A, at 505 nm
o
2
e

O
o))
d

0-60 | ! I ' I ' 1 ! I ' I ' 1 ! I
0 2 < 6 8 10 12 14

[Oxalate] / ppm
Figure 2.21  Calibration curve developed from the spectroscopic titrations of RuFe 1 (8.61
x 10 M), methyl orange (1.63 x 10> M) with oxalate (0 to 13.33 ppm). The slope and y-

intercept are -1.42 x 102 and 8.32 x 10! ppm respectively of the best fitted 4/4 versus [oxalate]
plot at 505 nm. All titrations were carried out in a 2:1 ratio of ethanol/pH 1.5 aqueous buffer

mixture under UV-vis irradiation for 2 h.
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Table 2.2 Results of oxalate detecting/degrading/signal amplifying lake, river, and
underground water samples with RuFe 1.

Detection

Water samples Oxalate added Oxalate found Recovery RSD (%)
(ng/L) (ppm) (%)

lake 333 31.5+0.9 94.6 2.76

river 333 38.6+1.0 115.8 2.60

underground 333 30.8+£0.7 92.4 2.24

Degradation

Water samples Oxalate added Oxalate left DOCos
(ug/L) (ppm) (min)

lake 767.0 0.0 175

river 767.0 0.0 205

underground 767.0 0.0 200

Amplification

Water samples Oxalate added Oxalate found Recovery RSD (%)
(ug/L) (ppm) (%)

lake 10.0 10.1 +£0.07 101.4 6.42

river 33 3.5+£0.09 103.9 9.18

underground 13.3 12.7+0.07 95.1 6.89
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Figure 2.22  In vivo toxicity studies of the solid powders of complex RuFe 1 on Japanese
medaka. Larvae were exposed to culture medium with different concentration of the solid

powder from 0 to 100 mg/L, and were fed once every other day, continuously for up to 7 days.
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2.5 Conclusions

A new tetranuclear bimetallic Ru(II)-Fe(III) donor-acceptor complex has been synthesized and
characterized. To the best of our knowledge, the RuFe 1 complex is the first multifunctional
device that can simultaneously contribute to detection, signal amplification, and degradation
of oxalate in practical water samples. RuFe 1 demonstrated the concept of the indicator/catalyst
displacement assay (ICDA), in which one metal center acts as an indicator as well as an
inhibitor, and is bridged to another metal center responsible for signal amplification and
degradation. In the next chapter, we employed the present ICDA concept to synthesize a new
molecular device, Fe(‘Bubpy)(CN)s—[Cu(dien)(ClO4)]2 (FeCu 1), for the detection,

degradation, and signal amplification of an analyte other than oxalate.
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Chapter 3: A Multifunctional Bimetallic Molecular Device for Ultrasensitive

Detection, Naked-Eye Recognition and Elimination of Cyanide lons

3.1 Introduction

Cyanide pollutants can cause serious environmental problems due to their high toxicity.
Exposure to low concentrations of cyanide as low as 1.5 mg kg™ can cause fatal poisoning.'”’
There are more than 1.4 million tons of hydrogen cyanide produced per year from different
industries such as mining and manufacturing industries. Although cyanide substances are
highly regulated, their excessive use by the different industries makes accidental cyanide spills

difficult to avoid.!”®17

Cyanide concentration monitoring in water has been investigated extensively, methods include

185-187 188-190

titration,'®® spectrometric,'®-1%* flow injection analysis, electrochemical detection
and biosensor.!”!"! Most of the existing cyanide chemosensors focus on achieving high
selectivity and sensitivity in aqueous condition, the measurement of cyanide can down to sub-

pg L1 level !4

Niamnont et al. have designed and synthesized three fluorescent probes for detection of cyanide
(Figure 3.1), which contain diphenylacetylene as fluorogenic units and salicylaldehyde as a

receptor (Scheme 3.1).!%

Upon the addition of cyanide to the assays, fluorescence intensity
enhanced with the detection limit down to uM level. The sensor was also dropped on filter
paper strips as paper-based sensors, where the signal was found to be naked eye detectable with

5 nmol cyanide.

A fluoro-chromogenic probe which is a subphthalocyanide derivative for detection of cyanide
was reported by Ros-Lis et al. (Figure 3.2), in the presence of cyanide the probe will change
color from magenta to colorless.!*® It shows a rather poor selectivity in aqueous condition but
is overcomed when acetonitrile introduced to the solvent system. The detection limit of this

probe can as low as sub-ppm level, depending on the pH of the testing environment.
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Lou et al. have reported a cyanide chemosensor based on IDA, which composed of a
rhodamine-based dye bind with copper(Il) ion.'”” The magenta complex solution will be
decolorized with the introduction of cyanide, which captures the copper ions from the complex

and results in a color change (Scheme 3.2). The detection limit of this assay can as low as 0.013

Another example of cyanide sensor using displacement is reported by Kaushik et al. which
based on a copper complex of coumarin (Scheme 3.3).!°® The non-emissive copper complex
will “turn-on” when there is presence of cyanide. The detection limit of this probe is down to
5.77 uM in water and 14.4 uM in fresh mouse serum. Chung et al. also reported a fluorescence
cyanide detection probe based on copper ion displacement.!”® This probe is a fluorescein
derivative which exhibits less fluorescence when bind with copper ion and is recovered when
cyanide anion introduce into the system (Scheme 3.4). The probe can detect cyanide in pM

level and can apply in vivo imaging.

Various remediation methods of water contaminated by cyanide exist include physical,
complexation, adsorption and oxidation methods.?*’ The copper-catalyzed hydrogen peroxide
oxidation process is one of the most frequently applied method in treating cyanidation wastes,
the advantages of this method include simple to operate and mild reaction condition, but high
reagent cost and requires accurate measurement for chemical dose control made this method
unflavored.?’! In addition, over-treatment in remediation process can result in excessive cost
and waste of energy. The overdose of chemical for wastewater treatment can case inefficient

202-204 environmental pollutions and toxicities to aqua organisms.?*>2%” Moreover,

degradation,
continuous monitoring of pollutant concentration is needed to notice the need for remediation
is also undesirable. Therefore chemosensor that can simultaneously detect and catalyze the
degradation of cyanide into less toxic substances and which catalytic properties only initiate

under a specific set of conditions is favorable.

Pramanik and Aprahamian have reported a hydrazone switch-based negative feedback loop
which only catalyzes the formation of imine complex when the concentration of zinc(Il) reach
threshold (Scheme 3.5).2% This system only activates when the reaction mixture has zinc(II)
concentration up to 20 mol %. Based on the previous chapter proposed ICDA system, herein

we establish a catalyst displacement assay (CDA) which only catalyze the remediation process
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when cyanide reaches the threshold. The CDA system is formed by non-covalently binding a
catalyst with an inhibitor. This assay retained the features of ICDA which can selectively
recognize a target analyte and at the same time readily re-activate to catalyze the degradation
of the analyte, and also provide a new function that re-activation will only happen when the
analyte concentration reaches a certain threshold. Such device can reduce the use of chemicals

and can remove pollutant automatically without additional monitoring.

In this chapter, a series of Fe(II)-Cu(Il) cyano-bridged bimetallic complex, FeCu 1-4, was
designed and synthesized for the detection and degradation of cyanide anion. The FeCu 1
complex [Fe'(('Bubpy)(CN)4]-[Cu'(dien)C1O4]> shows high selectivity and sensitivity for the
cyanide anion in aqueous condition, and with the addition of phenolphthalin, the complex also
serves as a signal amplifier that improves the detection limit to the ppb level making it suitable
for naked-eye recognition. Moreover, this complex effectively degrades cyanide into the
cyanate ion, which is a chemical 1500 times less toxic than cyanide.?”” While FeCu 2-4
complexes were synthesized based on FeCu 1 with different Fe'! subunits, including
[Fe''(CN)s]-[Cu'l(dien)(H20)]> (FeCu 2), [Fe'(‘Bubpy)(CN)4]-[Cu'l(dien)Cl]> (FeCu 3) and
{[Fe''(‘Bubpy)2(CN)2]>—[Cu'(dien)]}Cl. (FeCu 4). The catalytic properties of Fe(II)-Cu(II)
bimetallic complexes are temporarily deactivated, however, once the cyanide concentration
reached a certain threshold, a catalytic oxidation reaction of the cyanide is initiated and turns
cyanide into less toxic cyanate. The threshold is found to be controlled by both thermodynamic

and kinetic properties of the donor-acceptor formation in the bimetallic complexes.
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3.2 Experimental

3.21 Materials and Reagents

4,4’-Di-tert-butyl-2,2’-bipyridine  (‘Bubpy), diethylenetriamine (dien), Ka[Fe(CN)s],
potassium oxalate, copper (II) perchlorate hexahydrate, ammonium iron (II) sulfate
hexahydrate, and potassium salts of acetate, azide, nitrate, thiocyanate, dihydrogen phosphate,
bromide, chloride, and sulfate, were obtained from Aldrich. Potassium cyanide was obtained
from Acros and potassium oxalate was obtained from Farco chemical supplies. Complexes
Fe'('Bubpy)2(CN),, Kz[Fe(‘Bubpy)(CN)4] and Cu(dien)(C104), were synthesized according to

the method in the literature.>!%?!! All organic solvents used were of analytical grade.

3.2.2 Synthesis

{[Fe(‘Bubpy)(CN)s]-[Cu(dien)(C104)]>}-CH3C(O)CH; (FeCu 1)

A mixture of Ko[Fe('Bubpy)(CN)4] (0.253 g, 0.5 mmol) and Cu(dien)(C104)2(0.366 g, 1 mmol)
was stirred in a solvent mixture of water/methanol (1:1 v/v, 10 mL) at room temperature for 30
min and then allowed to stand overnight. Brown precipitates were obtained by centrifugation
and were washed with deionized water and acetone and then air-dried. Yield: 0.414 g (86.4%);
IR (KBr): ve=n = 2052, 2076, 2096, 2118 cm™!; ESI-MS (MeCN, +ve mode): m/z 380.1
{Fe('‘Bubpy)(CN)s[Cu(dien)]2}*" (mass = 760.2 g mol!; charge = +2); Anal. calc. for
C30ClCuzFeHsoN1208-CH3C(O)CH3 (FeCu 1): C, 38.91; H, 5.54; N, 16.50; Found: C, 39.02;
H, 5.61; N, 16.84.

[Fe''(CN)s]-[Cu'(dien)(H20)]- (FeCu 2)

A mixture of Ka[Fe"(CN)s] (1.00 g, 2.37 mmol) and Cu(dien)Cl, (0.56 g, 2.37 mmol) was
stirred in a water/methanol (1:1) mixture 12.5 mL/12.5 mL (v/v), overnight at room
temperature. FeCu 2 was obtained as green solid by filtration, which was washed with
deionized water and acetone and allowed to air-dry. Yield: 1.04 g (81.4%); IR (KBr): ve=n =
2039, 2047, 2103 cm™%; ESI-MS (MeOH, +ve mode): m/z 544.8 {[Fe(CN)s]-[Cu(dien)].}H*
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(mass = 544.0 g mol; charge = +1); Anal. calc. for C14CuzFeH2sN12-4H20 (FeCu 2): C,27.23;
H, 5.55; N, 27.22; Found: C, 27.29; H, 5.52; N, 26.95.

[Fe''(‘Bubpy)(CN)4]-[Cu'(dien)CI]. (FeCu 3)

The synthetic procedure was similar to that of FeCu 1 except that [Cu'(dien)ClI]2 (0.05 g, 0.2
mmol) was used instead of [Cu(dien)(ClOa4)2]. Yield: 0.069 g (83.1%). IR (KBr): vc=n = 2059,
2084, 2103, 2114 cm*; ESI-MS (MeCN, +ve mode): m/z 380.1 {[Fe(‘Bubpy)(CN)4]-
[Cu(dien)]2}?* (mass = 760.2 g mol%; charge = +2); Anal. calc. for C3oCl.CuzFeHsoN12 (FeCu
3): C, 43.27; H, 6.05; N, 20.19; Found: C, 43.22; H, 6.10; N, 20.10.

{[Fe"(‘Bubpy)2(CN)2]—[Cu'(dien)]}Cl. (FeCu 4)

A mixture of Fe''('Bubpy)2(CN). (0.10 g, 0.16 mmol) and Cu(dien)Cl. (0.038 g, 0.16 mmol)
was stirred in 25 mL methanol overnight at room temperature. Reddish brown solid was
collected after evaporation and was washed by chloroform, deionized (DI) water, and acetone
and then air-dried. Yield: 0.0745 g (61.1%); IR (KBr): vc=n = 2068, 2082 cm™*; ESI-MS
(MeOH, +ve mode): m/z 726.9 {[Fe('Bubpy)2(CN)2]—[Cu(dien)]}** (mass = 1454.70 g mol™;
charge = +2); Anal. calc. for CgoCl,CuiFezH109N15-CH3C(O)CH3 (FeCu 4): C, 62.81; H, 7.62;
N, 11.94; Found: C, 63.52; H, 7.62; N, 11.73.

