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Abstract 

 

 

Studies on Electrochemiluminescent Probes 

for Detection of Environmental Pollutants 

 

 

Kyoungrok Kim 

Major in Organic Chemistry 

Department of Chemistry 

Graduate School 

Seoul National University 

 

 

Industrial human activities and technological progress are accompanied by 

many hazardous waste such as heavy metals, metalloids, and organic pollutants, 

causing serious environmental pollution. These environmental pollutants are 

generally persistent, bioaccumulative and toxic substances, which can cause 

serious health problems. Therefore, it is crucial to detect and continuously 

monitor the environmental pollutants in nature. The chemosensor, which is one 
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of the methods for detecting environmental pollutants, has attracted 

considerable attention from related researchers in recent decades. Among them, 

the electrochemiluminescent (ECL) chemosensors have advantages such as a 

low background signal, excellent reproducibility, high sensitivity, and 

selectivity compared to conventional analytical methods. Furthermore, ECL is 

evaluated as a promising technology for the on-site detection of toxic pollutants 

since the instrument can be made into a miniaturized portable device and the 

analysis method can be simplified. 

This dissertation describes the development of ECL sensors based on a 

cyclometalated iridium(III) complex for the detection of environmental 

pollutants. We have developed probes that can selectively detect various target 

molecules by introducing a reaction or binding site into the cyclometalated 

iridium(III) complex. These probes react or bind with specific environmental 

pollutants to induce an alteration in the electronic properties of the molecules, 

thereby changing the ECL signals. Based on these characteristics, we could 

systematically study the chemical interactions between iridium(III)-based 

luminophore, reaction or binding sites, and analytes, and successfully quantify 

various environmental pollutants using these sensors. 

 Part 1 describes a general introduction to ECL. First, the basic theory 

of ECL and ECL luminophores is summarized, and then the iridium (III) 

complex-based ECL luminophores are described in detail. The basic principles 

and strategies for the development of ECL-based molecular sensors are also 

described. 

Part 2 focuses on the development of cyclometalated iridium(III) 
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complex-based probes for the detection of reactive sulfur species such as 

thiophenol (PhSH) and hydrogen sulfide (H2S). 

 First, the development of a cyclometalated iridium (III) complex-based 

ECL chemodosimeter for the rapid detection of PhSH is described. The design 

strategy of this synthetic probe was based on the following: 1) A cyclometalated 

iridium (III) complex with phenylisoquinoline as a main ligand and 

acetylacetone as a ancillary ligand was selected as the luminophore because it 

exhibits strong ECL emission; 2) 2,4-dinitrophenyl (DNP) group, a well-known 

photoinduced electron transfer (PeT) quencher, was introduced as a reaction 

site for PhSH; 3) an electron-withdrawing formyl group was introduced to 

accelerate the reaction rate. Based on this rationale, the synthetic probe reacts 

with PhSH via a nucleophilic aromatic substitution, resulting in the cleavage of 

the DNP group and an increase in the ECL signal. The ECL intensity of the 

probe showed a linear correlation with the concentration of PhSH in the range 

of 0–200 µM. In addition, it exhibited remarkable selectivity toward PhSH over 

other anions and biothiols. Finally, the probe was successfully applied to 

quantify PhSH in real water samples, providing a new proof-of-concept for on-

site detection based on ECL. 

Next, the development of an iridium(III) complex-based ECL 

chemodosimeter for the detection of H2S is described. The probes have two 

components: 1) A cyclometalated iridium(III) complex with phenylpyridine as 

the main ligand and imidazole-phenanthroline as the ancillary ligand was 

chosen as the ECL luminophore; 2) Two nitrobenzoxadiazole (NBD) groups, a 

well-known strong electron acceptor, was introduced into the ancillary ligand 

as a PeT quencher and a reaction site for H2S. The two NBD groups introduced 
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into the iridium(III) complex have hierarchical reactivity, and all NBD groups 

could be selectively released only in the presence of H2S. Therefore, a selective 

signal enhancement of the probe toward H2S was observed in ECL analysis, 

while it showed non-specific background/interference signals for various 

analytes in PL analysis. The ECL intensity of the probe showed a linear 

correlation with the concentration of H2S in the range of 0–40 µM. Finally, the 

probe could successfully quantify H2S in tap water samples and commercial 

ammonium sulfide solutions, demonstrating the effectiveness of this probe for 

on-site detection. 

Part 3 presents the development of cyclometalated iridium(III) 

complex-based probes for the detection of environmental pollutants such as 

mercury ions (Hg2+) and glyphosate (GlyP). 

First, the development of a cyclometalated iridium(III) complex-based 

ECL chemodosimeter for the selective detection of Hg2+ ions is described. The 

design strategy of the probe was based on the following: 1) A cyclometalated 

iridium(III) complex with phenylisoquinoline as the main ligand and bipyridine 

as the ancillary ligand was selected as an ECL luminophore; 2) o-

aminomethylphenylboronic acid was introduced into the ancillary ligand as an 

ECL signaling modulator and a reaction site for Hg2+ ions. Based on this 

rationale, the probe reacts with Hg2+ ions via transmetalation reaction to 

produce a molecule that exhibits PeT quenching, thereby decreasing the ECL 

signal. The ECL intensity of the probe showed a linear correlation with the 

concentration of Hg2+ ions in the 0–10 µM range. Additionally, the probe could 

successfully discriminate Hg2+ ions from various metal ions. Finally, the 
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successful quantification of Hg2+ ion in tap water samples with ECL analysis 

demonstrated the effectiveness of the probe in on-site detection. 

Next, a synthetic probe in which an increase in the ECL signal is induced 

after selective binding with glyphosate is described. The design strategy of the 

probe toward GlyP was based on the following: 1) A cyclometalated iridium(III) 

complex with phenylisoquinoline as the main ligand and bipyridine as the 

ancillary ligand was selected as an ECL luminophore.; 2) Copper(II)-

dipicolylamine (Cu-DPA) complex as a binding site for GlyP was tethered to 

the main ligand of the probes by a methylene linker. Based on these structural 

characteristics, ECL signals of the probes were quenched by electron transfer 

from the iridium(III) 3MLCT excited state to the paramagnetic Cu(II) ion. 

When GlyP is bound to the Cu(II) ion coordinated to the appended DPA ligand, 

the positive charge on Cu(II) ion was reduced and the bond between Cu(II) ions 

and DPA was weakened, thus nullifying electron transfer from an excited state 

of probes to Cu(II) center. Therefore, the ECL signal of the probe was 

significantly enhanced in the presence of GlyP. The ECL intensity of the probe 

showed a linear correlation with the concentration of GlyP in the range of 0–

200 µM. In addition, the probe could successfully discriminate glyphosate from 

various anions and herbicides. Finally, the probe successfully quantified the 

concentration of GlyP ions in tap water samples, thus demonstrating the 

potential of the probe for on-site detection. 

Part 4 focuses on the development of novel organic ECL luminophores. 

Representative ECL luminophores used in ECL various analysis systems are 

luminol and tris(2,2-bipyridine)ruthenium(II) (Ru(bpy)3
2+). However, luminol 

is consumed during the process of ECL emission, and highly basic conditions 



vii 
 

are required. In the case of the Ru(bpy)3
2+, it is difficult to change the 

wavelength with the modification of molecular structure due to a low metal-

centered state (MC state), which limits the use of multicolor analysis. In 

addition, the high price and limited supply of platinum group metals make it 

urgent to develop alternative ECL luminophores. To overcome these problems, 

we developed novel organic ECL luminophores. The basic skeleton of 

luminophores was the naphthalene directly linked through a covalent bond with 

oxazaborine, and a diethylamino group was introduced into naphthalene to 

induce intramolecular charge transfer (ICT). Although the reaction enthalpies 

between the tripropylamine radical and the radical cations of the luminophores 

were insufficient, compounds showed excellent ECL efficiencies due to the 

additional ECL processes. Among the compounds, 2 showed 1.36 times higher 

ECL efficiency relative to Ru(bpy)3
2+, suggesting its feasibility as an efficient 

ECL luminophore for the development of sensors that detect environmental 

pollutants. 

Keywords: Electrochemiluminescence (ECL), Cyclometalated Ir(III) 

Complex, Chemosensor, Thiophenol, Hydrogen sulfide, Mercury (II) ion, 

Glyphosate, Organic ECL luminophore 

Student Number: 2015–22606 
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Section 1. Electrochemiluminescence (ECL) 

1. Introduction to ECL 

Electrochemiluminescence (Electrogenerated chemiluminescence, ECL) refers 

to a luminescent process by the sequential electron transfers between 

electrochemically generated radicals on an electrode surface.1 The studies of 

ECL were first described in the mid-1960s with aromatic molecules such as 

9,10-Diphenylanthracene (DPA), anthracene, and rubrene.2-4 Afterward, the 

ECL of Ru(bpy)3
2+ capable of generating a relatively stable ionic radical was 

observed,5 thus the field of related research to this spread rapidly (Figure 1–1). 

ECL has the characteristics of electroluminescence (EL) that emits light 

through electric energy within a material, and chemiluminescence (CL) that 

emits light through electron transfer between at least two reagents. For this 

reason, ECL has the advantages of EL and CL. First, it is possible to control the 

electrochemical reaction depending on the specific time and site of reaction 

since ECL occurs through an electrochemical reaction on the electrode. For 

Figure 1–1. The time line of ECL researches. Reprinted with permission from reference 9. 

Copyright 2008 American Chemical Society. 
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example, ECL has occurred on the electrode only during the electrochemical 

reaction, even in the presence of tri-n-propylamine (TPrA) and Ru(bpy)3
2+.  

Second, ECL used electrical energy, which is a relatively simpler energy 

source than photoluminescence (PL). Therefore, the overall instrumental set-up 

for ECL analysis can be simplified because no bulky equipment such as 

external optical sources and lasers, or additional reagents are required.  

Third, ECL can be used for the detection of specific substances similar 

to CL, since it is generated by electron transfer between luminophores and 

various reagents. On the other hand, in the case of EL, there is no method to 

detect specific substances although light can be generated through the injection 

of electrons and holes into the material. 

Recently, efforts to utilize ECL as a platform for analytics,6 display,7 

therapeutics,8,9 etc. have been ongoing. Among them, the ECL-based analytical 

application for clinical assay, environmental monitoring, food assay, biological 

assay, and chemical detection has received a lot of attention because it has high 

sensitivity, remarkable selectivity, and low background signal without an 

external light source.10-12 Furthermore, the device for ECL analysis can be 

miniaturized since analytical procedures and methods of it can be simplified. 

Therefore, the ECL-based analytical system is considered a powerful candidate 

for a field-monitoring and point-of-care testing (POCT) on hazardous substance 

detection and disease diagnosis. 
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2. ECL mechanisms 

In electrochemical cells, conventional ECL occurs from the excited state of a 

luminophore generated in a series of redox reactions. ECL mainly is emitted 

within the electrolytic conditions because the charge for the excited state 

generation of ECL luminophore is transferred by ionic processes. The ECL 

mechanism is classified by annihilation and co-reactant pathways depending on 

whether the sequence of reactions involves only electrochemically 

reduced/oxidized intermediates of the luminophore, or requires the additional 

contribution of a third species (i.e., co-reactant). Co-reactant mechanisms are 

divided into two categories: oxidative-reductive and reductive-oxidative ECL. 

Representative materials known to exhibit ECL include ionic transition metal 

complexes such as tris(2,2'-bipyridine)ruthenium(II) (Ru(bpy)3
2+), and 

monomolecular semiconductor materials such as rubrene and anthracene, or a 

conjugated semiconductor material such as poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV). This process generally 

requires that both the radical cation and anion are sufficiently stable. 

 

2.1.  Annihilation ECL 

Oxidized and reduced species (∙ and ∙, respectively) of luminophore, E, 

are generated on the electrode by alternative pulsed potential, according to 

equations (1) and (2).1,13 Then, the oxidized and reduced species generate an 

excited state of luminophore through an annihilation reaction (3), leading to the 

relaxation of the ground state and emission of a photon according to equation 

(4).  
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  +  → ∙ (reduction at the electrode) (1) 

  −  → ∙ (oxidation at the electrode)  (2) 

 ∙ + ∙ →  + E* (singlet excited state generation)  (3) 

 ∗ →  + ℎ (ECL emission)  (4) 

The annihilation step can also occur between the radical cations and 

anions from the two different luminophores. The energy available for the 

reaction can be estimated by the enthalpy. The enthalpy for the annihilation 

reaction can be approximated by equation (4):13 −∆( ) =  ∆ + ∆ = (, ∙) − (, ∙) − 0.16   (5) 

Where −∆  is the enthalpy for the annihilation reaction, (, ∙) and (, ∙) represent the peak potentials during the anodic 

and cathodic scans, respectively. And the value of 0.16 eV corresponds to the 

sum of the approximate entropy term (TΔS) at 25°C (~0.1 eV) and 0.057 eV 

obtained from the peak potential separation. The energy required to form a 

singlet excited state can be calculated from the following equation (6): 

 Es (eV) = 1239.8/λ (6) 

λ (nm) refers to the wavelength of the maximum photoluminescence intensity. 

If −∆  has sufficiently higher energy than Es, it is exergonic enough to 

directly form a singlet excited state of the luminophore, and such a system is 

called an energy-sufficient system or the S-route according to equation (7). 