3.2.3 Physical Measurements and Instrumentation

Electrospray (ES) mass spectrometry was performed by means of an AB SCIEX API 2000
LC/MS/MS system. IR spectra in the range of 500-4000 cm™ with KBr pellets were recorded
on a PerkinElmer Model Frontier FTIR spectrometer. Emission spectra were recorded using a
Horiba FluoroMax-4 spectrofluorometer with a 1 nm slit width and a 0.5 s integration time.
UV/Vis spectra were measured on a Cary 50 UV/Vis spectrophotometer. Elemental analyses

were conducted on a Vario EL CHN analyzer.



98

3.2.4 UV-vis Spectroscopic Titration

3.2.4.1 General Parameters

With the exception of DMF which was purified by distillation before use, all solvents used in
the UV-vis spectroscopic titrations were of analytical grade and used without purification. The
HEPES buffer used was 10 mM at pH 7.4. All spectroscopic titrations were carried out in
aqueous DMF (1:1 v/v) (1.50 mL of aqueous HEPES buftfer at pH 7.4 with 1.50 mL DMF)
except titrations with FeCu 2 and its corresponding precursor complex, which were performed
in aqueous HEPES buffer at pH 7.4. Signal amplification titrations were carried out in DI water
with pH 14 adjusted by potassium hydroxide. Receptor-substrate interaction was analyzed
according to either 1:1 or 1:2 Benesi-Hildebrand equations'*® for the UV-vis spectroscopic

titrations.

3.2.4.2 Binding Constant Determination

For the binding determinations for FeCu 1, Kz[Fe(‘Bubpy)(CN)4] solutions (1.0 x 10 M) of
a fixed concentration were mixed with Cu(dien)(ClO4); solutions of various concentrations (0
to 1.0 x 10~* M). The absorption intensity of the resultant mixtures was measured at 505 nm

and Ay/(A-Ap) was plotted as a function of {1/[Cu(dien)(ClO4):]}>

3.2.4.3 Spectroscopic UV-vis Titrations of FeCu 1-4 by Cyanide and Common Anions

Binding constants (Iog Kovera) and formation energies (4G/kJ mol ') of FeCu 1-4 toward
cyanide were calculated according to either 1:1 or 1:2 Benesi—Hildebrand equations using the
ratio between the y-intercept and the slope of the best fitted straight line. Fixed concentrations
of the complex (2.0 x 10 M) were prepared and titrated with different concentrations of

cyanide solution (0 to 4.0 x 10~* M) in aqueous DMF.

3.25 Spectroscopic UV-vis Titrations of FeCu 1 by Common Anions

Fixed concentrations of FeCu 1 solutions (2.00 x 10~* M) were mixed with 10 equivalents of

various analytes (CN", SO4>, HCO3", HPO4*, N3°, CH;COO", NCS", NOs, and CI') (0 to 2.00
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x 1073 M). The absorbances at 505 nm were plotted as a function of the analyte mole ratios.

The colorimetric responses of FeCu 1 to the analytes were also obtained by digital photography.

3.25.1 Signal Amplification by FeCu 1 in Cyanide Detection

All signal amplification testing solutions were adjusted to pH 14 by potassium hydroxide and
investigations were conducted at room temperature. Different amounts of cyanide (0 to 4.61 x
10> M, i.e. 0 to 1.2 ppm) were added to mixtures of FeCu 1 (2.50 x 10~® M) and phenolphthalin
(2.52 x 10 M). Each solution was allowed to stand for 15 min prior to measurement. UV-vis
absorption spectra were recorded at fixed time intervals and absorbance changes at 551 nm
were plotted against cyanide concentrations. Responses after amplification were also obtained

by digital photography.

3.2.5.2 Oxidation of Cyanide to Cyanate with FeCu 1-4 as the Catalyst

All experiments were conducted in a 40 mL boiling tube in the absence of light. A 15.00 mL
test solution was stirred during the experiments. Testing solutions were composed of varied
concentration of CN™ from 0 to 1000 uM and fixed concentration of H,O2 (6.53 x 10~* M) and
FeCu complexes, where the total Cu"" concentration maintained at 0.2 mM.. At regular time
intervals, concentrations of CN”and NCO" in the test solution were measured by analytical
method reported in the literature.?!? Fixed volume of testing solution (1 mL) was added to a
solution of 2-aminobenzoic acid solution (0.1M, 1 mL) and incubated at 40°C for 10 mins,
followed by addition of HCI solution (12N, 1 mL) and boiled in a water bath for 1 min. After
cooled to room temperature, emission intensity at 330 nm were measured with excitation at
310 nm. Concentration of cyanate was found with a developed calibration curve. Analyses were

conducted immediately to avoid errors due to further reactions.
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3.3 Results and Discussion

331 Syntheses and Characterization

The building blocks of all the bimetallic complexes are well-known donor and acceptor
coordination complexes. Ka[Fe''((‘Bubpy)(CN)4]. [Fe''(‘Bubpy)2(CN):], and [Cu'l(dien)]*" were
synthesized according to methods in the literature while K4[Fe''(CN)¢] is commercially
available. The Fe' and Cu!' complexes were well characterized by electrospray mass
spectrometry, infrared spectrometry, and elementary analysis. All of the characterization results

are in good accordance with the literature.?!%!!

All the bimetallic complexes were formed by stirring equal equivalents of [Cu'l(dien)Cl,] with
corresponding cyano-ferrous complexes. The structures of FeCul-4 were shown in Scheme
3.6. All these complexes were isolated as an air-stable solid. Surprisingly, even the Fe'' and
Cu" ratio was set as 1:1 during synthesis, the composition FeCu 4 still changed to 2:1 while
others in 1:2. The integrity of their trinuclear state were demonstrated by electrospray-MS
showing a peak at m/z 380.1, 544.8, 380.1 and 726.9 corresponding to [FeCu 1-Cl;]**, [FeCu
2-H]", [FeCu 3-Cl>]**, and [FeCu 4-Cl,]**, respectively. Figure 3.3 to Figure 3.6 depict the
electrospray mass spectra of FeCu 1-4 respectively in aqueous methanol. All the structures

were also verified by CHN elemental analysis and gave satisfactory results.

Formation of Fe-CN-Cu bridges in the new complexes was also confirmed by IR spectroscopic
studies. All the ve=n stretching frequencies of FeCu 1-4 were red shifted with respect to their
cyano-ferrous precursors as shown in Table 3.1, which indicated the formation of cyano-bridge
in the complexes. Differences in degree of the shifts could be attributed to the electron density
differences of the cyano-ferrous precursors, with respect to their different net charges (varies
from -4, to -2, and 0 respectively). The larger the negative charges, the greater m back bonding
from the Fe!' to the CN n* antibonding orbital, result in the decrease of wavenumber shifts

amount three complexes.?!?
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Figure 3.3 Isotopic distribution and its simulation (inset) of FeCu 1: [M-CL]*" peak at

m/z 380.1. The mass spectrum was obtained in methanol.
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Figure 3.4 Isotopic distribution of ESI-MS spectrum of the m/z 545 peak of {[Fe''(CN)s]-
[Cu(dien)]»} H" (FeCu 2+H") and (inset) simulations based on its molecular formula. Spectrum

was obtained in DI water/methanol.
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Figure 3.5 Isotopic distribution of ESI-MS spectrum of the m/z 380 peak of
{[Fe''(‘Bubpy)(CN)4]-[Cu(dien)]2}*>" (FeCu 3-Cl,)*" and (inset) simulations based on its

molecular formula. Spectrum was obtained in DI water/methanol.



105

6.0x10°-
100 Simulation of
5 gg ] {[Fe('Bubpy),(CN),],—
—~ g 70 | [Cu(dien)]} >
D. g €0 | (CBOCUFe2H1UQN15)
<< 4.0x10°- £ i‘g ] (mass = 1454.7 gmol"*
P 230 charge = +2)
g 2 fg: h atm/z 726.9
< , 1,455 . 1.460
o 2.0x10°-
2
B
&
00 —1 Tt 1 T 1+ 1 *t T T+ T * 1t [ ‘1 1
723 724 725 726 727 728 729 730 731 732

Mass to charge ratio (m/z)

Figure 3.6 Isotopic distribution of ESI-MS spectrum of the m/z 727 peak of
{[Fe''(‘Bubpy)2(CN)2]>—[Cu(dien)]}** (FeCu 4-Cl)*" and (inset) simulations based on its

molecular formula. Spectrum was obtained in DI water/methanol.
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Table 3.1 IR spectroscopic study of the cyano-stretching frequency (vc=x) of FeCu 1-4 and

their ferrous precursors.

Entry Complexes veaN (em™)

1 [Fe''((‘Bubpy)(CN)4]-[Cu'(dien)Cl04]> (FeCu 1) 2052, 2076, 2095, 2118
2 [Fe'(CN)s]-[Cu'(dien)]2 (FeCu 2) 2047, 2059, 2103

3 [Fe''((‘Bubpy)(CN)4]-[Cu'(dien)Cl]> (FeCu 3) 2059, 2084, 2103, 2114
4 {[Fe"(‘Bubpy)2(CN)2]-—[Cu'(dien)]}CL, (FeCu 4) 2068, 2082

5 K4[Fe'(CN)s] 2030, 2043

6 K;[Fe''(‘Bubpy)(CN)4] 2053, 2067, 2085

7 Fe'l('Bubpy)>(CN), 2080
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3.3.2 Electronic Absorption Properties

The precursor complex, Kzo[Fe('Bubpy)(CN)4], shows a low energy absorption band from ~430
to 600 nm. Referencing the literature, the low-energy absorption bands are assigned to Fe(dm)

- ‘Bubpy(n*) metal-to-ligand charge transfer absorption (MLCT).2!?

Figure 3.7 shows the MLCT absorption for K>[Fe('Bubpy)(CN)4] before and after bridging
with the [Cu(dien)(ClO4)2] complex in aqueous DMF at 298 K, where the FeCu 1 formed is
reddish brown in color with respect to its reddish purple precursor. The Amax for the Fe(dn) >
‘Bubpy(nt*) MLCT transitions of K»[Fe('Bubpy)(CN)4] was 523 nm, and with the coordination
of the [Cu(dien)(ClO4)2] , the MLCT transition shifted from 523 nm to 498 nm, and the

absorption coefficient was increased from 1450 to 4530 cm 'mol 'dm?.

Spectroscopic titration was performed to further confirm the trinuclear state of FeCu 1-4. As
shown in Figure 3.8 to Figure 3.11, a good linear relationship for the plot of 4¢/(4-Ao) versus
1/{[Cu'(dien)(C104)2]}? and Ao/(4-Ag) versus 1/{[Cu(dien)(Cl04)2]}*° was obtained by
fitting to the 1:2 and 2:1 Benesi—Hildebrand equation, indicating that the FeCu 1-3 system
possess a 1:2 whereas FeCu 4 possesses a 2:1 binding stoichiometry of Fe''/Cu'. The binding

constant (K3) for FeCu 1-4 was summarized in Table 3.2.
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Figure 3.7 Absorption spectra of FeCu 1 (—) and its precursors KoFe'(‘Bubpy)(CN)4 (---)

and Cu'l(dien)(ClOa4)2 (-). Spectra were obtained in aqueous DMF (1:1 v/v) (1.50 mL of
aqueous HEPES buffer at pH 7.4 + 1.50 mL of DMF) at 298 K.
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Figure 3.8 Results of spectroscopic titration for K[Fe('Bubpy)(CN)4] (1.00 x 10°%) by
[Cu(dien)(ClOs)2]. All the titrations were performed in aqueous DMF (1:1 v/v) (1.50 mL of
aqueous HEPES buffer at pH 7.4 + 1.50 mL of DMF) at 298 K. From fitting the curve with the
1:2 Benesi-Hildebrand equation, slope and y-intercept are 5.89 x 10°'° M2 and 1.60 respectively
with the best fitted 4o/(4-Ag) at 505 nm versus 1/{[Cu'(dien)(Cl04)>]}? , log K = 4.72 £ 0.003
M. The solvated form of FeCu 1 is deduced as 1:2 ratio of [Fe(II):Cu(II)].
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Figure 3.9  (a) UV-vis spectroscopic titrations of Ka[Fe''(CN)¢] by Cu''(dien)Cl> (b) The
best fitted 1:2 Benesi-Hildebrand equation with Ay/(4-Ag) versus 1/{[Cu'l(dien)Cl>]}? plot at
422 nm. The slope and y-intercept are -1.77 x 101° M and -7.79 respectively, with log K = 5.32
+ 0.008 M!. The solvated form of the complex is deduced as 1:2 ratio of [Fe::Cu'"]. All the
titrations were performed in HEPES buffer at pH 7.4 at 298 K.



111

0.40-
; T [Cu(dien)CL,]

> 0.251

Intensi
o
S

ion

40 500 600 700
Wavelength (nm)

—_
O
~
— —
N B
L 1

AJ(A-A) at 487 nm
(o>}

0.0 6.0x10° 1.2x10° 1.8x10° 2.4x10°
1/[Cu(dien)CLJ

Figure 3.10  (a) UV-vis spectroscopic titrations of Kz[Fe''((‘Bubpy)(CN)4] by Cu'(dien)Cl,
(b) The best fitted 1:2 Benesi-Hildebrand equation with Ay/(4-Ag) versus 1/{[Cu"(dien)Cl,]}>
plot at 487 nm. The slope and y-intercept are 3.80 x 10 M and 2.88 respectively, with log K =
4.44 £ 0.001 M!. The solvated form of the complex is deduced as 1:2 ratio of [Fe':Cu'"]. All
the titrations were performed in aqueous DMF (1:1 v/v) (1.50 mL of aqueous HEPES buffer at
pH 7.4 +1.50 mL of DMF) at 298 K.
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Figure 3.11  UV-vis spectroscopic titrations of Fe''(‘Bubpy)2(CN). by Cu'l(dien)Cl, (b) The
slope and y-intercept of the best fitted Ap/(4-Ag) versus 1/{[Cu'(dien)C1>]*°} plot are -3.07 x
102 Mand 6.51 x 107! respectively with log K =2.65 £ 0.001 M at 561 nm. Curve was fitted
by the ratio 0.5:1 Benesi-Hildebrand equation with good linear relationship, the solvated form
of the complex is deduced as 1:2 ratio of [Fe':Cu'l]. All the titrations were performed in
aqueous DMF (1:1 v/v) (1.50 mL of aqueous HEPES buffer at pH 7.4 + 1.50 mL of DMF) at
298 K.
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Table 3.2 Binding constant (log K) and Gibbs free energy change for the formation of

complexes FeCu 1 — 4.

Fe'' subunit log K2 AG%/kJ mol?
FeCu 1 Kz[Fe'(‘Bubpy)(CN)4] 4.72 -27.0
FeCu 2 Ka[Fe"(CN)e] 5.32 -30.4
FeCu 3 Kz[Fe'(‘Bubpy)(CN)4] 4.44 -25.3
FeCu 4 Fe''('Bubpy)2(CN)2 2.65° -15.1°

Binding strengths were measured by means of UV spectroscopic titrations and was calculated
by using the ®1:2 and ®2:1 Benesi-Hildebrand equation. The titrations were conducted in

aqueous DMF (1:1, v/v; aqueous HEPES buffer (1.50 mL, pH 7.4)+DMF (1.50 mL)) at 298 K.
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3.3.3 Chemodosimetric Responses of FeCu 1 toward Cyanide and Different Anions

Addition of cyanide anion into an aqueous DMF solution of FeCu 1 shifted the MLCT
transition from 498 nm to 523 nm with a significant decrease of absorption intensity. Figure
3.12 shows the restoration of [Fe(‘Bubpy)(CN)4]* characteristic spectroscopic properties for a
mixture of FeCu 1 and cyanide in DMF solution. Figure 3.13 summarizes the UV-vis
spectroscopic titrations for FeCu 1 with common anions (CN-, SO4>, HCOs", HPO4>", N7,
CH3COO", NCS°, NOs, and CI"). Only cyanide produces a colorimetric response of FeCu 1

among these anions.

Through the UV-vis spectroscopic methods, the method detection limit (MDL) of FeCu 1
toward cyanide was found to be 0.5 ppm using the Hubaux and Vos method.!*® From Figure
3.14 and Figure 3.15, semi-quantitative analysis of cyanide by the naked eye was about 16 ppm

and can be used to distinguish from other common anions.
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Figure 3.12  UV-vis spectroscopic titration of FeCu 1 (5.0 x 107> M) with CN~ (0 to 2.0 x
10"*M). All spectra were obtained in aqueous DMF (1:1 v/v, 1.50 mL of aqueous HEPES buffer
at pH 7.4 + 1.50 mL of DMF) at 298 K.
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Figure 3.13  Summary of UV-vis spectroscopic titrations for FeCu 1 (2.0 x 10~* M) with the
anions monitored as a function of the decrease in absorbance (4/4¢) at 505 nm. All titrations

were carried out in aqueous DMF (1:1 v/v, 1.50 mL of aqueous HEPES buffer at pH 7.4 + 1.50
mL of DMF) at 298 K.
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Figure 3.14  Photographs of the colorimetric responses of FeCu 1 (2.0 x 107* M) toward
common anions (2.0 x 10~ M) in aqueous DMF (1:1 v/v, 1.50 mL of aqueous HEPES buffer
at pH 7.4 + 1.50 mL of DMF) at 298 K: (CTL = control, FeCu 1 alone).
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Figure 3.15  Photographs of colorimetric response for FeCu 1 to cyandie in aqueous DMF
(1:1 v/v, 1.50 mL of aqueous HEPES buffer at pH 7.4 + 1.50 mL of DMF) at 298 K. Visual

detection limit was about 16 ppm.
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3.34 Binding Constant and Binding Mechanism of FeCu 1 with Cyanide

Binding constant between FeCu 1 and CN” was found by spectroscopic titrations. A series of
solutions with fixed concentration of complexes were titrated with varies cyanide
concentrations (0 to 2.0 x 107* M) in aqueous DMF at 298 K and with pH 7.4 HEPES buffer
solution. The binding stoichiometry of FeCu 1 and cyanide were analyzed by the 1:2 Benesi—
Hildebrand equation (the detail mathematic derivation is discussed in chapter 2). Table 3.3
summarizes the binding constants and Gibbs free energy (AG°®) between Fe!' and Cu' of FeCu
1 as well as the adducts between cyanide and Cu''(dien)**. The results show that except cyanide,
the Ko[Fe'(('Bubpy)(CN)4] form most stable adduct with [Cu'l(dien)]*" with the most negative
AG® value (-30.4 kJmol™). Therefore only introduction of cyanide into these three bimetallic
systems would cause cyanide bridge cleavage and formation of more stable [Cu"(dien)(CN)]"

adducts.

A mixture of FeCu 1 and cyanide was analyzed by electrospray-MS, as shown in Figure 3.16.
The presence of [Fe(‘Bubpy)(CN)4]* (m/z 467.1 [M + K]") in the mixture suggests that cyanide

bridges between Fe' and Cu" in FeCu 1 are cleaved when Cu" centers bind cyanide.
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Table 3.3 Binding constants (log K) and Gibbs free energy changes (AG®) for the complexation
of various anions and K,Fe''((‘Bubpy)(CN)4 by [Cu{(dien)(C104)](C104).2

Acceptor Donor log K* AGY«

/ kJmol!

1 [Cu"(dien)(C104)](ClO4)] CN- 6.64 -37.9
2 [Cu'(dien)(C104)](ClO4)] Ko[Fe'(‘Bubpy)(CN)4] 4.72°% 27.0%
3 [Cu(dien)(Cl04)](ClO4)] SO4* 4.67 -26.6
4 [Cu"(dien)(C104)](ClO4)] HCO;y 3.72 212
5 [Cu(dien)(Cl04)](ClO4)] HC,04 3.59 -20.5
6  [Cu"(dien)(Cl104)](Cl04)] HPO4* 2.60 -14.8
7 [Cu(dien)(Cl04)](ClO4)] N3’ 2.26 -12.9
8  [Cu'(dien)(Cl04)](ClO4)] CH;COO 1.77 -10.1
9  [Cu(dien)(Cl04)](ClO4)] NCS- 1.72 9.8
10 [Cu'(dien)(Cl04)](C104)] NOs5” 0.35 2.0
11 [Cu"(dien)(C104)](ClO4)] CI 0.35 -2.0

%og K and AG® data are cited from reference. ®Binding strengths were measured by UV

spectroscopic titration and calculated using the 1:2 Benesi-Hildebrand equation. All the

titrations were conducted in aqueous DMF (1:1 v/v) (1.50 mL of aqueous HEPES buffer at pH
7.4 + 1.50 mL of DMF) at 298 K.
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Figure 3.16  Electrospray mass spectra of “FeCu 1-cyanide-mixture”: and (inset) the

simulation of (a) {K[Fe'(tBubpy)(CN)a]}" (m/z 467.1) and (b) [Cu'(dien)(CN)]* (m/z 192.0).

The mass spectra were performed in methanol.
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3.3.5 Elimination of Cyanide by catalytic oxidation with FeCu 1 as the catalyst

Hydrogen peroxide can oxidize copper or other weakly complexed metal cyanide and forming

less toxic cyanate:*?

CN- + H,0, > OCN" + H,0 (3.1)

The copper subunit in FeCu 1 is supposed to be catalyst for cyanide oxidation. The mechanism
of catalytic oxidation of cyanide to cyanate with FeCu 1 was studied with different working
conditions (Figure 3.17). With the presence of FeCu 1 and H>O», the concentration of cyanide
decreased rapidly in the first 90 min [Figure 3.17 curve ( A)] with resulting increase of cyanate
concentration, and cyanate concentration reached its maximum at 180 min [Figure 3.17 curve
(m)]. The cyanide consumption is disproportionate to cyanate formation at first 180 min, where

cyanide first forming Cu-cyanide adduct and then cyanogen as shown below:?!*

FeCu 1 +4CN- > Fe* + 2Cu? (3.2)
2Cu** +2CN- 2 2Cu* + (CN), (3.3)
(CN), +20H- > OCN- + CN- +H,0 (3.4)

The copper(Il) ions released from FeCu 1 were first reduced to copper(I) with the formation
of cyanogen, which then complex with the copper ion to form Cu(CN),. The cyanogen is then
subsequently oxidized into cyanate. These stepwise reactions result in the time lag between

cyanide consumption and cyanate formation.

A similar experiment was conducted with the absence of FeCu 1, where both concentrations
of cyanide and cyanate remained unchanged after 240 min of treatment [Figure 3.17 curve (A)
and (0)]. This catalytic property of FeCu 1 that oxidizes cyanide to the much less toxic cyanate
is due to the release of the [Cu(dien)]*" catalyst in the presence of H»0,2!*2!7 Figure 3.18
demonstrates the repeatability for the oxidation of cyanide to cyanate by FeCu 1. The
repeatability was examined by recycling the catalyst four times and the efficiency was found

to be > 99.0%.
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The cyanide oxidation to cyanate by FeCu 2 — 4 with H,O; as the oxidant were also
investigated and result were summarizes in Figure 3.19 . The complexes FeCu 2(#), FeCu 3
(m), and FeCu 4 ( A) when mixed with cyanide and H>O: in a mole ratio of 1:10:65, showed
similar catalytic properties in oxidizing cyanide into cyanate with control experiments [without
H>0O:; (®)/without complexes ('¥)] no cyanide was oxidized to cyanate throughout the 150 min

period.
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Figure 3.17  Cyanide (A ) and cyanate (m) concentration during the presence of FeCu 1 (1.00
x 107*M) and cyanide (A) and cyanate (0) concentration in the absence of FeCu 1. The initial
concentrations of cyanide and cyanate were 1.0 and 0 mM, respectively. All experiments were
performed in DI water with HxO, (6.53x 107* M) at room temperature under an open

atmosphere.
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Figure 3.18  Repeatability of performance in oxidation of cyanide by FeCu 1 (1.00 x 10*M)
with H>O> (6.53 x 10> M) with concentration of cyanate plotted as a function of the reaction
time. The initial concentration of cyanide was 1.0 M and at every subsequent 4 hours additional
cyanide (each addition as 1.00 x 10~ M) was added. All experiments were conducted in DI

water, in a dark at room temperature and under an open atmosphere.
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Figure 3.19  Formation of cyanate from the oxidation of cyanide (1 mM) in the presence of
FeCu 2 (¢), FeCu 3 (m), and FeCu 4 ( A) against time. The formation of cyanate is ignorable
in the absence of H2O» (@) or catalyst (V). All the experiments were performed with cyanide,
H,0; and the Cu''(dien)*" of FeCu 2, FeCu 3, or FeCu 4 in the mole ratio 10:65:1 at room

temperature under and open to atmosphere.
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3.3.6 Catalytic Signal Amplification by FeCu 1 in Cyanide Detection

To amplify the colorimetric cyanide detection signal of FeCu 1, oxidation of phenolphthalin
by Cu' was applied. The signaling mechanism of FeCu 1 is proposed in Scheme 3.7. The
presence of cyanide cleaves the cyanide bridge in FeCu 1 resulting in the release of
[Cu(dien)]*" (catalyst), which sequentially catalyzes the oxidation of phenolphthalin to
phenolphthalein,?!” and develops a more contrasting pink color (Awbs at 551 nm), resulting in a

sharp magnified color change as shows in Figure 3.20.