 ∙ + ∙ →  + 1E* (singlet excited state generation) (7) 

However, if the energy is insufficient to make the luminophore directly 

into a singlet excited state and sufficient to form a triplet excited state, then a 
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triplet excited state of the luminophore is generated. The system is called an 

energy-deficient system or T-route by equation (8). The triplet excited state of 

the luminophore generated from the T-route can produce a singlet excited state 

through a triplet-triplet annihilation reaction (eq. 9). However, the emission 

efficiency generated through relaxation from the triplet excited state is very 

poor because of the long radiative lifetime of the triplet excited state and 

quenching by molecular oxygen. 

 ∙ + ∙ →  +3E* (triplet excited state generation) (8) 

 3E* + 3E*→  +1E* (triplet-triplet annihilation) (9) 

If −∆  has almost the same energy as Es, the system follows the S-T route 

that follows both the S-route and T-route to generate the singlet excited state of 

the luminophore. In addition, polycyclic aromatic hydrocarbons such as 

perylene, pyrene, and anthracene can form excimers or exciplexes to generate 

singlet and triplet excited states. The ECL emission from these excimers or 

exciplexes followed the E-route. 

 ∙ + ∙ →E2* (generation of excimer) (10) 

   ∙ + ∙ →AD* (generation of exciplex) (11)  
2.1.  Co-reactant ECL 

Co-reactant ECL undergoes a process through simultaneous oxidation or 

reduction of the luminophore and co-reactant by applying a single potential 

pulse or scan. After the anodic or cathodic scan, co-reactants are transformed 

into radical intermediates and then the radicals are decomposed to achieve 

strong reducing or oxidizing species. The oxidized or reduced luminophore 
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undergoes an electron transfer process with the generated strong reducing or 

oxidizing species to form an excited state, then emits ECL. Depending on the 

type of potential applied to the electrode, it is possible to classify it into two 

types of co-reactant ECL processes. If the luminophore is electrochemically 

oxidized on the electrode surface and then reduced by a strong reducing agent 

to form an excited state, the corresponding ECL is defined as oxidative-

reduction ECL or anodic ECL. On the other hand, reductive-oxidative ECL or 

cathodic ECL occurs when the reduced luminophore is generated on the 

electrode surface and then oxidized by a strong oxidizing agent to form an 

excited state. Typical oxidative-reductive co-reactants include oxalate, amino-

acid, TPrA, 2-(Dibutylamino)ethanol (DBAE), and NADH, and reductive-

oxidative reactants are S2O8
2-, benzoyl peroxide, and H2O2. 

Co-reactant ECL has the following advantages over annihilation ECL:13 

(i) It does not require a wide potential window, so it can be used even in a 

solvent with a narrow potential window such as an aqueous solution condition; 

(ii) Since the ECL quenching effect by water and oxygen is insignificant, there 

is no need to use a strictly purified and deoxygenated solvent; (iii) It has a 

significant advantage for conducting various ECL studies because the 

generation of ECL is accomplished with a single potential step or scan; (iv) The 

emission of ECL can be generated if either the oxidized or reduced form of 

luminophore is stable; (v) ECL intensity is stronger than that of annihilation 

ECL. 

Co-reactant ECL is attracting a lot of attention in various fields because 

it can be used in both organic and aqueous solutions. In particular, it has been 

widely used in various analytical applications. Since the ECL intensity tends to 
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be generally proportional to the concentration of the luminophore and the co-

reactant, co-reactant ECL can be utilized to detect various substances including 

luminophore, co-reactant, and target molecule. Due to these characteristics, it 

acts as a major part of developing a commercial ECL analysis system, thus 

many studies are focused on the study of co-reactant ECL systems. In particular, 

the researchers have focused on increasing the sensitivity and reproducibility 

of ECL. 

The oxidative-reduction ECL system using oxalate was firstly reported 

by bard and co-workers. The oxidation of oxalate produces oxalate anion 

radical (∙), which is transformed to ∙(E0= −1.9 V vs NHE), a strong 

reducing agent, through chemical decomposition.14,15 The generated ∙ 
reacts with the oxidized luminophore to generate an excited state, thus inducing 

ECL emission. The corresponding mechanism is described by equation (12)–

(16). 

  −  →   (12) 

  −  → E + ∙ (13) 

 ∙ → ∙ +  (14) 

  − ∙ → ∗ +   (15)                   ∗ →  + ℎ ()            (16) 
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Another common oxidative-reductive ECL system is a system that uses 

the TPrA as a co-reactant, which is currently mainly used in various commercial 

ECL assays. This system was first reported to produce strong ECL with TPrA 

and Ru(bpy)2+ by Leland in 1990. Figure 1–2 shows the overall process of this 

mechanism.16  

The key mechanism of this system can be described as follows equations: 

  −  →  (17) 

  −  →  ∙ (18) 

  +  →  + ∙ (19) 

Figure 1–2. Proposed mechanisms of co-reactant ECL for Ru(bpy)32+/TPrA system. Reprinted 

with permission from reference 16. Copyright 2002 American Chemical Society. 
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  ∙ →  ∙ +  (20) 

  +  ∙ → ∗ +      (21) 

  +  ∙ →  +       (22) 

  +  → ∗ +  (23) 

  +  ∙ → ∗ +   (24) 

 ∗ →  + ℎ (ECL) (25) 

The optimum pH value of an aqueous solution containing TPrA as a co-

reactant for ECL analysis is usually 7–8. TPrA can be oxidized directly on the 

electrode surface and via a catalytic pathway to   (eq. 18 and 19). The 

generated TPrA radical cation ( ∙) loses protons from α-carbon, and then 

generates TPrA radical ( ∙) (E0= −1.7 V vs Ag/AgCl), a strong reducing 

species (eq. 20). Thereafter, the  ∙ reacts with E+ to form an excited state 

E*, thus ECL emission has appeared through the radiative decay of electrons 

(eq. 21 and 25). In addition, E can be reduced by the  ∙ to generate  

(eq. 22). The generated  forms ∗ through an annihilation reaction with  or reaction with  ∙, resulting in the appearance of ECL emissions (eq. 

23, 24, and 25). In addition to TPrA, studies using various amines as co-

reactants were also attempted. ECL intensities were shown in the order of 

tertiary > secondary > primary amines.17,18 The ECL emission intensity is also 

affected by the characteristics of the substituent of amine. It is generally known 

that the electron-donating group increases the ECL intensity, whereas the 

electron-withdrawing group has the opposite effect.19 However, as an exception, 

DBAE showed significantly enhanced ECL intensity even though it had a 

hydroxyethyl group, an electron-withdrawing group.20 Compared to TPrA, 
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DBAE had the advantages of being less toxic, soluble in aqueous solutions, and 

less volatile. 

Persulfate was the first reductive-oxidative co-reactant used for ECL 

study by Bolletta and co-workers.21 When a cathodic potential is applied to the 

electrode,    is reduced to form  ∙ , which then the chemical 

decomposition of  ∙ generates  ∙, a strong oxidizing species (eq. 27 

and 28). After that,  ∙ oxidizes the reduced luminophore to form an 

excited state, thereby causing ECL emission (eq. 29 and 30).  

  +  → ∙   (26) 

 S  +  →  ∙  (27) 

  ∙ →  ∙ +   (28) 

 ∙ +  ∙ → ∗ +   (29) 

 ∗ →  + ℎ (ECL) (30) 

In organic solvent systems, benzoyl peroxide (BPO) is mainly used as a 

co-reactant for reductive-oxidative ECL systems owing to its high solubility 

and stability in the organic solvent.22  

The conditions for a good co-reactant are as follows: i) It should be well 

soluble in the solvent because the ECL intensity also increases when the 

concentration of co-reactant is high; ii) The produced intermediate must be 

stable, and the lifetime of the produced oxidized or reduced co-reactant should 

be relatively long; iii) Oxidation/reduction of co-reactant should readily occur 

on the electrode; iv) the reaction between the oxidized or reduced luminophore 

and reactive species generated from co-reactant must be sufficiently fast; v) The 

co-reactant should not affect the ECL process and cause ECL quenching; vi) 
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The co-reactant itself must not be a luminophore; vii) For smooth electron 

transfer to the luminophore, the oxidized or reduced co-reactant should have an 

appropriate energy level. 

3. ECL luminophores 

The three main classes of ECL luminophores can be divided into organic, 

inorganic, and nanomaterials. And novel materials are continuously being 

reported because the development of luminophores with excellent ECL 

efficiency is important for analytical applications. 

3.1.  Organic ECL luminophores 

Since the first ECL studies began with diphenylanthracene (DPA),3,23,24 a 

polyaromatic hydrocarbon (PAH), ECL studies on various types of PAHs have 

been reported. These PAHs generally showed high radical cation and anion 

stability. Their excited state could be created because of the energetically 

available annihilation reaction, thus ECL emission could occur. However, a 

limitation of the ECL application of PAHs is their low solubility in aqueous 

solutions. Because of these limitations, researchers have attempted to increase 

the water solubility of PAHs by introducing hydrophilic substituents such as 

sulfonate groups. Natarajan and Schmittel developed a hydrophilic 

Figure 1–3. Structures of water-soluble 9, 10-Diarylanthracenes DAA1 and DAA2. Reprinted 

with permission from reference 25. Copyright 2012 American Chemical Society. 
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diarylanthracene as shown in Figure 1–3 and reported stable ECL emission in 

water.25 

Omar and co-workers introduced two spirobifluorene to anthracene, 

pyrene, and rubrene derivatives.26 PAHs with spirobifluorene showed blue ECL 

emission while exhibiting a more stabilized PAH core and a red-shifted 

wavelength than general PAHs. In the last decade, many spirobifluorene 

derivatives have been reported, which donors and acceptors have additionally 

been introduced to spirobifluorene to control their electrochemical and 

photophysical properties (Figure 1–4).26-30 For example, two triphenylamine 

groups as donors were introduced into fluorene, which can stabilize 

electrochemically generated radical cations.28 In a recent study, spirobifluorene 

derivatives with electron-withdrawing and electron-donating groups to the 

para-position of triphenylamine were also reported.30 Annihilation ECL 

Figure 1–4. Structures of a) fluorene with two triphenylamine groups as donors, and b) 

spirobifluorene derivatives with electron-withdrawing and electron-donating groups to the para-

position of triphenylamine. Reprinted with permission from reference 28 and 30. Copyright 2012, 

2017 American Chemical Society. 
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showed a bathochromic shift of 67 nm when changing from fluorine to a 

methoxy substituent, proving that the color change can be induced by the 

substituent. 

Until now, ECL studies on boron dipyrromethene (BODIPY) and its 

derivatives are ongoing (Figure 1–5).31 The photophysical and electrochemical 

properties of BODIPY can be controlled by extending the π conjugation or 

introducing electron-donating/electron-withdrawing groups. Additionally, 

BODIPY derivatives completely substituted with alkyl groups showed good 

radical stability and efficient annihilation ECL.31-33 In 2013, water-soluble 

BODIPY derivatives introduced with polyethylene glycol were reported, 

showing their potential for ECL analytical applications.34 Furthermore, 

BODIPY derivative with the extended π conjugation exhibited ECL emission 

in the range of 650–800 nm using TPrA as the co-reactant.35 

Figure 1–5. a) Structures of a) the BODIPY core, b) BODIPY derivatives completely substituted 

with alkyl groups, and c) water-soluble BODIPY with polyethylene glycol. Reprinted with 

permission from reference 34 and 35. Copyright 2010, 2017 American Chemical Society. 
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3.2.  Inorganic ECL luminophores 

Various ECL luminophores based on clusters and metal complexes containing 

Ag, Al, Au, Cd, Cr, Cu, Eu, Hg, Ir, Mo, W, Os, Pd, Pt, Re, Ru, Si, Tb, and Tl 

have also been reported.1 Among them, Ru(bpy)3
2+ remains the most widely 

studied metal complex in ECL luminophore.1,13 The success of Ru(bpy)3
2+ in 

ECL research is mainly due to the high stability of its electrochemically 

generated species in the aqueous solution and excellent compatibility with 

various co-reactants. However, the emission wavelength of Ru(bpy)3
2+ and its 

derivatives is limited to the orange to red range (~620 nm) due to their small 

ligand field stabilization energies (LFSE). The development of a Ru-based 

complex as an ECL luminophore was divided into two directions: color 

tunability and light-emitting efficiency. To achieve this goal, a novel Ru-based 

complex was developed through ligand modification. Several studies to induce 

Figure 1–6. A new series of acrylates containing Ru(bpy)32+ complexes. Reprinted with 

permission from reference 36. Copyright 2012 American Chemical Society. 
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a change in the emission wavelength of the Ru-based complex have been 

reported. A new series of acrylates containing Ru(bpy)3
2+ complexes showed 

near-infrared (NIR) ECL emission in the range of 688 to 722 nm (Figure 1–

6).36 In addition, Tuck et al. developed Ru(II) complexes using 2,6-

di(quinoline-8-yl)pyridine (dqp) tridentate ligand, indicating NIR ECL 

emissions at 712 and 714 nm.37 The ECL wavelength to the NIR region can be 

used for practical bioanalytical applications. Another important goal is to 

develop a Ru(II) complex with high ECL efficiency. To achieve this, materials 

with multiple Ru(II) complexes have been developed.38-40 These materials 

showed superior ECL efficiency than general Ru(bpy)3
2+ because they have 

multiple redox centers where the ECL pathway can proceed. However, these 

materials have the disadvantage of relatively low signal selectivity during ECL 

analysis due to the enhanced background ECL signal. 