The FeCu 1 added in the amplifying testing solutions were 80-fold lower (2.0 x 10*to 2.50 x
1075 M) than the non-amplifying one, which give a nearly clear control solution. When initial
cyanide concentration as low as 0.4 ppm is introduced, a naked-eye detectable responses is
induced, which is around 80-fold lower than the visual detection before amplification.
Spectroscopic titration of FeCu 1 with cyanide had a suitably linear dynamic range of 0-2000
ppb of cyanide as shown in Figure 3.21 with a MDL of 9.5 ppb estimated by the Hubaux and

Vos method!>®,

To investigate the selectivity of FeCu 1 after amplification, various anions (4 molar equivalents
of CN", 40 molar equivalents of SO4*, NO3", PO+>, N3", CH;COO", NCS", NOs, and CI') were
used as interferences in titrations with FeCu 1. The results are summarized in Figure 3.22.

Only the solutions containing cyanide show significant spectroscopic changes.
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Scheme 3.7  Proposed cyanide detection, signaling, and oxidation mechanism by FeCu 1.
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Figure 3.20  Photographs of colorimetric response for FeCu 1 to cyanide (a) with and (b)
without addition of phenolphthalin in aqueous DMF (1:1 v/v, 1.50 mL of aqueous HEPES
buffer at pH 7.4 + 1.50 mL of DMF) at 298 K. Visual detection limits (a) after and (b) before

signal amplification were about 0.4 and 16 ppm, respectively.
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Figure 3.21  Linear curve developed from the UV—vis spectroscopic titrations (absorbance
at 551 nm) of FeCu 1 (2.50 x 10°® M) with addition of phenolphthalin (1:10 mol/mol) towards
increasing concentration of cyanide (0 to 2000 ppb). The slope and y-intercept are 1.40 x 10
and 2.89 ppb respectively. All titrations were carried out in pH 14 aqueous solution at room

temperature.
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Figure 3.22  Summary of UV-vis spectroscopic titrations (A/Ao at 551 nm) of FeCu 1 (2.5 x
10~® M) with various anions, except cyanide in 4 molar equivalents, 40 molar equivalents of
anions were added respectively. All experiments were carried out at room temperature in

aqueous solutions at pH 14. (CTL = control)
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3.3.7 Application of FeCu 1 to Practical Water Samples

Verification of FeCu 1 application to practical environmental situations was investigated by
applying FeCu 1 to real water samples. Four kinds of water samples (tap, lake, river, and
underground water) were collected in Hong Kong. Samples were filtered through 0.45 pm
pore-size membrane filters (Pall Corporation) to remove insoluble substances and used without
further treatment. Table 3.4 summarizes the results of detection, signal amplification, and

photo-degradation of cyanide by FeCu 1 for water samples.

Spectroscopic detections of cyanide in water samples were done by spiking 0.60 ppm of
cyanide into all samples and the spiked cyanide concentrations were determined by FeCu 1
with its calibration curve developed under the same working conditions. The analytical results
show good recovery and relative standard deviation (RSD, %) as 93.9-105.9% and 5.72—
10.61%, respectively. These results indicate that trivial organic and inorganic substrates in

water samples do not affect the function of FeCu 1 as a chemodosimeter.

Oxidation of cyanide by FeCu 1 with assistance from H202 was also studied in water samples.
All the samples were spiked with 1mM cyanide. With the addition of FeCu 1 and H>O, the
cyanate content of the samples increased rapidly and reached a maximum within 210 min. The
results indicate that FeCu 1 functions effectively as a catalyst in the oxidation of cyanide to

less toxic cyanate in practical water samples.

Small amounts of cyanide were added to tap (48 ppb), lake (48 ppb), underground (150 ppb),
and river (150 ppb) water samples, and the samples were analyzed following the addition of
FeCu 1 and phenolphthalin in a 1:100 mole ratio. The concentrations of cyanide in water
samples were determined and analyzed with a developed calibration curve. The results show
that FeCu 1 achieves an excellent recovery (87.0-109.4%) with good RSD (3.22—-11.38%)),
demonstrating the suitability and practically of FeCu 1 for cyanide detection in drinking water
with a maximum allowable level of 50200 ppb suggested by world health organization
(WHO).218
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Table 3.4 Results for cyanide detection/oxidation/signal amplification in tap, lake, river, and

underground water samples by complex 1.

Cyanide Detection

Water samples ~ Cyanide added (ppm) Cyanide found (ppm) Recovery (%)  RSD (%)
tap 0.60 0.56 +0.03 93.9 5.72
lake 0.60 0.65 +0.05 105.9 8.48
river 0.60 0.62 +0.07 103.7 10.61
underground 0.60 0.63 +£0.05 104.6 7.72

Cyanide Detection with Signal Amplification Process

Water samples Cyanide added (ppb) Cyanide found (ppb) Recovery (%)  RSD (%)

tap 48.0 52.5+5.0 109.4 9.59
lake 48.0 48.6 £1.6 101.3 3.22
river 150.0 130.5+14.9 87.0 8.31
underground 150.0 139.4+11.6 92.9 11.38
Cyanide Elimination

Water samples Cyanide added (mM) Cyanate generated (mM) Recovery (%)
tap 1.00 0.96 95.9

lake 1.00 0.95 95.0

river 1.00 0.95 94.5

underground 1.00 1.03 86.5




134

3.4 Kinetic Investigations of Catalyst Displacement Assay with FeCu 2-4

Two kinetic studies of the bimetallic complexes were investigated. Firstly, the rate of cyanide
bridge cleavage in between the Fe' donor and Cul acceptor of the bimetallic systems by
cyanide was investigated. Data obtained were analyzed using pseudo-first order technique. For
this cyanide bridge cleavage measurement, the rate law for the cleavage can be written as
equation 3.1, where the brackets around a chemical species refer to concentration of that

species in the mixture depend on time:

d[FeCu] — _K[FeCu][CN~] 3.1
dt

d[FeC 3.2

% = —kops[FeCu] G.2)

k' =k[CN7], (3.3)

With cyanide in excess of the FeCu 2-4 complexes, the rate law can be expressed in the pseudo-
first-order form of equation 3.2, where k’ is defined by equation 3.3 and can be assumed
constant. The kinetic plot of the apparent association rate constant kobs (1) versus cyanide
concentration were shown in Figure 3.23, where the k’ were calculated from the slopes of the
curves. The rate constants of cyanide bridge cleavage in FeCu 2, FeCu 3, and FeCu 4
complexes were found as 18.8, 32.0 and 58.3 M!s™!, respectively. Which is in line with the

decrease of AG® of the formation of complexes (Table 3.2).

According to Sarla et al. work, the oxidation of cyanide to cyanate with assist of HO2/Cu**
was calculated to be 249.5 M's™! 215 The results revealed that the cleavage of cyanide bridges
was the rate-determining step in the overall CDA process rather than the oxidation process.
Therefore, we believe that not only the thermodynamic properties, but also the kinetic

properties of the systems affect the initiation of the catalytic properties.

Figure 3.24 summarizes the cyanate formation in solutions with different initial cyanide
concentrations. Concentrations of the complexes and H>O» were same under different cyanide

working solutions. However, oxidation processes only occurred in solutions when cyanide
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concentrations reached the thresholds (0.2 mM for FeCu 2, 0.1 mM for FeCu 3, and 0.02 mM
for FeCu 4). These results revealed that in addition to thermodynamic properties, kinetic
properties also affect the breakage of cyano-bridges and the release of Cu!' catalysts.

Mechanism for the latent catalyst to catalyze the oxidation process is proposed in Scheme 3.8.
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Figure 3.23  Kinetic plot of apparent association rate constant kess (s') versus cyanide
concentration. The rate constant values (FeCu 2 (A) =18.8 M''s!, FeCu 3 (¢) =32.0 M'Is"!,

and FeCu 4 (m) = 58.3 M'!s™!) were calculated from the slopes of the curves (y =mx).
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Figure 3.24a Formation of cyanate in the presence of FeCu 2 (0.1 mM) with respect to the
different initial concentration of cyanide (100 to 1000 uM) against time. All the experiments
were performed with H,O; (6.53mM) and the Cu'(dien)*" of FeCu 2 in the mole ratio 65:2 at

room temperature under an open atmosphere.
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Figure 3.24b Formation of cyanate in the presence of FeCu 3 (0.1 mM) with respect to the
different initial concentration of cyanide (100 to 500 uM) against time. All the experiments
were performed with H,O5 (6.53mM) and the Cu''(dien)*" of FeCu 3 in the mole ratio 65:2 at

room temperature under an open atmosphere.
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Figure 3.24c Formation of cyanate in the presence of FeCu 4 (0.2 mM) with respect to the
different initial concentration of cyanide (20 to 1000 uM) against time. All the experiments
were performed with H,O; (6.53mM) and the Cu'(dien)*" of FeCu 4 in the mole ratio 65:2 at

room temperature under an open atmosphere.
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Scheme 3.8  Proposed scheme for the overall CDA process. Activated catalysts release when
cyanide concentration reach threshold, which then catalyze the oxidation of free cyanide to

cyanate.
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3.4.1 Degradation of Cyanide in Practical Wastewater Samples by the CDA system

The verification of the CDA applications in wastewater treatment was performed by applying
FeCu 4 in wastewater samples. The wastewater samples from a domestic wastewater treatment
plant (level I, untreated) and an industrial effluent were collected in Hong Kong, China.
Samples were filtered through 0.45 pm pore-size membrane filters (Pall Corporation) to
remove insoluble substances and used without further treatment. All the wastewater samples
were spiked with 10, 20, or 30 uM of cyanide with respect to the maximum allowable levels

for cyanide in wastewater (20 uM) suggested by World Health Organization (WHO).

Figure 3.25 shows the results of degradation of cyanide in wastewater by FeCu 4 and was
analyzed as summarized in Table 3.5. From the above-mentioned studies, the threshold
concentration of cyanide for initiating FeCu 4 catalytic properties was 20 pM. No cyanide was
oxidized to cyanate in samples with cyanide concentration of 10 pM (concentration less than
the threshold); while cyanide was intelligently oxidized to cyanate when 20 and 30 uM of
cyanide was spiked in the water samples. Control experiments were also done in the absence
FeCu 4, in which concentrations of cyanide and cyanate show no observable changes. The
results indicated that the CDA system is also able to function in practical domestic and

industrial wastewater samples without interference from organic and inorganic matter.



142

m 10puM
(a) 70 - Domestic wastewater e 20uM
| 30 pM
§ 60 v Control
= ]
Q9 50+
g ]
S .. L. . . )
S 30- y :
'Z 4
Q 204
@) ]
2 104
> J
O 0 L L. L. L.
0 50 100 150 200 250
Time (mins)
( b) 60 - Industrial wastewater
S
8 4
g @ -
% 30_ ° [ ] ° P . ° L ]
Q o °
3 ]
> 201
8 ]
9 10
5 O{ »m = = = » v » » w »
0 50 100 150 200 250
Time (mins)

Figure 3.25 Degradation of cyanide to cyanate in practical sample of (a) domestic
wastewater (level I, untreated) and (b) industrial effluent by FeCu 4 (2.0 x 10*M) in the
presence of H>O; (6.53 x 10*M) and spiked with (®) 20 pM and ( A ) 30 uM of cyanide. Control
experiments (V) were run in the absence of FeCu 4, with the presence of H,02 (6.53 x 10*M)
and cyanide (10 uM).
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Table 3.5 Summaries of cyanide degradation in domestic (level I, untreated) and industrial

wastewater samples by FeCu 4.

Wastewater samples  Cyanide added Cyanate generated  Conversion after 4 h

(1M) (uM) (%)

Domestic 10 0 0
(level I, untreated) 20 6.1 40.4
30 12.9 42.9

10 0 0
Industrial 20 6.6 33.1

30 14.8 49.4
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3.5 Conclusions

A series of Fe-Cu bimetallic complexes were synthesized, characterized and prove can be
functioned simultaneously as a chemodosimeter, a signal amplifier, and an oxidation catalyst
in the detection and remediation of cyanide in practical water samples. The concept of a catalyst
displacement assay (CDA) was also demonstrated as a versatile way of designing new smart
catalysts with fine-tunable initiation conditions. The crucial factors that affect the displacement
of catalysts were found to be controlled not only by thermodynamic properties but also by

kinetic properties.

In the next chapter, a series of ruthenium complexes were synthesized and characterized for

the studies of their photophysical properties.
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Chapter 4:  Synthesis, structure and photophysical properties of isocyano Ruthenium

(11) 2-(2-hydroxyphenyl)benzoxazole complexes

4.1 Introduction

Benzoxazole is a class of aromatic organic compound with benzene-fused heterocyclic oxazole
ring structure as shown in Figure 4.1. Derivatives of benzoxazole can be found in nature and
displays a wide range of biological properties including antifungal, antioxidant, antiallergic,

antitumoral and antiparasitic properties. They are also commercially important as

herbicides?!*2%* and fluorescent whitening dyes*?!.
O
)
N
Benzoxazole
Figure 4.1 Structure of benzoxazole group.

There have been a number of studies related to 2-(2-hydroxyphenyl)benzoxazole (HPBO),
which is a derivative of benzoxazole, and is well known because of its excited state
intramolecular proton transfer (ESIPT) property. The ESIPT photophysical process of HPBO
is shown in Figure 4.2, where HPBO undergo tautomerization and rotamerization when excited
by light.?*? This photophysical property make HPBO exhibit remarkable large Stokes shift (up
to ca. 180 nm) and therefore can avoid self-absorption in fluorescence analysis such as

molecular sensing®?*-?* and DNA modeling.??7-*%

Different complexes with HPBO ligand were studied and found to have interesting
photophysical properties. Rai, V.K. ef al. have reported [Zn(PBO)2] complex which give blue
fluorescent with A em = 450 nm.?*° Two gallium PBO complexes, Me;GaPBO and Et:GaPBO

were reported by Pal et. at. and were found to be emissive in room temperature with Aem = 450
nm and 440 nm respectively.?}! Du et. al. has reported an iridium (III) complex Ir(ppy).PBO
(ppy = 2-phenylpyridine), which is a yellowish-green emitter with Aem = 526 nm.?**> Massue e,
al. have reported a borate (III) complex B(PBO)F> with with Aem = 401 nm. All of these
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complexes were found to be an efficient electroluminescent layer for the construction of white
organic light-emitting diodes (WOLEDs) and were potential electroluminescent devices for

energy transfer.

Although lots of PBO complexes have been extensively studied, only a limited number of its
ruthenium complexes have been reported. Ruthenium complexes of 2-(2-
hydroxyphenyl)benzoxazole and its derivative are reported to have special photophysical and
electrochemical properties, where noninnocent redox behavior and rich visible-NIR
spectroscopy were reported.?*>23¢ The phenolate oxygen of the ligand is also a good sigma
donor237:238
al. have reported two [Ru(L-L),PBO)](PF¢)] complexes, where L-L is 2,2-bipyridine and 2,2-
biquinoline,?*> Novales et al. synthesized the complexes trans-[Ru(tolyterpy)(PBO)(CI1)](PFe),
cis-[Ru(tolyterpy)(PBO)(H20)](PFs) and cis-[Ru(tolyterpy)(PBO)(NMI)]|(PFs) (Figure
4.3).228.234 Matecki J. G. et al. have reported [(C¢Hs)RuCl(PBO)],%’ [RuClo(PBO)(PPhs),] and
[RuCl(CO)(PBO)(PPh3):] (Figure 4.4)*° All these complexes show rich visible-NIR

which stabilize the metal center with higher oxidation state in catalysis. Keyes et

spectroscopy and therefore are potential candidates in developing solar energy conversion

device.

Isocyanide (R-N=C) is a strong c-donor and also a weak m-acceptor. It forms readily complexes
with low-valent metals.?*!->*> A large number of isocyano metal complexes have been reported.
Their photophysical and electrochemical properties can be varied by changing the substituent(s)
on isocyanide, resulting in a modified M—C bond distance.?**>>° Therefore, the readily tunable
steric and electronic nature of isocyanide ligands could be utilized for designing metal

complexes with desirable electrochemical and photophysical properties.

Interesting photoluminescence properties were reported recently for Ru isocyano complexes

bearing quinoline-based ligands.>**=!

Ruthenium bis-isocyano complex bearing 8-
quinolinolate Ru(Q)2(CNR), was reported by Lau and coworkers?>! and exhibit metal-to-ligand
charge transfer (MLCT) luminescence, which is dependent on the isomeric, i.e. cis,cis,trans-
and trans,trans,trans-, forms and the electronic properties of the isocyanide (Figure 4.5). Leung
and Ko have later reported a series of ruthenium complexes containing quinoline-8-thiolate

(SQ) and isocyanide ligands Ru(SQ)2(CNR)(PPhs) (Figure 4.6).2*> The complexes display red
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to near-IR MLCT luminescence at room temperature, which varies also with the m-accepting
ability of the isocyanide ligands and the isomeric forms (cis, trans- and cis, cis-) of the

complexes.

In this chapter, a series of ruthenium complexes bearing HPBO and isocyanide ligands have
been synthesized and characterized. By the reactions of Ru(PBO)>(PPh3z), with the phenyl
isocyanide with varied substituents, the complexes trans, trans, trans- (1), trans, cis-
Ru(PBO)2(CNR)(PPh3) (2) and cis, trans, cis-Ru(PBO)2(CNR)2 (3) have been isolated. The
structures of complexes 1b, 1e, 2¢ and 3b have been determined. The influence of the electronic
properties of the isocyanides and the isomeric forms on the photophysical and electrochemical
properties of the complexes were studied to investigate the possibility of the Ru-PBO

complexes in developing electroluminescent and solar energy conversion device
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4.2 Experimental

421 Materials and Reagents

2-(2-hydroxyphenyl)benzoxazole was obtained from Acros. Ruthenium (III) chloride hydrate

and triphenylphosphine were purchased from Strem Chemical Company. [Ru(PPh3);Cl,]?>3*

255

and isocyanide ligands“” were synthesized according to literature procedures. All reagents and

organic solvents used were of analytical grade and were used without further purification.

4.2.2 Syntheses

Synthesis of [Ru(PBO)2(PPh3):]

[Ru(PPh3)3Cl2] (480 mg, 0.5mmol) was suspended in ethanol (30 mL) under an argon
atmosphere. To the suspension, HPBO (212 mg, 1 mmol) and 2,6-lutidine (0.1 mL) were added.
The mixture was then heated to reflux for 1 hr. The reaction mixture was cooled to room
temperature. The dark reddish-purple crystalline solid was collected by filtration. The solid was
washed with three portions of ethanol (2 mL) and then with diethyl ether (2 mL) and dried in
air. Yield: 0.348 g (66.4%).

Synthesis of isocyanide ligands

Isocyanide ligands were prepared by slight modification of a literature procedure.?>® To 100
mL diluted DCM solution of the corresponding aromatic amine (22 mmol), a 50 wt % aqueous
NaOH with 1 mol % tetrabutylammonium bromide and 2.6 mL CHCl3 (1.5 eq, 33 mmol) were
added. The reaction mixture was stirred for 6 hrs at room temperature, and diluted with 200
mL of H»O. Organic layer was separated by separating funnel and was dried over MgSOs.
Solvent was removed under reduced pressure at room temperature. Product was further purified

by column chromatography on silica gel using DCM-hexane (1:4 v/v) as eluent.

Synthesis of trans,trans,trans-[Ru(PBO)2(CNR)] (1)

Isocyanide ligand (0.126 mmol) was added to a suspension of [Ru(PBO)2(PPhs3),] (60 mg,
0.057 mmol) in ethanol (15 mL) under argon atmosphere in the presence of Zn/Hg. The
resulting mixture was refluxed for 4 hrs, during which the solution gradually turned orange and

precipitate formed. Solid was collected by filtration and was purified by column
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chromatography on silica gel using dichloromethane (DCM) as eluent. The first major band (1)

was collected and dried in vacuo.

Synthesis of cis,trans-[Ru(PBO)>(PPh3)(CNR)] (2)

Complex 2 was synthesized by procedure similar to 1 except reaction mixture was refluxed for
overnight. An orange yellow solution and precipitate was formed after cooling down to room
temperature. Product was purified by column chromatography on silica gel using
dichloromethane and ethyl acetate 10:1 as eluent. The last yellow band (2) was collected and
dried in vacuo. Recrystallization from diethyl ether in dark gave the analytically pure complex

as orange yellow microcrystalline solids.

Synthesis of cis,trans,cis-[Ru(PBO)2(CNR).] (3)

Complexes 3 was synthesized by procedure similar to 2 except large excess of isocyanide (10
eq) were added and the analogues with 2,6-CL,PhNC and 2.4,6-Br;PhNC were refluxed in
toluene. The resulting mixture was refluxed overnight and a clear yellow solution was formed.
Product was purified by column chromatography on neutral alumina using dichloromethane
and ethyl acetate 10:1 as eluent. The last yellow band (3) was collected and dried in vacuo.
Recrystallization from diethyl ether in dark gave the analytically pure complex as yellow

microcrystalline solids.

trans,trans,trans-[Ru(PBO)>(MeOPhNC),] (1a)

Yield: 23.5 mg (52.0%). "THNMR (300 MHz, (CD3),C0O):8 8.73 (dd, J = 8.0, 1.4 Hz, 2H, PBO),
7.85 (dd, J = 8.1, 1.9 Hz, 2H, PBO), 7.66 (dd, J = 7.4, 1.6 Hz, 2H, PBO), 7.48 — 7.37 (m, 4H,
PBO), 7.15 (ddd, J = 8.7, 6.8, 1.9 Hz, 2H, PBO), 7.05 — 6.95 (m, 4H, PBO+MeOPhNC), 6.87
— 6.78 (m, 6H, PBO+MeOPhNC), 6.48 (ddd, J = 8.0, 6.8, 1.1 Hz, 2H, PBO), 3.75 (s, 6H,
MeOPhNC). IR (KBr, cm™): 2087 w(C=N). UV/vis (CH2Cl2) Amax, nm (g, M! em™): 326
(31780), 445sh (4290). ESI-MS: m/z 787 [M]".

trans,trans,trans-[Ru(PBO)2(PhNC);] (1b)

Yield: mg (%). "HNMR (300 MHz, (CD;3).CO):8 8.75 (dd, J = 7.7, 1.7 Hz, 2H, PBO), 7.87 (dd,
J = 8.1, 1.9 Hz, 2H, PBO), 7.67 (dd, J = 7.3, 1.4 Hz, 2H, PBO), 7.53-7.29 (m, 11H,
PBO+PhNC), 7.16 (ddd, J = 8.7, 6.8, 1.9 Hz, 2H, PBO), 7.11-7.02 (m, 4H, PBO+PhNC), 6.85
(dd, J = 8.6, 1.1 Hz, 2H, PBO), 6.50 (ddd, ] = 8.0, 6.8, 1.2 Hz, 2H, PBO). IR (KBr, cm™"): 2080
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W(C=N). UV/vis (CH2CLo) Amax, nm (g, M7 cm): 331 (24350), 444sh (4202). ESI-MS: m/z 728
[M]".

trans,trans,trans-[Ru(PBO)2(CIPhNC);] (1¢)

Yield: 29.6 mg (64.8%). "HNMR (400 MHz, CDCl3):8 8.43 (dd, J = 8.0, 1.3 Hz, 2H, PBO),
7.90 (dd, J = 8.0, 1.9 Hz, 2H, PBO), 7.54 (dt, J = 7.9, 0.8 Hz, 2H, PBO), 7.42—7.29 (m, 4H,
PBO), 7.24-7.15 (m, 6H, PBO+CIPhNC), 6.94 (d, J = 8.6 Hz, 2H, PBO), 6.89—6.81 (m, 4H,
PBO+CIPhNC), 6.58 (t, J = 7.4 Hz, 2H, PBO). IR (KBr, cm™): 2069 w(C=N). UV/vis (CH>Cl»)
damaz, 1M (&, M cm™): 337 (24990), 449 sh(4600). ESI-MS: m/z 796 [M]".

trans,trans,trans-|[Ru(PBO)>(CLLbPhNC).] (1d)

Yield: mg (%). '"HNMR (400 MHz, CDCl3):5 8.71 (d, J = 8.2 Hz, 1H, PBO), 7.95 (m, 4H,
CNPhCD), 7.88 (d, J = 8.4 Hz, 1H, PBO), 7.53 (d, J = 7.0 Hz, 1H, BPO), 7.41-7.29 (m, 4H,
PBO), 7.22-7.08 (m, 9H, PBO+ C1,PhNC), 7.07-6.99 (m, 1H, PBO), 6.88 (d, J = 8.6 Hz, 1H,
PBO), 6.50 (t, ] = 7.3 Hz, 1H, BPO). IR (KBr, cm™): 2065 w(N=C). UV/vis (CH2Cl2) Amar, nm
(e, M' em™): 323 (30220), 354sh (22860), 420 (12390). ESI-MS: m/z 866 [M]".

trans,trans,trans-[Ru(PBO)>(BrsPhCN):] (1e)

Yield: 25.9 mg (37.6%). 'HNMR (400 MHz, CDCls):8 8.74 (d, J = 7.9 Hz, 2H, PBO), 7.87 (d,
J=8.0 Hz, 2H, PBO), 7.53 (d, ] = 5.9 Hz, 6H, PBO+Br;PhNC), 7.33 (dt, J = 19.5, 7.4 Hz, 4H,
PBO), 7.12 (t,J = 7.5 Hz, 2H, PBO), 6.89 (d, J = 8.6 Hz, 2H, PBO), 6.48 (t, J = 7.5 Hz, 2H,
PBO). IR (KBr, cm™): 2041 w(N=C). UV/vis (CH2Cl2) Amax, nm (g, M cm™): 329 (28420), 375
(22950), 430 (14424). ESI-MS: m/z 1201 [M]".

cis,trans-[Ru(PBO)>(PPh3)(MeOPhNC)] (2a)