Ir(III) complexes are considered alternate ECL luminophores for Ru(II) 

complexes due to their high photoluminescence quantum yield (PLQY), and 

color tunability by high ligand field stabilization energies. Since the 

annihilation ECL of green-emitting Ir(ppy)3 was first reported,41 ECL studies 

Figure 1–7. Structures of phenylquinoline-based iridium complexes. Reprinted with permission 

from reference 43. Copyright 2007 American Chemical Society. 
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of various types of Ir(III) complexes have been reported. Red-emitting Ir(III) 

complexes such as (ppy)2Ir(phen)+, (ppy)2Ir(bpy)+, and phenylquinoline-based 

iridium complexes have reported superior ECL efficiencies compared to 

Ru(bpy)3
2+ (Figure 1–7).42,43  These Ir(III) complexes showed high ECL 

efficiency in the annihilation, TPrA co-reactant, and the S2O8
2- co-reactant 

methods. The development of blue-emitting Ir(III) complexes is also a great 

challenge. Among the complexes, Ir(df-ppy)2(ptb)+ exhibited 16 times greater 

co-reactant ECL intensity and showed a blue shift of about 60 nm than that of 

Ir(ppy)3.44  

Several ECL studies of Pt(II) complexes have also been conducted.45-47 

Initially, ECL efficiencies of Pt(II) complexes were not good compared to the 

Ru-based complexes. However, a new ECL concept, aggregation-induced ECL 

(AIECL), was discovered in square planar Pt(II) complexes in 2017 (Figure 1–

8).46 The Pt(II) complexes (Pt-PEG and Pt-PEG2) tended to self-assemble in a 

specific solvent due to its amphiphilic tendency, leading to supramolecular 

Figure 1–8. Structures of square planar Pt(II) complexes. Reprinted with permission from 

reference 46. Copyright 2007 American Chemical Society. 
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aggregation. The aggregates of Pt-PEG2 allowed their intermolecular 

Pt(II)···Pt(II) interactions, which altered their HOMO and LUMO and showed 

high ECL intensity. It was the first example of a Pt(II) complex that exhibited 

higher ECL efficiency than that of Ru(bpy)3
2+. 

 

3.1.  Nanomaterials as ECL luminophores 

Since the ECL of silicon nanomaterials was reported for the first time in 2002,48 

studies of various nanomaterials as ECL emitters have been reported until 

recently.49-52 Among them, semiconductor quantum dots (QDs) such as Ge, 

CdSe, CdTe, etc. have attracted considerable attention due to their diverse ECL 

properties.53-55 The main ECL characteristic obtained from QDs is that they 

have a red-shifted ECL maximum wavelength compared to their 

photoluminescence. This is because the excited state of QDs is different in PL 

and ECL. It is known that an excited state for PL is generated inside the particle, 

Figure 1–9. Schematic representation of PL and ECL in NPs. Reprinted with permission from 

reference 55. Copyright 2014 American Chemical Society. 
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whereas the generation of an excited state for ECL occurs on the particle's 

surface (Figure 1–9). Recently, research using nanoparticles as a sensing 

platform has received a lot of attention. In particular, the main research topic is 

the development of an ECL system with high sensitivity using a combination 

of nanomaterials and ECL luminophores. Specifically, the encapsulation of 

ECL luminophores into nanoparticles protects the luminophores from the 

surrounding environment and enhances photostability and ECL intensity. 

However, these materials have problems such as the slow diffusion rate and 

electrochemical process, and the continuous loss of ECL luminophores from 

the material. 
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Section 2. Cyclometalated Iridium(III) complexes 

1. Color-tuning strategies in cyclometalated iridium(III) 

complexes 

Ir(III) complexes have a great advantage in tuning the emission color from blue 

to red through ligand modification due to their high ligand field stabilization 

energies (LFSE). The color tunability of Ir(III) complexes is compared to the 

Ru-based complexes, which rarely control the color due to the low LFSE. 

Heteroleptic Ir(III) complexes, which contain two main ligands and one 

ancillary ligand, exhibit complex photophysical properties as shown in Figure 

1–10.56 This is because metal-to-ligand charge transfer (MLCT), LC (ligand-

centered transitions), and MC states for the main ligand, as well as additional 

L'C, ML'CT, and LL'CT of the ancillary ligand (L') are involved. However, the 

Figure 1–10. (a) Excited state of cyclometalated Ir(III) complexes, and (b) the construction of 

excited states via molecular orbital interactions. Reprinted with permission from reference 56. 

Copyright 2012 The Royal Society of Chemistry. 
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wavelength of phosphorescence can be easily controlled since the transition 

energy is determined by the overall LUMO energy level of Ir(III) complexes. 

Ancillary ligands such as acetylacetone (acac) and picolinic acid (pic), 

which are rarely involved in the emission process, have been used to control 

the energy of the HOMO and LUMO without the involvement of ancillary 

ligands. Park and co-workers studied the effect of ancillary ligands on the 

emission wavelength of the Ir(III) complex (Figure 1–11).57 It was found that 

the inter-ligand energy transfer (ILET) to the ancillary ligand occurs only when 

the L'C3 state exists at a lower position than the MLCT3 state. On the other hand, 

in the case of FIrpic, the ancillary ligand did not significantly affect the Ir(III) 

complex since the L'C3 state was sufficiently higher than that of MLCT3. Two 

strategies for controlling the HOMO and LUMO energy levels of Ir(III) 

complexes are to introduce a substituent into the ligand or to completely change 

the basic backbone of the ligand.  

Figure 1–11. Structures of heteroleptic iridium(III) complexes, and a suggested mechanism of 

color tuning invoked by the inter-ligand energy transfer (ILET) to ancillary ligand. Reprinted 

with permission from reference 57. Copyright 2005 American Chemical Society. 
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1.1.  Introduction of a substituent to the ligand 

A great effect on the HOMO and LUMO of the Ir(III) complex is occurred by 

introducing an electron-withdrawing or electron-donating group to the ligand 

as a substituent. For example, Tsuzuki et al. induced color changes by 

introducing pentafluorophenyl into Ir(III) complexes (Figure 1–12).58 A 

remarkable change in the emission wavelength of PL was induced by 

introducing pentafluorophenyl at different positions of the ppy main ligand in 

(ppy)2Ir(acac). 

Malliars and co-workers conducted a study of emission color tuning 

through the introduction of a substituent into ppy main ligand using 

electrochemical experiments and DFT calculations (Figure 1–13).59 In this 

study, the introduction of an electron-withdrawing fluoro group into the phenyl 

unit of ppy induced a distinct anodic shift of the oxidation potential, whereas 

the reduction potential had no significant change. This implied that the 

introduction of the electron-withdrawing fluoro group into the phenyl of the 

Figure 1–12. (a) Structures of iridium(III) complexes. (b) PL spectra for films of the complexes 

doped in CBP. Reprinted with permission from reference 58. Copyright 2003 John Wiley & Sons, 

Inc. 



23 
 

main ligand had a significant effect on HOMO in the Ir(III) complex. On the 

other hand, when a trifluoromethyl group was introduced into pyridine, a 

significant cathodic shift of the reduction potential was observed. These results 

showed that the phenyl modification in the ppy ligand had a great effect on 

HOMO, while LUMO was greatly affected by pyridine modification. It is clear 

that the HOMO orbitals of the Ir(III) complexes are mainly delocalized over 

the iridium center and phenyl group of ppy, and their LUMO orbitals were 

localized primarily on the pyridine of ppy. Therefore, the main strategy to 

control the energy levels of the HOMO and LUMO would be to introduce the 

electron-donating or electron-withdrawing group to pyridine or phenyl of the 

ppy main ligand. However, it is difficult to selectively control only one of the 

HOMO and LUMO energy levels because substituents affect the electronic 

localization of the whole ligand. According to the literature, the LUMO of the 

Figure 1–13. Structural of ppy-based iridium(III) complexes, and their excited state redox 

properties. Reprinted with permission from reference 59. Copyright 2005 American Chemical 

Society. 
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general ppy main ligand-based Ir(III) complex contributes 60–70% to pyridine, 

while the rest depends on the phenyl unit and iridium center.60-63 

Depending on the position of the substituent introduced into the Ir(III) 

complex, the degree of influence on the HOMO and LUMO energy levels is 

different. In 2013, ppy-type Ir(III) complexes introduced with dimesitylboron 

(B(Mes)2) were reported (Figure 1–14).64 The electronic character of Ir(III) 

complexes was modulated according to the position of the substituent, thus the 

HOMO/LUMO energy levels were changed. Compared to the (ppy)2Ir(acac) 

complex, Ir-B-4 showed a stabilizing effect only on the HOMO energy level, 

whereas Ir-B-3 slightly showed stabilization of both the HOMO and LUMO 

energy levels. Meanwhile, It was confirmed that Ir-B-1, in which B(Mes)2 was 

Figure 1–14. Structural of iridium(III) complexes bearing dimesitylboron unit, and their excited 

state redox properties. Reprinted with permission from reference 64. Copyright 2013 The Royal 

Society of Chemistry. 
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introduced into the pyridine group of ppy, had a significant stabilization effect 

on LUMO. 

 

1.2.  Modification of the ligand 

The second method to control the energy level of the Ir(III) complex is to 

modify the ligand itself. Thompson and Forrest reported a series of Ir(III) 

complexes with an acac ancillary ligand and two C^N ligands.65 Among them, 

some key strategies for color-tuning are summarized in Figure 1–15. 

(thpy)2Ir(acac), which replaced the phenyl unit of ppy with more electron-rich 

thiophene, was red-shifted from 512 to 562 due to the increase in the HOMO 

energy level. On the other hand, (btp)2Ir(acac) using benzothiophene as the 

main ligands, which was further π-extended in thpy, was further red-shifted to 

612 nm. In addition, (piq)2Ir(acac), which changed pyridine to isoquinoline in 

ppy, stabilized the LUMO energy level and showed a red-shifted wavelength 

Figure 1–15. Strategies to control the energy level of the iridium(III) complex by modification 

of the ligand itself. 
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to 600 nm. Similarly, (thiq)2Ir(acac), which changed pyridine to isoquinoline in 

thpy, displayed a redshift with deep red emission at 621 nm.66 These researches 

demonstrated that it is possible to control the energy level of the HOMO or 

LUMO through the modification of a new ligand. 

2. Iridium(III) complexes for ECL 

ECL research on cyclometalated Ir(III) complex was first reported in 2005,42,67 

and many research results have been published in the past 17 years. Ir(III) 

complexes have extremely high photoluminescence and ECL efficiencies with 

color tunability of emission wavelengths from red to blue. Therefore, they 

could be utilized as ECL luminophores for various ECL analysis systems. 

2.1.  General iridium(III) complexes for ECL 

Ir(III) complexes are generally divided into three groups according to the type 

of ligand (Figure 1–16). The first group is (pq)2Ir(L) (pq=2-phenylquinoline, 

and L=ancillary ligand).43,68 Their electrochemical and photophysical 

properties are similar to Ru(bpy)3
2+. Annihilation, anodic and cathodic ECLs of 

these Ir(III) complexes exhibited a wavelength of maximum intensity at about 

600 nm and showed remarkable ECL efficiencies. For example, (pq)2Ir(pico) 

showed about 17 times better annihilation ECL than Ru(bpy)3
2+, and 

(pq)2Ir(acac) displayed about 77 times superior oxidative-reductive ECL 

compared to Ru(bpy)3
2+ when TPrA was used as a co-reactant. In addition, 

(pq)2Ir(tmd) (tmd=2,2,6,6-tetramethyl-3,5-heptanedione) exhibited about 26 

times superior reductive-oxidative ECL efficiency compared to Ru(bpy)3
2+ in 

the presence of S2O8
2-. The electrochemical stability of the oxidized or reduced 

species of (pq)2Ir(L) is important for predicting ECL efficiencies in ECL 
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processes. For example, (pq)2Ir(acac) showed an irreversible reduction peak, 

indicating that the reduced form is unstable. Therefore, strong oxidative-

Figure 1–16. Cyclometalated iridium(III) complexes and ligands for ECL. 
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reductive ECL was observed, whereas feeble ECL appeared in reductive-

oxidative or annihilation processes. On the other hand, in the case of 

(pq)2Ir(pico), all three ECL processes showed high ECL efficiency since both 

the oxidized and reduced species of (pq)2Ir(pico) were stable.  

The second group of Ir(III) complexes is [(ppy)2Ir(L)]+ (ppy=2-

phenylpyridine, and L=bpy and phen etc.). The Ir(III) complexes belonging to 

this group exhibited oxidative-reductive ECL near 600 nm, which was about 2 

to 4 times stronger than that of Ru(bpy) 32+ in the presence of TPrA.42 

The third group can be described as L2Ir(acac) (L= various ligands).67,69 

Some of Ir(III) complexes showed higher annihilation ECL efficiency than 

Ru(bpy)3
2+, which showed the emission wavelength from sky blue to deep red. 

2.2.  Novel iridium(III) complexes for ECL 

Except for the above three main groups, new cyclometalated Ir(III) complexes 

have been reported continuously. (FPP)2Ir(acac) (FPP=2-(4-fluorophenyl)-4-

phenylpyridine) showed about 13.5 times higher ECL intensity than Ru(bpy)3
2+ 

at the Pt electrode in the presence of TPrA.70 De Cola et al. reported novel Ir(III) 

complexes with high ECL intensity in an aqueous solution containing TPrA by 

designing the Ir(III) complexes with phenanthridine (phent) derivatives as the 

main ligand and picolinate as an ancillary ligand.71,72 They exhibited 

outstanding oxidative-reductive ECL intensities in the deep red and near IR 

regions, which were approximately 1 to 4 times superior compared to those of 

Ru-based complexes. In addition to these neutral compounds, several cationic 

Ir(III) complexes have been developed. Among them, Ir(III) complexes with 

ppy as the main ligand and 2-(1-substituted-1H-1,2,3-triazol-4-yl)pyridine (pytl) 
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as the ancillary ligand displayed a strong green ECL emission through an 

annihilation process.73 Meanwhile, blue-shifted ECL Ir(III) complexes could be 

easily obtained by introducing an electron-withdrawing fluorine group into the 

ppy.44 Among them, [(df-ppy)2Ir(ptb)]+[1-benzyl-1,2,3-triazol-4-ylpyridine 

(ptb)] showed 16 times and 3 times superior blue ECL emission compared to 

luminophores such as [Ir(ppy)3] and [Ir(df-ppy)3] in the presence of the co-

reactant, respectively.  