Yield: 18.6 mg (35.4%) 'HNMR (400 MHz, CD>Cl»):5 7.98 (d, J = 7.9 Hz, 1H, PBO), 7.85 (dd,
J=28.0,1.9 Hz, 1H, PBO), 7.58 (dd, J = 8.4, 2.0 Hz, 1H, PBO), 7.40 (d, J = 8.2 Hz, 3H, PBO),
7.38-6.80 (m, 19H, PBO+PPh3+MeOPhNC), 6.75-6.66 (m, 1H, PBO), 6.48-6.40 (m, 1H,
PBO), 6.35-6.28 (m, 2H, PBO), 6.14 (dd, J = 8.5, 1.1 Hz, 1H, PBO), 3.79 (d, J = 1.7 Hz, 3H,
MeOPhNC). IR (KBr, cm™): 2066 v(N=C). UV/vis (CH2Cl2) Amar, nm (g, M cm™): 334
(13130), 387sh (7130), 431sh (5570). ESI-MS: m/z 917 [M]".

cis,trans-[Ru(PBO)2(PPh3)(PhNC)] (2b)
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Yield: 22.7 mg (44.6%) "HNMR (400 MHz, CD»Cl,):6 8.01 (dd, J = 8.1, 1.2 Hz, 1H, PBO),
7.86 (dd, J = 8.0, 1.8 Hz, 1H, PBO), 7.60 (dd, ] = 8.4, 1.8 Hz, 1H, PBO), 7.49 — 6.84 (m, 27H,
PBO+PPh;+PhNC), 6.72 (t, ] = 8.2, 7.4, 1.1 Hz, 1H, PBO), 6.45 (t, J =7.9, 6.9, 1.2 Hz, 1H,
PBO), 6.37 — 6.29 (m, 2H, PBO), 6.16 (d, J] = 8.6, 1.2 Hz, 1H, PBO). IR (KBr, cm™): 2057
V(N=C). UV/vis (CH2Cl2) Amax, nm (g, M™! cm™): 335 (18800), 432sh (8850). ESI-MS: m/z 887
[M]".

cis,trans-[Ru(PBO)>(PPh3)(CIPhNC)] (2¢)

Yield: 29.6 mg (56.0%) 'HNMR (400 MHz, CD,Cl»):87.95 (d, J = 7.9 Hz, 1H, PBO), 7.85 (dd,
J =79, 19 Hz, 1H, PBO), 7.59 (dd, J = 8.4, 1.9 Hz, 1H, PBO), 7.51-6.81 (m, 26H,
PBO+PPh;+CIPhNC), 6.71 (t, 1H, PBO), 6.45 (t, ] = 8.0, 6.8, 1.2 Hz, 1H, PBO), 6.37-6.29 (m,
2H, PBO), 6.14 (dd, J=8.5, 1.1 Hz, 1H, PBO). IR (KBr, cm™): 2013 w(N=C). UV/vis (CH2Cl»)
Amax, nm (g, M™! em™): 328 (18680), 384sh (11700), 434sh (7030). ESI-MS: m/z 921 [M]".

cis,trans-[Ru(PBO)>(PPh3)(CI,PhNC)] (2d)

Yield: 28.0 mg (51.1%) "HNMR (400 MHz, CD>Cl,):88.52 (d, J = 7.7, 1.5 Hz, 1H, PBO), 7.86
(dd, J =8.0, 1.9 Hz, 1H, PBO), 7.53 (dd, J = 8.1, 1.8 Hz, 1H, PBO), 7.41 (d, 1H, PBO), 7.35
(d,J=8.2Hz, 1H, PBO), 7.31-7.20 (m, 4H, PBO), 7.19-6.80 (m, 22H, PBO+ PPh3+CL.PhNC),
6.58 (t,] =8.3,7.4, 1.1 Hz, 1H, PBO), 6.42 (t,J = 8.0, 7.0, 1.2 Hz, 1H, PBO), 6.37-6.24 (m,
2H, PBO), 6.10 (dd, J=8.5, 1.2 Hz, 1H, PBO). IR (KBr, cm™): 1986 w(N=C). UV/vis (CH2Cl»)
Amax, nm (g, M! em™): 335 (25240), 389sh (13830), 434sh (10360). ESI-MS: m/z 955 [M]".

cis,trans-[Ru(PBO)2(PPh3)(BrsPhNC)] (2e)

Yield: 31.5 mg (48.9%) '"HNMR (400 MHz, CD,Cl,):8 8.54 (d, 1H, PBO), 7.85 (dd, J = 8.0,
1.9 Hz, 1H, PBO), 7.60 (s, 2H, Br;PhNC), 7.53 (dd, J = 7.9, 1.8 Hz, 1H, PBO), 7.42 (d, 1H,
PBO), 7.34 (d,J =8.1 Hz, 1H, PBO), 7.31-7.20 (m, 2H), 7.19-6.79 (m, 8H, PBO+PPhs3), 6.59
(t,J=8.4,74,1.1 Hz, 1H, PBO), 6.42 (t, ] = 8.0, 6.8, 1.1 Hz, 1H), 6.34-6.26 (m, 2H, PBO),
6.08 (dd, J = 8.5, 1.1 Hz, 1H, PBO). IR (KBr, cm™): 1957 w(N=C). UV/vis (CH2Cl2) Amar, nm
(e, M' cm): 301 (50000), 344 (40700), 433 (15100). ESI-MS: m/z 1123 [M]".

cis,trans,cis-[Ru(PBO)2(MeOPhNC).] (3a)
Yield: 18.5 mg (41.0%) "HNMR (300 MHz, CD2Cl,):58.13 — 8.04 (m, 2H, PBO), 7.90 (dd, J
=8.0, 1.9 Hz, 2H, PBO), 7.70 — 7.61 (m, 2H, PBO), 7.49 — 7.38 (m, 4H, PBO), 7.11 — 6.98 (m,
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6H, PBO+MeOPhNC), 6.85 — 6.75 (m, 4H, PBO+MeOPhNC), 6.51 (t, ] = 8.0, 6.8, 1.1 Hz, 2H,
PBO), 6.33 (dd, J = 8.6, 1.2 Hz, 2H, PBO), 3.77 (s, 6H, MeOPhNC). IR (KBr, cm™!): 1949,
2057, 2119 y(N=C). UV/vis (CH2CL2) Amar, nm (g, M! cm™): 325 (40500), 421 (16700). ESI-
MS: m/z 788 [M]".

cis,trans,cis-[Ru(PBO)2(PhNC).] (3b)

Yield: 20.5 mg (49.1%) 'HNMR (300 MHz, CD>Cl,):88.08 (d, J = 9.2 Hz, 2H, PBO), 7.90 (d,
J =6.8 Hz, 2H, PBO), 7.67 — 7.62 (m, 2H, PBO), 7.47 — 7.39 (m, 4H, PBO), 7.35 — 7.24 (m,
6H, PBO+ PhNC), 7.14 — 6.99 (m, 6H, PBO+ PhNC), 6.52 (t, ] = 7.4 Hz, 2H, PBO), 6.35 (d,
J=8.6 Hz, 2H, PBO). IR (KBr, cm™): 2005, 2063, 2127 v(N=C). UV/vis (CH2Cl2) Apax, nm (e,
M em™): 324 (31500), 420 (15300). ESI-MS: m/z 728 [M]".

cis,trans,cis-[Ru(PBO)>(CIPhNC);] (3¢)

Yield: 16.9 mg (37.0%) '"HNMR (400 MHz, CD-Cl,):88.03 — 7.97 (m, 2H, PBO), 7.90 (dd, J
= 8.0, 1.8 Hz, 2H, PBO), 7.68-7.62 (m, 2H, PBO), 7.46 — 7.38 (m, 4H, PBO), 7.31 — 7.24 (m,
4H, PBO+CIPhNC), 7.09 — 6.98 (m, 6H, PBO+CIPhNC), 6.54 (t, J = 8.0, 6.8, 1.2 Hz, 2H,
PBO), 6.36 (dd, J = 8.7, 1.2 Hz, 2H, PBO). IR (KBr, cm™): 2012, 2047, 2112 w(N=C). UV/vis
(CH2C12) Mnax, nm (g, Mt em™): 321sh (22420), 419 (9040). ESI-MS: m/z 797 [M]".

cis,trans,cis-[Ru(PBO)2(CI,PhNC),] (3d)

Yield: 18.9 mg (38.1%) '"HNMR (400 MHz, CD,CL):5 8.04 (d, J = 8.2 Hz, 2H, PBO), 7.90 (m,
6H, PBO+CNPhCl), 7.70-7.61 (m, 2H, PBO), 7.32-7.08 (m, 9H, PBO+ C1,PhNC), 7.07-6.99
(m, 1H, PBO), 6.88 (d, ] = 8.6 Hz, 1H, PBO), 6.50 (t, J = 7.3 Hz, 1H, BPO). IR (KBr, cm™):
2005, 2055, 2110 v(N=C). UV/vis (CH2CL) Amax, nm (g, M™' cm™): 328sh (15700), 418sh
(9470). ESI-MS: m/z 866 [M]".

cis,trans,cis-[Ru(PBO)2(CI.PhNC):] (3e)

Yield: 25.6 mg (37,2%) 'HNMR (400 MHz, CD>Cl,):8 8.04 (d, J = 7.9 Hz, 2H, PBO), 7.87 (d,
J=8.0 Hz, 2H, PBO), 7.53 (d, J = 5.9 Hz, 6H, PBO+BrsPhNC), 7.33 (dt, J = 19.5, 7.4 Hz, 4H,
PBO), 7.07 (t, ] = 7.5 Hz, 2H, PBO), 7.01 (d, J = 8.6 Hz, 2H, PBO), 6.78 (t, ] = 7.5 Hz, 2H,
PBO). IR (KBr, cm™): 1986, 2098 v(N=C). UV/vis (CH2Cl2) Apax, nm (g, M! cm™): 340sh
(33150), 419sh (19200). ESI-MS: m/z 1202 [M]".
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4.2.3 Physical Measurement and Instrumentation

Infrared spectra in the 5004000 cm™ range were recorded using a Perkin Elmer Model
Frontier FTIR spectrometer using KBr plates. Electrospray mass spectra (ESI-MS) were
obtained with an AB SCIEX API 2000 LC/MS/MS system. The emission spectra and lifetime
were measured using a Horiba FluoroMax-4 spectrofluorometer with a 5 nm slit width and a
0.5 s integration time in ethanol/methanol (4:1) at 77K. UV-vis spectra were measured by a

Cary 50 ultraviolet visible spectrophotometer.

4.2.3.1 General Parameter

Electrochemical studies were conducted in HPLC grade dichloromethane (DCM). Cyclic
voltammetric (CV) measurements were performed on a CH Instruments, Inc. model CHI 620
Electrochemical Analyser in DCM solution with 0.1 M n-tetrabutylammonium
hexafluorophosphate (TBAP) as a supporting electrolyte at room temperature, by using a
Ag/AgCl reference electrode, a glassy carbon working electrode and a platinum-wire counter
electrode. Solutions for electrochemical studies were deaerated with pre-purified argon (Ar)
gas and kept under an Ar atmosphere during the measurements. TBAP was recrystallized from
hot ethanol for three times and dried overnight at 120 °C under vacuo before use. Ferrocene

(Fc) was used as the internal reference in all measurements.

4.2.4 Crystallographic Studies

Single crystals of 1b, 1e and 2¢ were obtained by slow evaporation of dichloromethane solution
of the complexes in dark at room temperature. All crystallographic determinations of the
complexes were performed by Dr. Ken S. M. Yiu at The City University of Hong Kong. X-ray
diffraction data were collected at 173K on an Oxford CCD diffractometer using graphite-
monochromated Cu-Ka (A= 1.54178 A) in the o-scan mode. The structures were solved by the
direct method, and expanded using Fourier techniques. Hydrogen atoms are included but not
refined. All calculations were performed using the Crystal Structure crystallographic software

package from Molecular Structure Corporation.



Table 4.1a

and le.

Summary of Crystal and Structural Determination Data for the Complexes 1b

1b le
Empirical formula CaoH26N404Ru C51H35CIN304PRu
Formula weight 727.73 921.34
AR 1.54178 1.54178
T(C) -100.15 -100.15
Space group P-1 P-1
ah) 9.1694(4) 11.4670(4)
b(A) 10.3740(5) 12.2915(4)
c(d) 17.4722(6) 17.3141(6)
a(’) 87.052(3) 71.483(3)
/@) 83.125(3) 74.534(3)
7(°) 81.125(4) 69.357(3)
V(A3) 1629.39(12) 2132.29(14)
Z value 2 1
Deaic (9 cm™?) 1.483 1.500
Fooo 740.0 980.00
u(Cu-Ko)(mm™?) 4.299 4.901
R? 0.0291( 5057) 0.0308(7164)
Ra® 0.0791( 5856) 0.0814(7767)
Goodness of fit 1.088 1.058
“R= XY ||Fol —|Fcl|/ XIFol.

bRo = [T w(|Fol - |Fc])* /¥ w(Fo)]

1/2



Table 4.1b
and 3b.