For bioanalytical applications, ECL luminophores are preferred to be 

water-soluble and biocompatible. For this purpose, several Ir(III) complexes 

have been reported (Figure 1–17). The Ir(III) complex [(ppy)2Ir(bpy-sugar)+] 

was designed to show strong luminescence in an aqueous solution by 

introducing sugar moieties to the bpy auxiliary ligand. (pq)2Ir(bpy-sugar)+, 

which has a structure similar to that of [(ppy)2Ir(bpy-sugar)+], in an aqueous 

buffer containing TPrA as a co-reactant exhibited 5 times and 2 times higher 

ECL intensity than that of Ru(bpy)3
2+ at the Pt, and glassy carbon working 

electrode, respectively.74 Another water-soluble Ir(III) complexes with 

sulfonated ppy as the main ligand and/or tetraethylene glycol (TEG)-

derivatized triazolylpyridine as an ancillary ligand are depicted in Figure 1–

17.75 Among them, [df-ppy)2Ir(pt-TEG)]+ (df-ppy=2-(2,4-

difluorophenyl)pyridine, pt-TEG=1-(TEG)-4-(2-pyridyl)-1,2,3-triazole) was 

the most outstanding blue ECL luminophore, showing 12 times superior ECL 

intensity than Ru(bpy)3
2+. Similarly, four water-soluble cyclometalated Ir(III) 

complexes [L2Ir(DSBP)]Na (L=various ligand, DSBP=disulfonated 

bathophenanthroline) were synthesized and their photophysical, 

electrochemical, and ECL properties were investigated.76 However, the 
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oxidative-reductive ECL signals of [L2Ir(DSBP)]Na in an aqueous solution 

containing TPrA showed relatively low efficiencies compared to that of 

Ru(bpy)3
2+ due to the instability of oxidized complexes. 

 

Section 3. Designing molecular ECL probes 

1. General strategy 

A molecular probe can be defined as a material that can convert the molecular 

recognition to specific analytes into signals (Figure 1–18). Therefore, 

molecular probes require both a recognition part and a reporter part, and a 

change in the signal should be induced according to a change in the structure 

of the recognition site. Since the reporter part is responsible for displaying the 

signal from the molecular probe, there are various types of reporters. For 

example, the simplest reporter can be a proton because the 1H NMR signal is 

shifted to the upfield or downfield depending on the structural change of the 

recognition part. Radioisotopes are also considered as reporters because of the 

Figure 1–17. Water-soluble cyclometalated Ir(III) complexes. 
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unique signal exhibited through their unique radioactive decay. In addition, 

various dyes exhibiting absorption or luminescence can also be reporters. 

However, analyzing these signals was very expensive and time-consuming and 

could only be implemented by laboratory-skilled professionals. Additionally, 

these are generally constrained when considered as an analytical tool for on-

site real-sample monitoring because of the requirement of bulky, fragile 

instrumental setup such as an extra optical source and spectroscopic equipment.  

Recently, reporters exhibiting ECL signals have received a lot of 

attention. This is because the ECL assay has several advantages such as its high 

sensitivity and low background signal compared with conventional assays. 

Furthermore, it rarely requires complicated procedures, complex conditions, or 

large equipment for analysis.  

2. ECL signaling strategies 

A molecular probe that constitutes an ECL luminophore as a reporter is called 

an ECL probe. ECL molecular probes can be designed by several strategies 

listed below. 

i) Energy level modulation 

Figure 1–18. A schemetic ilustration the molecular recognition by molecular probe. Grey and 

black were molecular probe and analyte, respectively. 
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ii) Molecular electron density modulation  

iii) Photoinduced electron transfer (PeT)  

iv) Conformational restriction  

v) Redox activity modulation  

2.1.  Energy level modulation  

The first strategy is an energy level modulation, which the molecular 

recognition of the receptor for the target molecule affects the energy level of 

the reporter to induce changes in the ECL signal. Examples of this strategy are 

ECL probes for the detection of cysteine and hydrogen sulfide.77,78 As shown 

in Figure 1–19a, the electron transfers from the TPrA radical to the probes 

occurs smoothly because the LUMO energy levels of the probes are sufficiently 

lower than the singly occupied molecular orbital (SOMO) energy level of the 

TPrA radical. Therefore, the excited states of the probes were efficiently 

formed, and correspondingly strong ECL was exhibited. However, the LUMO 

energy level of the reaction product after the reaction with analytes was slightly 

higher than the SOMO energy level of the TPrA radical, thus an electron 

transfer from the TPrA radical to the reaction product was unfavorable, 

Figure 1–19. (a) Schematic illustration of energy level modulation strategy and (b) the structure 

of representative example. Reprinted with permission from reference 78. Copyright 2019 The 

Royal Society of Chemistry. 
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resulting in low ECL intensity. Therefore, the probes showed the turn-off ECL 

responses in the presence of the analytes (Figure 1–19b).  

2.2.  Molecular electron density modulation 

Molecular electron density modulation is a strategy in which the signal change 

of ECL is induced by the state on the electron density bias of the compound, 

depending on the presence or absence of the target molecule (Figure 1–20a). 

When the receptor has the strong electron withdrawing ability, the electron 

density bias to the receptor occurs. Therefore, general transition of the reporter 

for emission is deactivated, resulting in the quenching of ECL signal. However, 

as the electron withdrawing ability of the reporter disappears through reaction 

with specific analytes, the quenching effect is removed and the ECL signal of 

the reporter recovered accordingly. There are several examples of probes for 

the detection of homocysteine, glutathione, and cyanide based on this strategy 

(Figure 1–20b).79-81 

 

2.3.  Photoinduced electron transfer (PeT) 

Figure 1–20. (a) Schematic illustration of molecular electron density modulation strategy and 

(b) the structure of representative example. Reprinted with permission from reference 79. 

Copyright 2017 ELSEVIER. 
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Photoinduced electron transfer (PeT) is a widely used strategy for modulating 

the luminescence signal of molecular probes. The PeT mechanism starts from 

the excited state of the luminophore. In the excited state of the luminophore, an 

external electron with sufficiently high energy can spontaneously move to the 

lower SOMO, or an excited electron in the higher SOMO can spontaneously 

transfer to a vacant external orbital with appropriate energy. These two cases 

are called donor-PeT (d-PeT) and acceptor (a-PeT), respectively, resulting in 

quenching of the luminophores (Figure 1–21).82 Therefore, a functional group 

capable of inducing the PeT process is called a PeT quencher.  

Many photoluminescence-based molecular probes have been developed 

using a strategy in which the PL of the probe is suppressed by the PeT process 

and then it is restored through reaction with a target molecule. However, unlike 

PL, since ECL is a mechanism that randomly generates an excited state through 

an electron transfer process, there is a possibility that the quenching process by 

PeT rarely occurs if the two types of electron transfer processes (ECL/PeT) do 

not proceed independently. Therefore, it is possible to develop an ECL probe 

by introducing a PeT quencher that does not affect the ECL process into an 

Figure 1–21. Schematic illustration for A-PeT (left) and D-PeT (right). Reprinted with 

permission from reference 82. Copyright 2003 American Chemical Society. 
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ECL luminophore. For example, there are ECL probes for the detection of 

hydrogen sulfide using 2,4-dinitrophenyl (DNP) group as a d-PeT quencher and 

reaction site (Figure 1–22).83,84 

 

2.4.  Conformational restriction 

As a result of the interaction between the host and the guest, a conformationally 

restricted adduct can reduce the non-radiative decay pathways in the excited 

state compared to the host state, resulting in strong ECL intensity. One example 

of this is the intercalation of the Ir(III) complex containing a sufficiently π-

extended ligand with G-quadruplex DNA (Figure 1–23).85 The binding of Ir(III) 

Figure 1–23. (a) Schematic illustration of photoinduced electron transfer strategy and (b) the 

structure of representative example. Reprinted with permission from reference 83. Copyright 

2017 The Royal Society of Chemistry. 

Figure 1–22. (a) Schematic illustration of conformational restriction strategy and (b) the 

structure of representative example. Reprinted with permission from reference 85. Copyright 

2015 American Chemical Society. 
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complex to G-quadruplex DNA reduces non-radiative decay pathways by the 

decrease in the accessibility of the solvent and the restriction in the torsional 

and vibrational motions. Therefore, the adduct displays a much stronger ECL 

intensity than the Ir (III) complex dissolved in a solvent. 

 

2.5.  Redox activity modulation 

The ECL mechanism begins with the redox reaction of the luminophore. 

Therefore, a change in ECL signal in the presence or absence of a target 

molecule can be induced by the difference in the redox activity between the 

probe and adduct (Figure 1–24a). In 2018, the ECL probes for the detection of 

mercury(II) ions were reported, which showed a turn-off ECL response (Figure 

1–24b).86 Cyclic voltammograms of the probes showed significant oxidation 

peaks and corresponding ECL signals were detected by PMT. However, when 

mercury(II) ions were added, no characteristic oxidation peaks could be 

observed, indicating a quenching of the ECL intensity. 

 

Figure 1–24. (a) Schematic illustration of photoinduced electron transfer strategy and (b) the 

structure of representative example. Reprinted with permission from reference 86. Copyright 

2018 The Royal Society of Chemistry. 
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Section 1. Background 

1. Thiols 

Thiols are important in biological processes and the environment. Several thiols 

contribute widely to physiological processes that maintain cellular health. In 

particular, biothiols such as cysteine (Cys), homocysteine (Hcy), glutathione 

(GSH), and hydrogen sulfide (H2S) act as antioxidants or signaling molecules 

in various tissues including the liver, stomach, pancreas, brain, and blood 

vessels (Figure 2–1). Meanwhile, abnormal concentrations of biothiols have 

been reported to be associated with various diseases.87,88 

However, thiols with high volatility and toxicity, such as H2S and 

thiophenol, can seriously threaten human health, when excess numbers of these 

agents leak into the environment. Therefore, it is important to accurately 

monitor and detect these thiols in real-time. 

 

1.1.  Thiophenol 

Thiophenol (PhSH) is an important chemical reagent that is utilized as a raw 

material and intermediate to produce pharmaceuticals, agrochemicals, 

Figure 2–1. Chemical structures of thiols. 
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polymers, etc.89-91 Although thiophenol is important for various applications, it 

should be used with care because of its high toxicity. Thiophenol has a median 

lethal concentration (LC50) of 0.01–0.4 mM in fish and a median lethal dose 

(LD50) of 46.2 mg/kg in mice.92,93 In addition, thiophenol is readily assimilated 

into the human body by inhalation and ingestion, which leads to serious 

systemic injury, central nervous system damage, muscular weakness, coma, 

and even death.94,95 Therefore, there is a compelling need to develop a real-time 

and accurate detection method for thiophenol. 

To date, several fluorescent probes have been developed over the past 

few decades because it is a nondestructive analytical process (Figure 2–2).96-104 

Most of the previously reported fluorescence assays could selectively detect 

thiophenol (pKa ≈ 6.5) over aliphatic thiols (pKa ≈ 8.5) under physiological 

conditions because of the different degree of deprotonation. 

 

1.2.  Hydrogen sulfide 

Figure 2–2. Various fluorescent probes for detection of thiophenol. 
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Hydrogen sulfide (H2S) is a signaling molecule which plays an important 

role in various biological processes including apoptosis, inflammation, 

angiogenesis, vasodilation, and neuromodulation.105 As an anaerobic 

decomposition product of organic materials, it is also produced primarily in oil 

and gas industries, agriculture, sewage, and animal waste disposal.106 Following 

carbon monoxide, it is the second most toxic gas causing mortality in humans. 
106,107 Chronic exposure to low concentrations of H2S leads to disorders of the 

central nervous, respiratory, cardiovascular, and ocular systems.108 However, 

inhalation of more than 500 ppm H2S can cause permanent brain damage, coma, 

or even death.109 According to the World Health Organization, the maximum 

permissible concentration of H2S in drinking water is 1.47 μM.110 Therefore, 

the development of a real-time and accurate detection method for H2S is 

necessary. 

Thus far, several ECL chemosensors for detection of H2S based on metal 

displacement, reduction, and nucleophilic substitution reactions have been 

developed (Figure 2–3). A ruthenium(II) complex appended with a 

dipicolylamine-Cu2+ complex was reported by Ye et al.111 Hong et al. have 

developed three ECL probes for H2S based on iridium(III) complexes.78,83,84 

Figure 2–3. ECL probes for the detection of H2S. 
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However, despite their satisfactory performance in the detection of H2S, their 

applicability is limited because of the requirement for additional electrode 

modification procedures, a turn-off response, the requirement for a non-

aqueous sensing medium, and low selectivity at low concentrations. 
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Section 2. Electrochemiluminescent Chemodosimeter Based 

on a Cyclometalated Iridium(III) Complex for Sensitive 

Detection of Thiophenol 

A part of this section was published in Analytical Chemistry.112  

 

1. Introduction 

Electrogenerated chemiluminescence (ECL) is a process in which sequential 

electron transfer reactions on the surface of the electrode induce luminescence.1 

It is superior in comparison to conventional fluorescence assays because of its 

high sensitivity and low background signal. Additionally, ECL provides the 

possibility of potential point-of-care-testing (POCT) and field-monitoring with 

the simplicity of the equipment and method.1,13,113,114 For these reasons, ECL 

has emerged as one of the most powerful techniques for the detection of various 

analytes.115-124 Therefore, it is possible to develop efficient environmental 

pollutant sensors for on-site real sample monitoring by introducing the intrinsic 

features of ECL to a single-molecule receptor. Until now, most of ECL-based 

sensors were developed by using tris(2,2’-bipyridine)ruthenium(II) complexes 

([Ru(bpy)3
2+]) and ruthenium(II) polyimine complexes with characteristic 

orange/red emissions due to the limited ligand-field splitting energy of the 

ruthenium metal center.125 To overcome this limitation, several groups 

introduced new ECL luminophores with high quantum efficiencies and various 

emission wavelengths.126-132 Among them, cyclometalated iridium(III) 

complexes have been most successfully employed as ECL luminophores 
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because Ir(III) complexes allow tuning the emission wavelength through the 

ligand modification, along with remarkable ECL quantum yields.42,71,79,133-137 

Thiophenol (PhSH) is an important chemical reagent that is utilized as a 

raw material and intermediate to produce pharmaceuticals, agrochemicals, 

polymers, etc.89-91 Although thiophenol is important for various applications, it 

should be used with care because of its high toxicity. Thiophenol has a median 

lethal concentration (LC50) of 0.01–0.4 mM in fish and a median lethal dose 

(LD50) of 46.2 mg/kg in mouse.92,93 In addition, thiophenol is readily 

assimilated into the human body by inhalation and ingestion, which leads to 

serious systemic injury, central nervous system damage, muscular weakness, 

coma, and even death.94,95 Therefore, there is a compelling need to develop a 

real-time and accurate detection method for thiophenol. To date, various 

methods have been developed for the detection of thiophenol, including 

surface-enhanced Raman scattering (SERS) spectroscopy,138 chromatography-

coupled spectrometry,139 and colorimetric140 and fluorescence assays.97,104,141-143 

Among them, the fluorescence assay has been widely used over the past few 

decades because it is a non-destructive analytical process and can be applied 

for real-time monitoring.96,98-103 Most of the previously reported fluorescence 

assays could selectively detect thiophenol (pKa 6.5) over aliphatic thiols (pKa ≈ 

8.5) under physiological conditions because of the different degree of 

deprotonation. However, this method requires not only heavy equipment but 

also the expertise to conduct a complicated analytical procedure, which restricts 

rapid on-site detection. 

In this study, a turn-on ECL chemodosimeter (probe 2) based on a 

cyclometalated Ir(III) complex was developed for rapid and quantitative 
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detection of thiophenol. Probe 2 selectively reacted with two molecules of 

thiophenol to produce 2-PhS– with ECL turn-on. The design concept of probe 

2 toward thiophenol was based on the following (Scheme 2–1a): (i) 

(piq)2Ir(acac) (piq = 1-phenylisoquinoline, acac = acetylacetone) was selected 

as a luminophore as it is known to exhibit strong ECL emission,42 (ii) 2,4-

dinitrophenyl (DNP) group, a well-known photo-induced electron transfer (PeT) 

quencher, was introduced as a reaction site for thiophenol,144 and (iii) an 

electron-withdrawing formyl group was introduced to accelerate the reaction 

rate.145-147 Based on this rationale, it was expected that probe 2 would rapidly 

react with the thiophenolate moiety via nucleophilic aromatic substitution 

(SNAr) to generate 2-PhS–. Next, 2-PhS– was directly oxidized on the Pt 

electrode to generate (2-PhS–)+•, which was converted to the singlet excited 

state, (2-PhS–)*, by one electron transfer from the tripropylamine (TPrA) radical 

(TPrA•), which eventually emitted ECL, as shown in Scheme 2–1b.1,13 The 

present ECL analysis system for detection of thiophenol showed superior 

sensitivity and lower limit of detection (LOD) value (3.8 nM) than the 

conventional photoluminescence method. It also showed remarkable selectivity 

Scheme 2–1. Design of probe 2 for rapid detection of thiophenol. (b) The proposed sensing 

mechanism of probe 2 for detection of thiophenol through ECL analysis. 
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and reaction rate toward thiophenol over other analytes, which is highly 

desirable for on-site detection. Moreover, probe 2 was successfully utilized to 

quantify thiophenol in real water samples, suggesting a new proof-of-concept 

for ECL-based field-monitoring.  

 

2. Result and discussion 

To prove the rate-accelerating effect of the formyl group, control probe, 

1, was synthesized. Probes 1 and 2 showed significant turn-on 

photoluminescence (PL) response upon reaction with thiophenol (Figure 2–4a, 

b). The reaction rates of probes 1 and 2 were compared by measuring the time-

Figure 2–4. Time-dependent measurements of the photoluminescence (PL) response (λex = 450 

nm) of probes 1 (10 µM) (a) and 2 (10 µM) (b) in the presence of thiophenol (400 µM) in 

H2O/CH3CN (1:1 v/v, pH 7.4, 10 mM HEPES). (c) Relative PL intensity changes at 613 nm for 

probe 1 (black line) and at 589 nm for probe 2 (red line) in the presence of thiophenol. (d) Relative 

PL intensity of probes 1 and 2 before (black bar) and after (red bar) the reaction with 400 μM 

thiophenol for 25 min in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). 
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dependent changes of PL in the presence of 40 equivalent of thiophenol in 

aqueous media (pH 7.4, HEPES buffer/CH3CN = 1:1, v/v). As shown in Figure 

2–4c, probe 2 reached saturation within 25 min, whereas probe 1 took 270 min 

to reach a plateau. In addition, the PL intensity of probe 2 at ~25 min after 

addition of thiophenol showed a 31-fold increase at 589 nm, while probe 1 

showed only a 4-fold increase in the PL intensity at 613 nm (Figure 2–4d). This 

indicated that the formyl group adjacent to DNP played a significant role in 

improving the reactivity of the probe. The strong electron-withdrawing formyl 

group assists in an efficient cleavage of the DNP group from the Meisenheimer 

type intermediate.145-147 It can also stabilize both the intermediate and the 

reaction product (2-PhS–) by a resonance-assisted hydrogen bond.148 Moreover, 

probe 2 exhibited stable PL emission over the pH range of 5–11 (Figure 2–5). 

These results indicated that our design concept of probe 2 was effective for the 

rapid detection of thiophenol.  

To elucidate the sensing mechanism of probe 2 for thiophenol, 1H NMR 

and MALDI-TOF analyses of probe 2 were performed in the presence of 40 

equivalent of thiophenol. As depicted in Figure 2–6a, the 1H NMR spectrum of 

the reaction mixture was identical to the superimposition of those of 2-PhS–, 

Figure 2–5. pH-dependent measurements of the PL response (λex = 450 nm) of (a) 2-PhS- and 

(b) probe 2 (10 mM) in H2O/CH3CN (1:1 v/v, pH 7.4, 10 mM HEPES). (c) Plots of the maximum 

PL intensity of 2-PhS- and probe 2 at various pHs in H2O/CH3CN (1:1 v/v). 
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2,4-dinitrophenyl phenyl sulfane (DN), and thiophenol. Next, the m/z signal of 

probe 2 was compared in the absence and presence of thiophenol by MALDI-

TOF analysis. This comparison showed that the m/z signal (1121.533) of probe 

2 disappeared and that (789.118) of 2-PhS– appeared upon the addition of 

thiophenol (Figure 2–6b). These observations indicated that the DNP group of 

probe 2 was cleaved through the SNAr reaction with thiophenol, forming 2-PhS– 

and DN. The UV-visible absorption spectra of 1-PhS-, 2-PhS-, probe 1, probe 2 

Figure 2–6. (a) Partial 1H NMR spectra of probe 2, probe 2 + PhSH (40 equiv.), DN, 2-PhS- in 

CDCl3. (b) MALDI-TOF mass spectra of probe 2 before (black) and after (red) the addition of 

thiophenol (40 equiv.).  
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and DN in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES) are shown in Figure 

2–7a. All the iridium complexes displayed intense absorption bands below 375 

nm, which correspond to spin-allowed ligand-centered (1LC) transitions. In 

addition, the weak and broad absorption bands in the range of 380-550 nm were 

assigned to metal-to-ligand charge transfer (MLCT) transitions.149 In the case 

of DN, the intense absorption band appeared around 350 nm. However, the 

absorption spectra of probes in the presence of 40 equivalent of thiophenol did 

not show any noticeable changes (Figure 2–7b, c).  

The sensitivity of probe 2 was investigated in aqueous media (pH 7.4, 10 

mM HEPES buffer/CH3CN = 1:1 v/v) by measuring the PL intensity at 589 nm 

with the concentration of thiophenol in the range of 0-300 mM. As shown in 

Figure 2–8a, the PL intensity of probe 2 increased significantly upon gradual 

addition of thiophenol until saturation was reached after the addition of more 

than 20 equivalent of thiophenol. The PL intensity showed an almost linear 

correlation (R2 = 0.962) from 0 to 15 equivalent of thiophenol as depicted in 

Figure 2–8b and thus the LOD was calculated as 39 nM (signal-to-noise (S/N) 

ratio = 3). We then conducted a competitive PL analysis of probe 2 for 

Figure 2–7. (a) Normalized UV-vis absorption spectra of 1-PhS-, 1-PhS-, 2,4-dinitrophenyl 

phenyl sulfane (DN), probe 1 and probe 2 in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). UV-

vis absorption spectra of (b) probe 1 and (c) probe 2 (10 mM) before (black) and after (red) the 

addition of 40 equivalent thiophenol in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). 
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thiophenol by adding various anions (counter ion, Na+) and biothiols. As shown 

in Figure 2–8c, the addition of a large excess (80 equivalent) of other analytes 

to probe 2 did not induce significant changes in the PL intensity. However, upon 

further addition of 40 equivalent of thiophenol to the mixtures, the intense PL 

intensities were observed. These results indicate that probe 2 is highly selective 

toward thiophenol without interference from other analytes. 

The ECL intensity of probe 2 was measured in aqueous media (pH 7.4, 

HEPES buffer/CH3CN = 1:1, v/v, 0.1 M TPrA, 0.1 M HEPES, and 0.1 M 

tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte). During 

cyclic voltammetry (CV) in the range of 0−1.6 V, no change occurred in the 

ECL intensity for probe 2. However, it did show a concentration-dependent 

increase in the ECL intensity (up to 52-fold) until more than 20 equivalent of 

thiophenol had been added (Figure 2–9a). In particular, the ECL intensity at 1.4 

V had an almost linear relationship (R2 = 0.995) with the concentration of 

thiophenol in the range of 0–200 mM (Figure 2–9b). The LOD was estimated 

Figure 2–8. PL emission spectra (λex = 450 nm) of probe 2 (10 μM) in the presence of increasing 

amount of thiophenol. (CH3CN/H2O = 1:1 v/v, pH 7.4, 10 mM HEPES) (b) Linear plot of the PL 

intensity at 589 nm upon addition of varying concentrations of thiophenol. (c) PL emission 

intensites at 589 nm (λex = 450 nm) of probe 2 (10 μM) upon addition of each analyte (800 μM) 

in the absence (black bar) and presence of 400 μM thiophenol (red bar) in CH3CN/H2O (1:1 v/v, 

pH 7.4, 10 mM HEPES), [(1) None; (2) CO32-; (3) C2O42-; (4) CN-; (5) HCO3-; (6) N3-; (7) NO3-; 

(8) OAc-; (9) F-; (10) Cl-; (11) Br-; (12) I-; (13) SO42-; (14) HS-; (15) Cys; (16) GSH; (17) Hcy]. 



50 
 

to be 3.8 nM (signal-to-noise (S/N) ratio = 3), which is superior to that (39 nM) 

determined from the PL assay. 

A competitive ECL analysis was carried out to evaluate the selectivity of 

probe 2 for thiophenol by adding various anions (counter ion, Na+) and biothiols. 

As depicted in Figure 2–9a, the addition of a large excess (80 equivalent) of 

other analytes to probe 2 did not induce any significant changes in the ECL 

intensity. However, upon the addition of 40 equivalent of thiophenol to the 

mixtures, remarkable changes in the ECL intensities were observed, except in 

the case of iodide, which is an oxidation-sensitive anion.150,151 Because 

competitive PL analysis revealed that there was no interference from anions 

including iodide in the detection of thiophenol, this result confirmed that the 

iodide anion genuinely had no effect on the PL selectivity of probe 2 but did 

affect the electrochemical process. 