Summary of Crystal and Structural Determination Data for the Complexes 2¢

2C

3b
Empirical formula C41H22Br6N40O4RuClI2 C40H26N404Ru
Formula weight 1279.52 727.72
AR) 1.54178 1.54178
T(C) -100.15 -100.15
Space group P121/n1 P-1
a(h) 9.5891(2) 10.1816(5)
b(A) 23.2714(6) 11.8343(4)
c(h) 18.9365(5) 14.3853(6)
a(*) 90 81.530(3)
BC) 101.210(2) 80.893(3)
() 90 69.568(3)
V(A3) 4145.09(18) 1595.83(11)
Z value 4 2
Dealc (g cm™) 2.061 1.514
Fooo 2464 740
u(Cu-Ko)(mm™) 11.424 4.389
R? 0.0533(6198) 0.0290(5474)
RoP 0.1447(7596) 0.0791(5816)
Goodness of fit 1.083 1.027
“R= Y ||Fol| = |Fc||/ XI|Fol.

*Ro= [Yw(|Fo| — |Fc|)* /¥ w(Fo)]

1/2
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4.3 Results and Discussion

43.1 Synthesis and Characterization

Complexes 1-3 were prepared by reacting [Ru(PBO)>(PPhs)2] with different equivalents of
RNC and reaction time as shown in Scheme 4.1. The reaction of [Ru(PBO)>(PPh3)2] with 2.2
mole equivalents of RNC in refluxing ethanol in the presence of Zn/Hg under argon produces
trans trans,trans-|[Ru(PBO)2(RNC):] (1) and cis,trans-[Ru(PBO)2(RNC)(PPh3)] (2), where the
ratio of product vary with refluxing time and [Ru(PBO)2(RNC)(PPh3)] become major product
if the reaction mixtures were allowed to reflux overnight. The product can be readily separated
by column chromatography on silica gel using dichloromethane as eluent. The complexes were
soluble in non-polar organic solvents but only slightly soluble in polar organic solvents such
as methanol, ethanol and acetonitrile. By reacting [Ru(PBO)2(PPh3);] with 10 moles
equivalents of CNR overnight under the same conditions, cis,trans,cis-[Ru(PBO)2(RNC):] (3a-
¢) were isolated (R = 4-MeOPh, Ph and 4-CIPh), and by replacing ethanol with toluene, the 3d

and 3e analogues were obtained.

By varying the reaction time, complex with different spatial arrangement of PBO were obtained,
which indicated that a thermal trans-to-cis isomerization had occurred during reaction. The
distorted planar PBO ligand in complexes 2 and 3 also suggest bond rupture between PBO and
Ru may be involved in the reaction. Complexes 2 and 3 were formed when reflux overnight,
and complex 3 could only be obtained when CNR were in large excess, suggesting that the

PPhs; is competing ligand when prolonged heating.

All complexes were characterized and checked for purity by infrared spectrometry, elementary
analysis, electrospray mass spectrometry, and 'H-NMR. Results show good agreement to
simulations. The coordination of isocyanide ligands were confirmed by the IR spectroscopy
(Figure 4.7 to Figure 4.9), Complexes trans,trans,trans-[Ru(PBO)2(RNC).] show a strong vn=c
in the range of 2087 — 2044 cm™ (KBr) [1a (2084 cm™) > 1b (2080 cm™) > 1¢ (2069 cm™!) >
1d (2065 cm™) > 1e (2041 cm™)], which is in an order inverse to the m-accepting ability of the
isocyanides (BrsPhNC > CI,PhNC > CIPhNC > PhNC > MeOPhNC), which increasingly favor

n-back bonding between the isocyanide ligands and the ruthenium(II) metal center. Similar
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variations of the vn=c.with the m-accepting ability of the isocyanides were also observed for
compounds 2 and 3 (Table 4.2). The vn=c for the cis,trans- and cis, trans,cis- complexes occur
at substantially lower energies than those for the trans,trans,trans- complexes, indicating the
decreased bond order effected by the greater back-donation from the metal and
triphenylphosphine group. The integrities of the complexes in dichloromethane were also
demonstrated by electrospray mass spectrum showing peaks of [M]" as shown in Figure 4.10

to Figure 4.12.
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u
0]

cis,trans,cis-isomer (3)
Scheme 4.1  Synthetic scheme for compounds 1-3. Reaction condition: (1) reflux with 2 eq
of HPBO with 2,6-lutidine (0.12 mL) in ethanol, (ii) reflux with 2.2 eqv of RNC in ethanol and
Hg/Zn for 4 hrs. (iii) reflux with 2.2 eqv of RNC in ethanol and Hg/Zn overnight. (iv) reflux
with 10 eqv of RNC overnight.
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Table 4.2 IR spectroscopic study of the cyano-stretching frequency (vn=c) (cm™) of complexes

1-3.
Entry 1 2 3
a 2084 (s) 2066 (s) 1949 (s) 2057 (s) 2119 (s)
b 2080 (s) 2057 (s) 2005 (s) 2062 (s) 2127 (s)
C 2069 (s) 2008 (s) 2012 (s) 2047 (s) 2113 (s)
d 2065 (s) 1986 (s) 2005 (s) 2055 (s) 2110 (s)
e 2041 (s) 1957 (s) 1986 (s) 2098 (s)
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Figure 4.10a ESI-mass spectrum (+ve mode) of trans, trans, trans-[Ru"(PBO)2(MeOPhNC),]
(1a) in dichlormethane. (below: experimental isotopic distribution patterns of m/z = 787; insert:

simulated isotopic patterns at m/z = 787.)
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Figure 4.10b ESI-mass spectrum (+ve mode) of trans,trans,trans-[Ru'(PBO)2(PhNC).] (1b)
in dichloromethane. (below: experimental isotopic distribution patterns of m/z = 728; insert:

simulated isotopic patterns at m/z = 728.)
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simulated isotopic patterns at m/z = 796.)
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(1d) in dichloromethane. (below: experimental isotopic distribution patterns of m/z = 866;

insert: simulated isotopic patterns at m/z = 866.)
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dichloromethane. (below: experimental isotopic distribution patterns of m/z = 887; insert:

simulated isotopic patterns at m/z = 887.)
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Figure

4.11c ESI-mass spectrum (+ve mode) of cis,trans-[Ru(PBO)2(PPh3)(CIPhNC)] (2¢) in
dichloromethane. (below: experimental isotopic distribution patterns of m/z = 921; insert:

simulated isotopic patterns at m/z = 921.)
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Figure 4.11d ESI-mass spectrum (+ve mode) of cis,trans-[Ru(PBO)>(PPh3)(C1.PhNC)] (2d)
in dichloromethane. (below: experimental isotopic distribution patterns of m/z = 955; insert:

simulated isotopic patterns at m/z = 955.)
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Figure 4.11e ESI-mass spectrum (+ve mode) of cis,trans-[Ru(PBO)2(PPh3)(BrsPhNC)] (2e)
in dichloromethane. (below: experimental isotopic distribution patterns of m/z = 1123; insert:

simulated isotopic patterns at m/z = 1123.)
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Figure 4.12a ESI-mass spectrum (+ve mode) of cis,trans,cis-[Ru(PBO)2(MeOPhNC)] (3a)

in dichloromethane. (below: experimental isotopic distribution patterns of m/z = 788; insert:

simulated isotopic patterns at m/z = 788.)
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Figure 4.12b ESI-mass spectrum (+ve mode) of cis,trans,cis-[Ru(PBO)2(PhNC)2] (3b) in

dichloromethane. (below: experimental isotopic distribution patterns of m/z = 728; insert:

simulated isotopic patterns at m/z = 728.)
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Figure 4.12¢  ESI-mass spectrum (+ve mode) of cis,trans,cis-[Ru(PBO)2(CIPhNC)2] (3¢) in
dichloromethane. (below: experimental isotopic distribution patterns of m/z = 797; insert:

simulated isotopic patterns at m/z = 797.)
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Figure 4.12d ESI-mass spectrum (+ve mode) of cis,trans,cis-[Ru(PBO)2(CI,PhNC).] (3¢) in
dichloromethane. (below: experimental isotopic distribution patterns of m/z = 866; insert:

simulated isotopic patterns at m/z = 866.)
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4.3.2 X-ray Crystallography

Single crystals of 1b, le, 2c and 3b were obtained by recrystallization from of
dichloromethane/n-hexane at room temperature in dark. The structures of the complexes were
determined by X-ray crystallography. The crystal data and experimental details for are
summarized in Table 4.1. Selected bond lengths and angles for complexes are given in Table

4.3 and their ORTEP drawings were shown in Figure 4.13.

As shown in their ORTEP drawings, ruthenium centers in 1b and 1e exhibit a slightly distorted

octahedral geometry. The PBO ligands in the complexes are arranged in a cis-C, cis-N, cis-O

configuration. The Ru-O and Ru—N bond lengths are in agreement with those in other Ru-PBO

complexes, e.g. trans-[Ru(tolyterpy)(PBO)(CI)](PFs) (1.9623(6) A),2%® [Ru(terpy)(PBO)]CI

(2.101(4) A)=4and [Ru(bpy)2(PBO)](PFe)] (2.0569(18) A ).2%® The Ru—~C(isocyanide) (1.990(6)
— 1.994(3) A) and C=N distances in (1.137(8) — 1.153(4) A) are similar to that in

trans,trans,trans-Ru(Q)2(CNR)2 (1.975(10) and 1.157(12) A respectively, R = 2,4,6-BrsPh).

Ruthenium center in 2c and 3b exhibit also a distorted octahedral geometry. The two PBO
ligands are arranged in the trans-N, cis-O configuration, while the isocyanide and phosphine
are positioned trans to the O of the two auxiliary PBO ligands. Ru—C and C=N distance in 2¢c
(1.871(2) and 1.181(3) A respectively) and 3b (1.887(2) and 1.175(3) A respectively) are
comparable to those in Ru(SQ)2(PPhs)(CNR) (1.862(4) — 1.901(3) A and 1.166(8) — 1.182(4)
A respectively).*s In all the above complexes, the non-linear C=N-C (166.7-179.4°) is
attributed to the n-back bonding from the electron-rich Ru'' center to the anti-bonding m*-
orbital of the C=N triple bond.
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Table 4.3a Selected bond lengths (A) and bond angles (°) of 1b.

bond lengths (A) and bond angles (*)

Ru(1)-C(1) 1.994(3)
Ru(1)-0(1) 2.0661(18)
Ru(1)-N(2) 2.089(2)
C(1)-N(1) 1.153(4)
N(1)-C(2) 1.399(3)

Ru(1)-C(1)-N(1) 173.6(2)

O(1)-Ru(1)-N(2) 88.11(8)

C(1)-N(1)-C(2) 175.8(3)
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Figure 4.13a  ORTEP drawing of 1b. Thermal ellipsoids are drawn at the 50% probability

(hydrogen atoms are omitted for clarity).
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Table 4.3b Selected bond lengths (A) and bond angles (°) of 1e.

bond lengths (A ) and bond angles (°)

Ru(1)-0(1) 2.079(4)
Ru(1)-0(3) 2.066(4)
Ru(1)-N(1) 2.069(5)
Ru(1)-N(2) 2.062(5)
Ru(1)-C(27) 1.993(6)
Ru(1)-C(34) 1.990(6)
C(27)-N(3) 1.137(8)
C(34)-N(4) 1.138(8)
N(3)-C(28) 1.385(7)
N(4)-C(35) 1.380(8)
Ru(1)-0(1) 2.079(4)

N(1)-Ru(1)-0(1) 87.9(18)

N(2)-Ru(1)-0(3) 87.13(19)

Ru(1)-C(34)-N(4) 178.5(5)

Ru(1)-C(27)-N(3) 176.3(6)

C(27)-N(3)-C(28) 175.2(7)

C(34)-N(4)-C(35) 179.4(6)
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Figure 4.13b ORTEP drawing of 1e. Thermal ellipsoids are drawn at the 50% probability.