Figure 2–9. (a) ECL intensities of probe 2 (10 µM) upon the addition of thiophenol in 

CH3CN/H2O (1:1 v/v, pH 7.4, 100 mM TPrA, 100 mM HEPES, and 0.1 M TBAP as the 

supporting electrolyte) while the potential is swept at a Pt disk electrode (diameter 2 mm) in the 

range 0–1.6 V (scan rate: 0.1 V/s). (b) Linear plot of the ECL intensity at 1.4 V upon addition of 

varying concentrations of thiophenol. (c) ECL intensities at 1.4 V of probe 2 (10 µM) upon 

addition of 800 μM various analytes in the absence (black bar) and presence of 400 μM 

thiophenol (red bar), [(1) None; (2) CO32-; (3) C2O42-; (4) CN-; (5) HCO3-; (6) N3-; (7) NO3-; (8) 

OAc-; (9) F-; (10) Cl-; (11) Br-; (12) I-; (13) SO42-; (14) HS-; (15) Cys; (16) GSH; (17) Hcy]. 
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Density functional theory (DFT) calculations were applied to probes 1 

and 2, and the reaction products (1-PhS– and 2-PhS–) to support the PET sensing 

mechanism (Figure 2–10). The highest occupied molecular orbitals (HOMOs) 

of probes 1 and 2 were mainly delocalized over the iridium center and phenyl 

group, and their lowest occupied molecular orbitals (LUMOs) were localized 

on the DNP group, while the LUMOs of 1-PhS– and 2-PhS– were localized 

primarily on the isoquinoline group. This strongly suggested that the turn-on 

response of probes 1 and 2 relied on the PET mechanism. In addition, 2-PhS– 

had a larger HOMO-LUMO gap than 1-PhS– because of the strongly electron-

withdrawing formyl groups on the phenyl rings of the piq ligands. These groups 

strongly stabilized the HOMO/LUMO levels (0.66 eV and 0.51 eV, 

respectively), increasing the HOMO-LUMO energy gap. This result also 

Figure 2–10. HOMO/LUMO energy levels calculated by DFT and the electronic distributions of 

probe 1, 1-PhS-, probe 2 and 2-PhS-. 
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explains the blue-shifted emission maximum of 2-PhS– (589 nm) as compared 

to that of 1-PhS– (613 nm). 

To confirm the theoretical predictions and ECL mechanism, CV and 

DPV were conducted to estimate the experimental HOMO/LUMO levels of 1-

PhS– and 2-PhS– (Table 2–1). It was found that the LUMO of DNP (–4.36 eV)152 

lay between the HOMO and LUMO levels of 1-PhS– and 2-PhS–, which implied 

that their PL would be quenched by DNP via the PET process (Figure 2–11a). 

The HOMO/LUMO energy levels of 1-PhS– and 2-PhS– were compared with 

the singly occupied molecular orbital (SOMO) energy level of the TPrA radical 

(TPrA•) and the HOMO energy level of TPrA to clarify the ECL mechanism.42 

As indicated in Figure 2–11b, the LUMO levels of 1-PhS– (–3.28 eV) and 2-

PhS– (–3.31 eV) were sufficiently lower than the SOMO level of TPrA• so that 

Table 2–1. Electrochemical properties of Ir(III)-based thiophenol probes. 

Compound 
a 0'

oxE  

(V vs Fc/Fc+) 

b 0'
redE * 

(V vs Fc/Fc+) 

00-E * 

(eV) 

1-PhS- 0.59 -1.52 2.11 

Probe 1 1.14 -1.36 2.50 

2-PhS- 1.08 -1.49 2.57 

Probe 2 1.10 -1.30 2.40 

Cyclic and differential pulse voltammetric measurements of Ir(III) complexes (1 mM) were 

performed in dichloromethane (DCM) solution with 0.1 M tetra-n-butylammonium perchlorate 

as the supporting electrolyte. aThe oxidation potentials were measured using CV at the scan rate 

of 0.1 V/s, and bthe reduction potentials were measured using DPV with the following conditions: 

pulse amplitude, 50 mV; sample width, 17 ms; pulse width, 50 mV; pulse period, 200 ms; and 

quiet time, 2 s. The values were calibrated against the oxidation of 1 mM ferrocene (Fc/Fc+) as a 

standard. 
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an electron can be smoothly transferred from TPrA• to the LUMO of 1-PhS– 

and 2-PhS-, which produced singlet excited states in both 1-PhS– and 2-PhS–. 

Additionally, it was investigated whether 1-PhS– and 2-PhS– were capable of 

oxidizing TPrA through the catalytic pathway, which is critical for the high 

efficiency of ECL. The HOMO level of 1-PhS– (–5.39 eV) was similar to that 

Figure 2–11. HOMO/LUMO energy levels calculated from CV and DPV measurements and the 

electronic distributions of 1-PhS- of and 2-PhS- to explain (a) the PET process and (b) generation 

of excited states of luminophores for ECL. 

Figure 2–12. HOMO/LUMO energy levels calculated from CV and DPV measurements and the 

electronic distributions of 1-PhS- and 2-PhS-, and generation of TPA+• through the catalytic 

pathway.  
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of TPrA (–5.38 eV), while the HOMO level of 2-PhS– (–5.88 eV) lay at a lower 

level than that of TPrA (Figure 2–12). Therefore, it was expected that 2-PhS– 

would produce TPrA• more efficiently than 1-PhS– via a smooth catalytic 

process. Ir(III) complexes with a formyl group on the main ligand exhibited 

weaker PL intensities compared to those without a formyl group.79,153-155 As 

expected, 2-PhS– exhibited much weaker PL intensity than 1-PhS–. However, 

the ECL intensity of 2-PhS– was comparable to that of 1-PhS–, which could be 

explained by the smooth catalytic process of 2-PhS– (Figure 2–13a). It is 

noteworthy that the relative maximum ECL intensities of 1-PhS– and 2-PhS– 

were about twice that of Ru(bpy)3
2+ (bpy = 2,2'-bipyridyl). Furthermore, the 

ECL efficiencies of 1-PhS– and 2-PhS– were higher than that of Ru(bpy)3
2+. The 

ECL spectrum of 2-PhS- was similar to the PL spectrum of 2-PhS-, which 

indicates that the ECL signal genuinely originated from 2-PhS- (Figure 2–13b). 

The ECL assay coupled with probe 2 was applied to the quantification of 

thiophenol in real water samples by the standard addition method. 

Environmental water samples were collected from the Han River in Seoul and 

all ECL measurements were performed in the same manner as described above. 

The concentration of the diluted analytical solution was determined by 

Figure 2–13. (a) Comparison of relative PL (black bar) and ECL (red bar) intensities of 1-PhS- 

and 2-PhS- in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES for PL and 0.1 M TPrA, 0.1 M 

HEPES, 0.1 M TBAP for ECL). Taking PL intensity, ECL intensity of Ru(bpy)32+ as 1. (b) 

Comparison of relative PL spectrum and ECL spectrum of 2-PhS-. 
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comparing the ECL intensity with the titration curve in Figure 2–9b. The actual 

sample concentrations before dilution were successfully calculated by 

multiplying with the dilution factor (2.5) (Table 2–2). Probe 2 showed good 

recovery of thiophenol in the range from 96% to 98%. All these results revealed 

that the present ECL system has great potential for field-monitoring of 

thiophenol in real samples. 

 

3. Conclusion 

In conclusion, a turn-on cyclometalated Ir(III) complex-based ECL 

chemodosimeter was developed for the detection of thiophenol. To the best of 

our knowledge, this is the first example of thiophenol detection based on ECL. 

Table 2–2. Quantification of thiophenol in water samples from the Han River.a,b 

[PhSH]c 
Rel. ECL intensity 

(Experiment) (n=3) 

Rel. ECL intensity 

(Calculation) 
Recovery (%) 

0 µM 0.0031 ± 0.0002 - - 

50 µM 0.1174 ± 0.0021 0.1216 95.94 ± 1.72% 

100 µM 0.2152 ± 0.0053 0.2218 97.12 ± 2.40% 

200 µM 0.4151 ± 0.0107 0.4222 98.20 ± 2.53% 

aAll ECL intensities of probe 2 (10 µM) were measured during the cyclic voltammetry (CV) 

process in the range of 0−1.6 V vs. Ag/AgCl (scan rate: 0.1 V/s). bAnalytical solutions were 

prepared by diluting  0.8 mL of Han River samples containing various concentrations of 

thiophenol by 0.2 mL of 1.0 M HEPES buffer (pH 7.41, 1.0 M TPrA) and 1.0 mL of 0.20 M 

TBAP in acetonitrile. cConcentration of thiophenol in Han River samples. 
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Probe 2 was rationally designed to improve the reactivity toward thiophenol 

without loss of selectivity. The present system showed superior sensitivity and 

a lower LOD value (3.8 nM) compared to the values obtained by the 

conventional PL methods. In addition, probe 2 could be successfully used for 

the quantification of thiophenol in real water samples, which provides a new 

proof-of-concept for field-monitoring based on ECL. It is expected that our 

strategy will be helpful for developing ECL-based analysis systems for the 

detection of other biologically and environmentally important small molecules. 

 

4. Experimental section 

4.1. Materials and instruments 

All reagents were purchased from either TCI (Tokyo Chemical Industry, Tokyo, 

Japan), Alfa (Alfa Aesar, MA, USA) or Sigma-Aldrich (Sigma-Aldrich Corp., 

MO, USA). All reagents were used without further purification. Deuterated 

solvents for NMR spectra were acquired from CIL (Cambridge Isotopic 

Laboratories, Ma, USA). Analytical thin-layer chromatography was carried out 

with Kiesegel 60F-254 plates of Merck. Column chromatography was 

performed on silica gel 60 (230-400 mesh) from SILICYCLE. High-resolution 

mass spectral (HRMS) data (JEOL, JMS-700) with fast atom bombardment 

(FAB) positive mode were received directly from the National Center for Inter-

University Research Facilities (NCIRF). Mass spectra were recorded with 

MALDI-TOF Microflex from Bruker. 1H and 13C NMR spectra were recorded 

in CDCl3 or DMSO-d6 using a Bruker Avance DPX-300 or Varian/Oxford As-

500 instrument. All chemical shifts were reported in parts per million (ppm) 
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using the residual proton signals of deuterated solvents as an internal reference. 

All absorption spectra were obtained on a JASCO V-730 spectrometer, and 

fluorescence spectra were obtained on a JASCO FP-6500 spectrometer and a 

SpectraMax M2 spectrophotometer. The bandwidth of all spectrometers for 

excitation and emission was fixed to 5 nm except for the SpectraMax M2 

spectrophotometer (sensitivity: high). For photophysical experiments, 2 mM 

stock solutions of probes 1 and 2 were prepared in DMSO and diluted with 

acetonitrile (CH3CN). Various analyte stock solutions were prepared in 

deionized water and diluted to 10 mM concentration, while thiophenol was 

dissolved and diluted with acetonitrile. 

4.2. Electrochemical and electrochemiluminescent (ECL) 

measurement 

Electrochemical studies were performed with a CH Instruments 660 

Electrochemical Analyzer (CH Instruments, Inc., TX, USA). Cyclic 

voltammetry (CV) was applied to individual solutions in order to investigate 

electrochemical properties with a CH Instruments 650B Electrochemical 

Analyzer (CH Instruments, Inc., TX, USA).  Electrochemical properties were 

examined by cyclic voltammetry (CV) with a scan rate of 0.1 V/s, and 

differential pulse voltammetry (DPV) with the following conditions: sample 

width, 17 ms; pulse amplitude, 50 mV; pulse width, 50 mV; pulse period, 200 

ms; and quiet time, 2 s. All potential values were adjusted relative to the 

ferrocene/ferrocenium (Fc/Fc
+) redox couple by measuring the oxidation 

potential of 1 mM ferrocene (vs Ag/Ag+) as a standard. 
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The ECL intensity profile was obtained using a low-voltage 

photomultiplier tube module (H-6780, Hamamatsu photonics K.K., Tokyo, 

Japan) during the cyclic voltammetry process in the range of 0−1.6 V vs. 

Ag/AgCl (scan rate: 0.1 V/s). A 25 mL volume ECL cell was directly mounted 

on the PMT module with home-made mounting support during the experiments. 

The ECL spectrum was obtained by measuring ECL intensities with a series of 

optical filters (550, 580, 600, 620, 650, 670 and 690 nm).156,157 All the ECL data 

were collected by the simultaneous cyclic voltammetry in the solution. The 

ECL solutions commonly contained 100 mM TPrA (tripropylamine, Sigma-

Aldrich, MO, USA) and 0.1 M tetrabutylammonium perchlorate (TBAP, TCI) 

as the supporting electrolyte in acetonitrile (CH3CN, spectroscopy grade, 

ACROS). Especially, TPrA was selected and used as an ECL co-reactant. All 

the electrochemical and ECL experiments were referenced with respect to an 

Ag/Ag+ reference electrode in organic solvents, or to an Ag/AgCl reference 

electrode in aqueous solution. Cyclic voltammetry for ECL experiments was 

applied to the solutions at the scan rate of 0.1 V/s. The electrochemical and ECL 

solutions were freshly prepared in each experiment, and Pt working electrode 

was polished with 0.05 mm alumina (Buehler, IL, USA) on a felt pad. Then the 

electrode was blown by ultra-pure N2 gas for 1 min. A single solution was only 

used for one experiment and discarded after collecting data. The reported ECL 

values were obtained by averaging the values from at least three experiments 

with a good reliability. 
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4.3. Synthesis of the probes 

Synthesis of 3 : A mixture of 1-bromo-4-methoxybenzene (1 g, 5.35 

mmol), bis(pinacolato)diboron (1.49 g, 5.88 mmol), [1, 1′-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (131 mg, 0.16 mmol) 

and KOAc (1.51 g, 16.05 mmol) was dissolved in 1,4-dioxane (50 mL) and 

stirred at 80°C for 3 h. After cooling down to room temperature, the solvent 

was removed under reduced pressure, re-dissolved with dichloromethane 

(CH2Cl2), and filtered through celite. The combined organic phase was washed 

with H2O and brine, dried over anhydrous Na2SO4, and concentrated in vacuo. 

The residue was purified by silica gel column chromatography (ethyl 

acetate/hexane = 1:10) to give compound 3 (1.05 g, 84% yield). 300 MHz 1H 

Scheme 2–2. a) Pd(dppf)Cl2, bis(pinacolato)diboron, KOAc, 1,4-dioxane, 90°C; b) Pd(PPh3)4, 

NaHCO3, THF, H2O, 80°C; c) IrCl3·xH2O, 2-ethoxyethanol, H2O, 100°C; d) BBr3, DCM, 0°C 

→ r.t; e) acetylacetone, Na2CO3, 2-ethoxyethanol, 80°C; f) 1-chloro-2,4-dinitrobenzene, K2CO3, 

DMF, 100°C. (Pd(dppf)Cl2 = [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II), 

KOAc = potassium acetate, THF = tetrahydrofuran, DCM = dichloromethane, DMF = 

dimethylformamide) 
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NMR (CDCl3): δ 7.78 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 3.85 (s, 

3H), 1.36 (s, 12 H). 

 

Synthesis of 4: Compound 3 (500 mg, 2.14 mmol), 1-chloroisoquinoline 

(349 mg, 2.14 mmol), Pd(PPh3)4 (74 mg, 64 mmol) and NaHCO3 (899 mg, 10.7 

mmol) were dissolved in a mixture of THF (21 mL) and H2O (7 mL) and stirred 

at 80°C overnight. After cooling down to room temperature, the reaction 

mixture was extracted with dichloromethane (CH2Cl2). The combined organic 

phase was washed with H2O and brine, and dried over anhydrous Na2SO4, and 

concentrated in vacuo. The residue was purified by silica gel column 

chromatography (ethyl acetate/hexane = 1:5) to give compound 4 (322 mg, 64% 

yield). 300 MHz 1H NMR (CDCl3): δ 8.61 (d, 1 H, J = 5.7 Hz), 8.17 (d, 1H, J 

= 8.5 Hz), 7.90 (d, 1H, J = 8.2 Hz), 7.74-7.54 (3H, m), 7.64 (d, 1H, J = 5.7 Hz), 

7.56 (t, 1H, J = 7.1 Hz), 7.10 (d, 2H, J = 8.6 Hz), 3.93 (s, 3H). 

Synthesis of 5: Compound 4 (176 mg, 0.75 mmol) and iridium chloride 

hydrate (95 mg, 0.32 mmol) were dissolved in a mixture of 2-ethoxyethanol (6 

mL) and H2O (2 mL). The reaction mixture was stirred at 100°C for 24 h. After 

cooling down to room temperature, water was poured into the reaction mixture. 

Then, a red precipitate was filtered, washed with H2O, hexane, and dried in 

vacuo to give a crude cyclometalated Ir(III) chloro-bridged dimer (5) (152 mg, 

68% yield). Compound 5 was used for the next step without further purification. 

300 MHz 1H NMR (DMSO-d6): δ 9.66 (d, J = 6.5 Hz, 2H), 9.48 (d, J = 6.5 Hz, 

2H), 8.83 (dd, J = 18.4, 8.5 Hz, 4H), 8.23 – 8.08 (m, 8H), 7.96 – 7.78 (m, 12H), 

6.65 (dd, J = 8.7, 2.2 Hz, 2H), 6.53 (dd, J = 8.8, 2.2 Hz, 2H), 5.77 (d, J = 2.2 

Hz, 2H), 5.01 (d, J = 2.1 Hz, 2H), 3.41 (s, 6H), 3.17 (s, 6H). 
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Synthesis of 1-PhS-: Crude product 5 (147 mg, 0.11 mmol) was 

dissolved in 10 mL anhydrous dichloromethane (CH2Cl2), and the solution was 

cooled to 0°C in a nitrogen atmosphere. Then BBr3 (0.63 mL, 1.0 M solution 

in CH2Cl2) was slowly added to the solution via syringe, and the resulting 

mixture was stirred at room temperature for 18 h.  The reaction was quenched 

by the addition of MeOH (2 mL) and neutralized with saturated aqueous 

solution of NaHCO3. Then the solution was diluted with hexane (5 mL) and 

H2O (100 mL) was added with vigorous stirring. The precipitate was collected 

by filtration, washed with H2O and hexane, and dried overnight in vacuo. 

Compound 6 was used for the next step without further purification. The 

formation of compound 6 was confirmed by the disappearance of a singlet peak 

of methoxy hydrogens (δ 3.41, 3H, s/ δ 3.17, 3H, s) using 1H NMR in DMSO-

d6. Compound 6 (100 mg, 75 mmol), acetylacetone (38 mL, 0.37 mmol), and 

Na2CO3 (40 mg, 0.37 mmol) were dissolved in 2-ethoxyethanol (5 mL) and 

stirred at 80°C for 2 h. After cooling down to room temperature, volatiles were 

evaporated and re-dissolved with dichloromethane (CH2Cl2). The solution was 

washed with H2O and brine, and dried over anhydrous Na2SO4, and 

concentrated in vacuo. The residue was purified by silica gel column 

chromatography (dichloromethane/methanol = 50:1) to afford compound 1-

PhS- (47 mg, 43% yield). 300 MHz 1H NMR (DMSO-d6): δ 9.13 (s, 2H), 8.91 

(d, J = 8.1 Hz, 2H), 8.25 (d, J = 6.3 Hz, 2H), 8.09 (d, J = 8.7 Hz, 4H), 7.82 (dd, 

J = 9.3, 5.4 Hz, 4H), 7.65 (d, J = 6.4 Hz, 2H), 6.36 (dd, J = 8.6, 1.7 Hz, 2H), 

5.63 (d, J = 1.7 Hz, 2H), 5.25 (s, 1H), 1.70 (s, 6H). 75 MHz 13C NMR (DMSO-

d6): δ 184.39, 168.02, 158.00, 155.37, 140.39, 137.80, 137.20, 131.47, 131.34, 

128.55, 127.92, 126.61, 125.33, 120.23, 119.01, 108.65, 100.87, 28.74. HRMS 
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(FAB+, m-NBA): m/z observed 732.1607 (calculated for C37H27N2IrO4 [M]+ 

732.1600). 

Synthesis of probe 1: A mixture of 1-PhS- (47 mg, 64 mmol) and K2CO3 

(27 mg, 0.19 mmol) in 2 mL N,N'-dimethylformamide (DMF) was stirred at 

room temperature for 30 min. Then 1-chloro-2,4-dinitrobenezene (39 mg, 0.19 

mmol) dissolved in 0.5 mL DMF was added slowly to the mixture. The reaction 

mixture was stirred at 100°C for 1.5 h. After cooling down to room temperature, 

the solvent was removed under reduced pressure and extracted with 

dichloromethane. The organic phase was washed with H2O and brine, and dried 

over anhydrous Na2SO4, evaporated. The residue was purified by silica gel 

column chromatography (dichloromethane/methanol = 50:1) to give probe 1 

(59 mg, 87% yield). 500 MHz 1H NMR (DMSO-d6): δ 8.87 (d, J = 8.2 Hz, 2H), 

8.61 (d, J = 2.4 Hz, 2H), 8.30 (d, J = 8.8 Hz, 2H), 8.27 (d, J = 6.4 Hz, 2H), 8.02 

(d, J = 7.3 Hz, 2H), 7.82 – 7.76 (m, 4H), 7.75 (d, J = 6.3 Hz, 2H), 7.09 (d, J = 

9.2 Hz, 2H), 6.77 (d, J = 8.7 Hz, 2H), 5.58 (s, 2H), 5.32 (s, 1H), 1.75 (s, 6H). 

125 MHz 13C NMR (DMSO-d6): δ 184.99, 167.04, 155.26, 154.77, 153.65, 

143.89, 142.14, 140.50, 140.15, 137.03, 131.89, 131.87, 129.47, 129.28, 

127.87, 126.24, 125.58, 121.87, 121.86, 121.32, 121.25, 111.56, 101.12, 28.65. 

HRMS (FAB+, m-NBA): m/z observed 1064.1627 (calculated for 

C37H27N2IrO4 [M]+ 1064.1629). 
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Synthesis of 7: A mixture of 5-bromo-2-methoxybenzaldehyde (1.04 

g, 4.83 mmol), bis(pinacolato)diboron (1.35 g, 5.31 mmol), [1, 1′-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (157 mg, 0.19 mmol) 

and KOAc (1.36 g, 14.49 mmol) was dissolved in 1,4-dioxane (20 mL) and 

stirred at 80°C for 3 h. After cooling down to room temperature, the solvent 

was removed under reduced pressure, re-dissolved with dichloromethane 

(CH2Cl2), and filtered through celite. The combined organic phase was 

washed with H2O and brine, and dried over anhydrous Na2SO4, and 

concentrated in vacuo. The residue was purified by silica gel column 

chromatography (ethyl acetate/hexane = 1:10) to give compound 7 (0.928 g, 

73% yield). 300 MHz 1H NMR (CDCl3): δ 10.47 (s, 1H), 8.31 (s, 1H), 8.00 

(dd, J = 8.4, 1.5 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 3.97 (s, 3H), 1.35 (s, 12H). 

Scheme 2–3. a) Pd(dppf)Cl2, bis(pinacolato)diboron, KOAc, 1,4-bioxane, 90°C; b) Pd(PPh3)4, 

1-chloroisoquinoline, NaHCO3, THF, H2O, 80°C; c) IrCl3·xH2O, 2-ethoxyethanol, H2O, 100°C; 

d) BBr3, DCM, 0°C → r.t; e) acetylacetone, Na2CO3, 2-ethoxyethanol, 80 °C; f) 1-chloro-2,4-

dinitrobenzene, K2CO3, DMF, 100°C 
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Synthesis of 8: Compound 7 (427 g, 1.63 mmol), 1-chloroisoquinoline 

(293 mg, 1.79 mmol), Pd(PPh3)4 (57 mg, 49 mmol) and NaHCO3 (684 mg, 8.15 

mmol) were dissolved in a mixture of THF (12 mL) and H2O (4 mL) and stirred 

overnight at 80°C. After cooling down to room temperature, the reaction 

mixture was extracted with dichloromethane (CH2Cl2). The combined organic 

layer was washed with H2O and brine, and dried over anhydrous Na2SO4, and 

concentrated in vacuo. The residue was purified by silica gel column 

chromatography (ethyl acetate/hexane = 5:1) to give compound 8 (380 mg, 81% 

yield). 500 MHz 1H NMR (CDCl3): δ 10.56 (s, 1H), 8.59 (d, J = 5.7 Hz, 1H), 

8.20 (d, J = 2.3 Hz, 1H), 8.07 (d, J = 8.5 Hz, 1H), 7.98 (dd, J = 8.6, 2.3 Hz, 1H), 

7.89 (d, J = 8.2 Hz, 1H), 7.73 – 7.68 (m, 1H), 7.65 (d, J = 5.6 Hz, 1H), 7.56 (dd, 

J = 11.3, 4.1 Hz, 1H), 7.19 (d, J = 8.6 Hz, 1H), 4.04 (s, 3H). 

Synthesis of 9: Compound 8 (380 mg, 1.44 mmol) and iridium chloride 

hydrate (210 mg, 0.70 mmol) were dissolved in a mixture of 2-ethoxyethanol 

(20 mL) and H2O (6 mL). The reaction mixture was stirred at 100°C for 24 h. 

After cooling down to room temperature, water was poured into the reaction 

mixture. Then, a red precipitate was filtered, washed with H2O and hexane, and 

dried in vacuo to give a crude cyclometalated Ir (III) chloro-bridged dimer (8) 

(412 mg, 76% yield). Compound 9 was used for the next step without further 

purification. 300 MHz 1H NMR (DMSO-d6): δ 10.18 (s, 2H), 10.10 (s, 2H), 

9.72 (d, J = 6.4 Hz, 2H), 9.52 (d, J = 6.5 Hz, 2H), 8.80 (dd, J = 14.5, 8.2 Hz, 

4H), 8.50 (s, 2H), 8.42 (s, 2H), 8.31 – 8.21 (m, 4H), 8.10 (d, J = 6.4 Hz, 2H), 

8.01 – 7.94 (m, 10H), 6.06 (s, 2H), 5.10 (s, 2H), 3.29 (s, 6H), 2.87 (s, 6H). 

Synthesis of 2-PhS-: The crude product 9 (201 mg, 0.13 mmol) was 

dissolved in 10 mL anhydrous dichloromethane (CH2Cl2), and the solution was 
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cooled to 0°C in a nitrogen atmosphere. Then BBr3 (0.8 mL, 1.0 M solution in 

CH2Cl2) was slowly added to the solution via syringe, and the resulting mixture 

was stirred at room temperature for 18 h. The reaction was quenched by the 

addition of MeOH (2 mL) and neutralized with saturated solution of NaHCO3. 