Table 4.3¢ Selected bond lengths (A) and bond angles (°) of 2¢c.

bond lengths (A ) and bond angles (°)

Ru(1)-0(1)
Ru(1)-N(1)
Ru(1)-P(1)

Ru(1)-C(27)
Ru(1)-N(2)
Ru(1)-0(3)
N(3)-C(27)

N(L)-Ru(1)-O(1)
N(2)-Ru(1)-O(3)
Ru(1)-C(27)-N(3)
C(27)-N(3)-C(28)

2.0944(16)
2.0804(19)
2.3231(6)
1.871(2)
2.0930(19)
2.1014(16)
1.181(3)

87.63(7)
84.36(7)
175.9(2)
166.7(2)
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Figure 4.13¢ ORTEP drawing of 2¢. Thermal ellipsoids are drawn at the 50% probability.
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Table 4.3d Selected bond lengths (A) and bond angles (°) of 3b.

bond lengths (A ) and bond angles ()

Ru(1)-C(1) 1.887(2)
Ru(1)-C(2) 1.900(2)
Ru(1)-N(3) 2.0759(8)
Ru(1)-0(1) 2.0695(16)
Ru(1)-0(3) 2.0710(15)
Ru(1)-N(4) 2.0669(18)
N(1)-C(3) 1.369(3)
N(2)-C(9) 1.386(3)
C(1)-N(1) 1.175(3)
C(2)-N(2) 1.162(3)
Ru(1)-C(1)-N(1) 173.8(2)
Ru(1)-C(2)-N(2) 176.4(2)
O(1)-Ru(1)-N(3) 88.43(7)
0(3)-Ru(1)-N(4) 88.35(7)
C(1)-N(1)-C(3) 161.7(2)

C(2)-N(2)-C(9) 174.1(2)




202

Figure 4.13d ORTEP drawing of 3b. Thermal ellipsoids are drawn at the 50% probability.



203

4.3.3 Electronic Absorption and Luminescent Properties of 1, 2 and 3

The absorption spectra for 1 — 3 are shown in Figure 4.14 and their photophysical data are
summarized in Table 4.4. The electronic spectra of the trans, trans, trans- diisocyano
complexes (1a — e) exhibit a higher energy absorption at approx. 330 nm with a ¢ of 10° M™!
cm™ which is assigned tentatively as the ligand-centered n-to-n* transition of the BPO and
isocyanides. A broad shoulder peak (¢ of 10* M! cm™) is observed at lower energy region (444
— 449 nm) for 1a —¢. The lower-energy peak become more distinct (¢ of 10° M cm™) and
blue-shifted (420 and 430 nm respectively), when more electrophilic isocyanide ligands, i.e.
2,6-dichloro- and 2,4,6-tribromophenisocyanide (1d and 1e), were introduced. Two closely
located bands are observed for the trans, cis- isocyano phosphine complexes (2a — e) at the
range of 320 — 344 and 384 — 389 nm respectively, probably resulted from the mixed ligand-
centered absorption of the triphenylphosphine, BPO and isocyanides. A moderate absorption,
which is insensitive to electronic properties of the isocyanide ligands, is observed at 430 nm.
The cis, trans, cis- diisocyano complexes (3a — e) exhibit a ligand-centered absorption (¢ of
10° M! cm™) peaking similarly at 320 — 325 nm are also observed. The absorption at 420 nm

is also insensitive to electronic properties of the isocyanide ligands, as in 2a — e.

The emission characteristics of 1-3 in EtOH/MeOH (4:1) glass at 77K were summarized in
Table 4.4 with normalized emission spectra shown in Figure 4.15. The emission characteristics
of the cis, trans, cis- (3a — ¢) and trans, trans, trans- (1a — e) diisocyano complexes in EtOH-
MeOH glass (77K) are shown in the above tables. The emission maxima of the cis, trans, cis-
and trans, trans, trans- isomers with identical substituents are very similar. The emission peaks

for the complexes with stronger electron withdrawing substituents are slightly blue-shifted
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compared to the electron donating ones. The emission lifetime of the three cis, trans, cis-
isomers are similar, which is slightly longer for the electron withdrawing substituents. In
contrast, the lifetime (and the emission intensity) of the trans, trans, trans- isomer increases
significantly when the substituents is changed from electron donating substituents to electron
withdrawing ones. For frams, cis- isocyano phosphine complexes with less electron
withdrawing isocyanide substituents (2a — c¢), there are also strong structured emissions at
similar wavelengths with the diisocyano complexes, and the emission lifetimes are comparable

to those observed for the cis- isomers.
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Figure 4.14a  UV-Vis spectrum of complexes 1a — e in dichloromethane at 298 K.



206

— (2a)
o ——(2b)
—~ — (2¢)
= —(2d)
5 ~(2e)
= \
Lﬂo \
xg \‘\
= \
=
=
o]
7]
Q
<
0.0 T y T y T — y 1
350 400 450 500 550

Wavelength (nm)

Figure 4.14b UV-Vis spectrum of complexes 2a — e in dichloromethane at 298 K.
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Figure 4.14c  UV-Vis spectrum of complexes 3a — ¢ in dichloromethane at 298 K.



Table 4.4 Photophysical properties of complexes 1-3.

Absorption/nm (¢/M™ cm™)*

Emission/nm (to/ps)°

la
1b
1c
1d
le
2a
2b
2C
2d
2e
3a
3b
3c
3d
3e

326 (31780), 445 sh (4290)

331 (24350), 444 sh (4202)

337 (24990), 449 sh (4600)

323 (30220), 354 sh (22860), 420 (12390)
329 (28420), 375 (22950), 430 (14424)
334 (13130), 387 sh (7130), 431 sh (5570)
335 (18800), 432 sh (8850)

328 (18680), 384 sh (11700), 434 sh (7030)
335 (25240), 389 sh (13830), 434 sh (10360)
344 (40750), 433 (15130)

325 sh (40480), 421 (16680)

324 sh (31470), 420 (15260)

321 sh (22420), 419 (9040)

328 sh (15700), 418 sh (9470)

340 sh (33150), 419 sh (19200)

526, 562 (9.2)

513, 559 (4.8)

516, 552, 607 sh (30.1)
499, 536, 578 sh (58.3)
499,535, 579 sh (95.6)
522, 560 (33.3)

518, 556 (42.0)

514, 553 (45.1)
non-emissive
non-emissive

521, 560, 610 sh (34.1)
517, 554, 606 sh (42.9)
516, 552, 604 sh (47.6)
501,537,584 sh (94.4)
500,534,581 sh (94.2)

208

“In dichloromethane at 298 K. *Excitation at 400 nm in EtOH/MeOH (4:1, v/v) glass at 77 K.
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Figure 4.15a Emission spectrum of complexes 1¢ — e in EtOH/MeOH (4:1, v/v) glass at 77K.
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Figure 4.15b Emission spectrum of complexes 2a — ¢ in EtOH/MeOH (4:1) glass at 77K.
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Figure 4.15¢ Emission spectrum of complexes 3a — e in EtOH/MeOH (4:1) glass at 77K.
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434 Electrochemical properties

The electrochemical properties of these ruthenium (II) complexes have been studied by cyclic
voltammetry (CV) in 0.1 M ["BusN]PFs dichloromethane solution under an argon atmosphere.
Typical CVs of the complexes are shown in Figure 4.16 with detailed electrochemical data
summarized in Table 4.5. The trans,trans,trans- complexes (1a—e) shows a reversible and a
quasi-reversible/irreversible couples centered at 0.118 — 0.335 and 1.338 — 1.423 V vs SCE,
which are tentatively assigned as the metal-centered Ru(III/IT) and Ru(IV/III) processes, as
they are sensitive to the change in the isocyanide ligands,?*® where the E(Ru"™™) and E(Ru'"'™)

increase upon increasing m-accepting ability of the isocyanide ligands from complex 1a to 1e .

Similar trend was observed in complexes 2 and 3. The first oxidation of cis,trans-
Ru(PBO)2(CNR)(PPh3) (2a — e) exhibit a reversible couple at 0.471 —0.590 V vs SCE, and the
cis,trans,cis-[Ru(PBO)2(RNC)2] complexes (3a — e) have a reversible/quasi-reversible couple
at 0.630 — 0.858 V vs SCE, they are also tentatively assigned to the Ru™" process for their
sensitivity to the electronegativity change of the Ru metal center cause by the change of
isocyanide ligand substituent. An irreversible oxidation is observed at 1.326 — 1.344 V vs SCE
and 1.241 — 1.504 V vs SCE for complexes 2a — e and 3a — e respectively, these are attributed
to be the oxidation of the phenol site of PBO, such electrochemical properties are also reported

for others Ru(II) phenolate complexes.?>*
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Figure 4.16a CVsofla—cand lein 0.1 M ["BusN]PFs solution in DCM at 298 K. Scan rate
=100 mV s\
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Figure 4.16b CVs of compounds 2a — e in 0.1 M ["BusN]PF¢ solution in DCM at 298 K. Scan

rate=100 mV s,
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Figure 4.16c CVs of compounds 3a — ¢ in 0.1 M ["BusN]PF¢ solution in DCM at 298 K. Scan
rate = 100 mV s!.



Table 4.5 Electrochemical data of complexes 1a — e, 2a — e and 3a — c.

Oxidation E1/2 (AE)? or Epe® vs SCE

la
1b
1c
1d
le
2a
2b
2C
2d
2e
3a
3b
3c
3d
3e

0.118 (58)°
0.148 (75)?
0.200 (65)°
0.254 (69)°
0.335 (55)°
0.471 (69)
0.500 (61)°
0.527 (64)*
0.559 (58)°
0.590 (65)°
0.630 (61)*
0.691 (62)°
0.703 (76)
0.782b

0.858°

1.338 (62)°
1.361 (81)°
1.361 (86)*
1.395 (113)°
1.423 (138)°
1.326°
1.330°
1.329°
1.344°
1.343b
1.373°
1.498
1.504°
1.241°
1.292

 reversible or quasi-reversible couple.

b

irreversible couple.
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4.4 Conclusion

A series of Ru'' isocyano complexes bearing 2-(2-hydroxyphenyl)benzoxazole (HPBO)
auxiliary ligands have been prepared. With different reaction time and amount of added
isocyanides, trans, trans trans- (1a — e) and trans,cis-Ru(PBO)>(CNR)(PPh3) (2a — e) and
cis,trans,cis-Ru(PBO)2(CNR)(PPh3) (3a — e). The complexes are found to be emissive with Aem
in the range of 499 — 607 nm (1), 514 — 560 nm (2) and 500 — 610 nm (3) respectively in 77K
glass. Detailed electrochemical and photophysical studies reveal the dependence of these
properties on the m-accepting ability of the isocyanide ligands and a MLCT parentage is
assigned for the emission. Complementary DFT studies are now in progress and will be

published in due course.
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Chapter 5:  Conclusion and Future Work

5.1 Summary of the Thesis

The objective of this thesis concerned with the development of new technique that detect and
degrade water pollutant simultaneously. This thesis has demonstrated ICDA and CDA systems
that can simultaneously detect and degrade target pollutants, and, acting as latent catalytical

threshold control the degradation of the pollutants, respectively in water.

In Chapter 2, complex RuFe 1 is the first bimetallic complex designed and synthesized for the
detection and degradation of oxalic acid. The design has made use of the well-known
luminescent ruthenium(Il) complex and common ferric chloride salt, and its synthesis method
is simple and with good yield. Throughout the investigation of RuFe 1 complex, the results
have proved that sensitivity and selectivity of this system can be designed and adjusted
according to its thermodynamic properties, and that ensured the catalyst will only be activated
when the target pollutant oxalic acid appear. The released catalyst will degrade oxalic acid into
harmless carbon dioxide, and also enhanced the colorimetric signal when there is present of
methyl orange coloring agent. These finding suggested that I[CDA system can be a very

versatile way of designing smart chemical device for environmental remediation.

In chapter 3, another ICDA system, FeCu 1 was synthesized and examined. This bimetallic
complex can selectively detect cyanide anion in common water bodies. The catalyst was
released in the present of cyanide, degraded cyanide into less toxic cyanate anion and amplified
the colorimetric signal by catalytic oxidizing phenolphthalin. A series of Fe-Cu complexes with
different Fe subunit were synthesized for the study of CDA underlying relationships between
their thermodynamic, kinetic and catalytic properties. The result demonstrates that apart from
their thermodynamic properties, their kinetic properties were also an important factor in
controlling the initiation of its catalytic properties. This demonstrates that the CDA system can
be fine-tuned by using different coordination ligands, to achieve the goal of “smart” device that

only function in appropriate situation.
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Both RuFe 1 and FeCu 1 are proved capable of detection and degradation of pollutants in
practical water samples with good recovery, however on-site testing are not performed in this
work. A comprehensive study of the system to treat polluted water such as industrial sewage
treatment plant are in interest. Furthermore, currently the systems can only detect and degrade
oxalate and cyanide, by changing the receptor and catalyst subunit, different pollutants or other

analyte may also applicable.

Finally, a series of ruthenium complexes 1 — 3 were synthesized and characterized. Some of
their crystal structures have been studied. The spatial arrangement of PBO ligands are
controlled by the reaction time, where cis-trans isomers were formed when prolonged heating.
The complexes are found to be emissive with Aem in the range of 499 — 607 nm (1), 514 — 708
nm (2) and 500 — 610 nm (3) respectively in 77K glass. The electrochemical and photophysical
properties of the ruthenium complexes are found to be significantly changed with their
geometric isomerism and the electronegativity of the substituents on isocyanide ligands. In
other words, the complexes are optically tunable by changing the isocyanide ligand, and are
suitable in the development of luminescent materials for different applications. Complementary

DFT studies are now in progress and will be published in due course.
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