Then the solution was diluted with hexane (5 mL) and H2O (80 mL) was added 

with vigorous stirring. The precipitate was collected by filtration, washed with 

H2O and hexane, and dried overnight in vacuo. Compound 10 was used for the 

next step without further purification. The formation of compound 10 was 

confirmed by the disappearance of a singlet peak of methoxy protons (δ 3.93, 

3H, s/ δ 2.87, 3H, s) using 1H NMR in DMSO-d6. Compound 10 (130 mg, 90 

mmol), acetylacetone (46 mL, 0.45 mmol), and Na2CO3 (48 mg, 0.45 mmol) 

were dissolved in 2-ethoxyethanol (5 mL) and stirred at 80°C for 2 h. After 

cooling down to room temperature, volatiles were evaporated and re-dissolved 

with dichloromethane (CH2Cl2). The solution was washed with H2O, brine, and 

dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by silica gel column chromatography (dichloromethane/methanol = 

50:1) to afford 2-PhS- (116 mg, 82% yield). 500 MHz 1H NMR (DMSO-d6): δ 

10.57 (s, 2H), 10.02 (s, 2H), 8.98 – 8.95 (m, 2H), 8.53 (s, 2H), 8.27 (d, J = 6.3 

Hz, 2H), 8.18 – 8.15 (m, 2H), 7.91 (dd, J = 6.1, 2.9 Hz, 4H), 7.84 (d, J = 6.3 

Hz, 2H), 5.81 (s, 2H), 5.29 (s, 1H), 1.72 (s, 6H). 125 MHz 13C NMR (DMSO-

d6): δ 192.16, 185.16, 167.56, 166.21, 160.55, 140.13, 139.61, 137.30, 132.03, 

130.98, 129.58, 128.38, 126.11, 125.52, 121.14, 121.04, 117.24, 101.07, 28.60. 

HRMS (FAB+, m-NBA): m/z observed 788.1496 (calculated for C37H27N2IrO4 

[M]+ 788.1499). 



66 
 

Synthesis of probe 2: A mixture of 2-PhS- (116 mg, 0.15 mmol) and 

K2CO3 (61 mg, 0.44 mmol) in 3 mL N,N'-dimethylformamide (DMF) was 

stirred at room temperature for 30 min. Then 1-chloro-2,4-dinitrobenezene (89 

mg, 0.44 mmol) was dissolved in 1mL DMF and added slowly to the mixture. 

The reaction mixture was stirred at 100°C for 1.5 h. After cooling down to room 

temperature, the solvent was removed under reduced pressure and extracted 

with dichloromethane. The organic phase was washed with H2O and brine, and 

dried over anhydrous Na2SO4, evaporated. The residue was purified by silica 

gel column chromatography (dichloromethane/methanol = 50:1) to give 

compound 2 (51 mg, 30% yield). 500 MHz 1H NMR (CDCl3): δ 10.20 (s, 2H), 

8.86 (d, J = 8.4 Hz, 2H), 8.70 (s, 2H), 8.49 (s, 2H), 8.18 (d, J = 6.3 Hz, 2H), 

8.00 (d, J = 6.4 Hz, 2H), 7.83 (t, J = 7.6 Hz, 4H), 7.78 – 7.74 (m, 2H), 7.47 (d, 

J = 6.3 Hz, 2H), 6.98 (d, J = 9.0 Hz, 2H), 5.52 (s, 2H), 5.28 (s, 1H), 1.79 (s, 

6H). 125MHz 13C NMR (DMSO-d6): δ 188.45, 185.52, 167.46, 165.66, 155.83, 

152.79, 144.34, 142.82, 140.64, 139.91, 137.11, 136.78, 132.44, 130.78, 

130.01, 129.58, 127.98, 125.75, 125.59, 123.08, 122.42, 121.85, 120.96, 

120.39, 28.53. HRMS (FAB+, m-NBA): m/z observed 1121.1611 (calculated 

for C37H27N2IrO4 [M]+ 1121.1606). 
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Section 3. Highly Selective Electrochemiluminescent 

Chemosensor for Sulfide Enabled by Hierarchical Reactivity 

A part of this section was published in Analytical Chemistry.158 

 

1. Introduction  

Hydrogen sulfide (H2S) is a signaling molecule which plays an important role 

in various biological processes including apoptosis, inflammation, 

angiogenesis, vasodilation, and neuromodulation.105 As an anaerobic 

decomposition product of organic materials, it is also produced primarily in oil 

and gas industries, agriculture, sewage, and animal waste disposal.106 Following 

carbon monoxide, it is the second most toxic gas causing mortality in 

humans.106,107 Chronic exposure to low concentrations of H2S leads to disorders 

of the central nervous, respiratory, cardiovascular, and ocular systems.108 

However, inhalation of more than 500 ppm H2S can cause permanent brain 

damage, coma, or even death.109 According to the World Health Organization, 

the maximum permissible concentration of H2S in drinking water is 1.47 μM.110 

Therefore, the development of a real-time and accurate detection method for 

H2S is necessary. 

Various H2S detection methods, such as gas chromatography,159,160 high-

pressure liquid chromatography,161-163 and electrochemical analysis,164-166 have 

been developed to date. Fluorometric167-170 and colorimetric171-173 assays using 

a single-molecule receptor or probe are of particular interest because of their 

high sensitivity, selectivity, and rapid detection. However, these conventional 
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methods are not suitable for the real-time detection of H2S, because they require 

bulky equipment, complicated procedures, and specific conditions. Recently, 

the electrochemiluminescence (ECL) assay has received much attention 

because of its high sensitivity and low background signal. Furthermore, it does 

not require complicated procedures, complex conditions, or large equipment for 

analysis.1,13,174,175 Therefore, the ECL sensing system is considered a powerful 

technique for on-site real-sample monitoring, and several research groups have 

recently sought to develop systems that combine ECL analysis and 

chemosensors.77-80,83,84,86,111,112,117,118,120-122,176-182 In this regard, an ECL-based 

detection system in combination with a molecular probe represents a viable 

option for the development of an efficient on-site H2S sensing system. 

Thus far, several ECL chemosensors for detection of H2S based on metal 

displacement, reduction, and nucleophilic substitution reactions have been 

developed. A ruthenium(II) complex appended with a dipicolylamine-Cu2+ 

complex was reported by Ye et al.111 Hong et al. have developed three ECL 

probes for H2S based on iridium(III) complexes.78,83,84 However, despite their 

satisfactory performance in the detection of H2S, their applicability is limited 

because of the requirement for additional electrode modification procedures, a 

turn-off response, the requirement for a non-aqueous sensing medium, and low 

selectivity at low concentrations. Therefore, new ECL probes are required to 

address these drawbacks and satisfy the demand for rapid, sensitive, and 

selective detection of H2S. 

Herein, we report a new ECL probe 1 for selective detection of H2S over 

various analytes including biothiols, based on a cyclometalated iridium(III) 

complex employing two 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) groups with 
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hierarchical reactivity. Probe 1 displayed a rapid reaction rate, high sensitivity, 

and remarkable selectivity toward H2S, suggesting the possibility for field 

monitoring. To the best of our knowledge, our ECL H2S analysis system 

represents the first strategy for removing nonspecific background signals 

observed in fluorescence analysis. 

 

2. Result and discussion 

The probes have two components: (i) [Ir(ppy)2pip][PF6] (ppy = 2-

phenylpyridine, pip = 2-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline) 

chosen as the ECL luminophore,85,183 and (ii) an NBD group, a well-known 

strong electron acceptor, introduced into the ancillary ligand as a photo-induced 

electron transfer (PeT) quencher as well as a reaction site for HS–.184  

According to our design strategy, the phosphorescence and ECL of probe 

1 are quenched using two NBD groups on the ancillary ligand via a PeT process. 

Assuming that the C-O bond between NBD and phenoxy O is more polarized 

and sterically less hindered than the C-N bond between NBD and imidazole N, 

two NBD moieties of probe 1 are removed sequentially via the SNAr 

mechanism, whereby the latter is cleaved only by the more nucleophilic H2S 

rather than by biothiols. Complete removal of the NBD groups from 1 by H2S 

restores the molecular structure of 1-HS– as well as its phosphorescence and 

ECL. Moreover, the high ECL selectivity of probe 1 toward H2S is expected 

because of the ECL-inactive nature of the other reaction products, such as P1-

NBD, NBD-biothiols (biothiols = cysteine (Cys), homocysteine (Hcy), and 
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glutathione (GSH)), and NBD-SH (Scheme 2–4a). To prove our hypothesis, we 

designed probe 2, which lacks the NBD group at imidazole N. 

Based on our design strategy, we propose that probe 1 selectively detects 

HS– in combination with ECL analysis (Scheme 2–4b). Probe 1 is expected to 

react rapidly with HS– via SNAr to generate 1-HS–. Then, 1-HS– is directly 

oxidized on the GC electrodes to form (1-HS–)+•, which enters the excited state 

(1-HS–)* by accepting an electron from the 2-(dibutylamino)ethanol radical 

(DBAE•), thereby emitting red ECL.  

We first measured the UV-vis and PL spectra of the probes in the absence 

and presence of HS– (Figure 2–14). The strong absorption bands below 330 nm 

Scheme 2–4. (a) A design strategy of probe 1 for discriminating H2S over Cys, Hcy and GSH. 

(b) The proposed sensing mechanism of probe 1 for detection of H2S through ECL analysis. 

Figure 2–14. UV-vis absorption (dashed line) and PL spectra (solid lines) of (a) probe 1 (10 µM) 

and (b) probe 2 (10 µM) before (black) and after (red) the addition of 5 equiv. HS– in CH3CN/H2O 

(1:1 v/v, pH 7.4, 10 mM HEPES). 
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were assigned to the spin-allowed ligand-centered (1LC) transitions of the ppy 

and pip ligands. The moderate and broad absorption bands in the range of 350–

520 nm were assigned to mixing of the metal-to-ligand charge transfer (1MLCT 

and 3MLCT) transitions and ligand-to-ligand charge-transfer (3LLCT and 
1LLCT) and ligand-centered (3LC) transitions.185 After the addition of HS–, a 

strong absorption band centered at 545 nm appeared, accompanied by a color 

change from light yellow to hot pink, which has been observed in many NBD-

based H2S probes.186 Probes 1 and 2 were essentially non-luminescent due to 

the effective quenching ability of the NBD moiety. As expected, the PL 

Figure 2–15. (a) Normalized UV-vis absorption spectra of probe 1 in the presence of increasing 

amount of H2S. (b) The normalized absorbance changes of probe 1 at 545 nm upon the addition 

of H2S. Inset: A linear correlation between the normalized absorbance at 545 nm and 

concentrations of H2S.  (c) UV-vis absorption spectra and (d) normalized absorbance at 545 nm 

of probe 1 in the presence of various analytes (100 μM each; 50 μM for H2S). Media, 

CH3CN/H2O, 1:1 v/v, pH 7.4, 10 mM HEPES; (1) None; (2) F-; (3) Cl-; (4) Br-; (5) C2O42-; (6) 

CN-; (7) CO32-; (8) HCO3-; (9) N3-; (10) NO3-; (11) AcO-; (12) PO43-; (13) SO42-; (14) Cys; (15) 

Hcy; (16) GSH; (17) HS-. Inset: Their corresponding photographs taken under ambient light. 
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intensity of probes 1 and 2 after the addition of 50 μM (5 equiv.) HS– showed a 

44- and 15-fold increase at 600 nm, respectively. Subsequently, absorption 

titration experiments for probes 1 and 2 were conducted using HS–. The 

absorbance at 545 nm increased linearly with the concentration of HS– up to 6 

and 4 equiv. for 1 and 2, respectively, and the corresponding limits of detection 

(LOD, signal-to-noise ratio = 3) were calculated to be 0.73 μM and 1.29 μM, 

respectively (Figure 2–15a, b and 2–16a, b). The PL intensity of 2 at 600 nm 

also exhibited a linear correlation with the concentration of HS– up to 4 equiv.; 

thus, the LOD for HS– as low as 0.12 μM (Figure 2–18a, b). By contrast, a non-

Figure 2–16. (a) Normalized UV-vis absorption spectra of probe 2 in the presence of increasing 

amount of H2S. (b) The normalized absorbance changes of probe 2 at 545 nm upon the addition 

of H2S. Inset: A linear correlation between the normalized absorbance at 545 nm and 

concentrations of H2S. (c) UV-vis absorption spectra and (d) normalized absorbance at 545 nm 

of probe 2 in the presence of various analytes (100 μM each; 50 μM for H2S). Media, 

CH3CN/H2O, 1:1 v/v, pH 7.4, 10 mM HEPES; (1) None; (2) F-; (3) Cl-; (4) Br-; (5) C2O42-; (6) 

CN-; (7) CO32-; (8) HCO3-; (9) N3-; (10) NO3-; (11) AcO-; (12) PO43-; (13) SO42-; (14) Cys; (15) 

Hcy; (16) GSH; (17) HS-. 
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linear titration curve was observed for 1, which reached a plateau (53-fold 

enhancement) after the addition of 6 equiv. of HS– (Figure 2–17a). We 

hypothesized that this behavior is due to the presence of intermediate species 

(P1-NBD). Indeed, assuming that (1) two NBD moieties were successively 

disconnected via (2) a bimolecular reaction of probe 1 and HS– and that (3) the 

overall intensity could be described as a linear combination of the 

concentrations of three iridium complexes (1, P1-NBD, 1-HS–), the titration 

curve was successfully fitted using parameters n, k1/k2, IA, IB, and IC (Figure 2–

Figure 2–17. (a) PL emission spectra (λex = 400 nm) of probe 1 (10 μM) with increasing HS– 

concentrations in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES) (b) PL intensity changes of 

probe 1 at 600 nm upon the addition of HS–. Inset: A linear correlation between log(PL intensity 

at 600 nm) and log([HS–]/μM). (c) PL emission spectra (λex = 400 nm) of probe 1 (10 μM) in the 

presence of various analytes (100 μM each; HS–, 50 μM) in CH3CN/H2O (1:1 v/v, pH 7.4, 10 

mM HEPES). (d) PL emission intensities at 600 nm of probe 1 (10 µM) upon the addition of 100 

μM analytes and 50 μM HS–, [(1) None; (2) F-; (3) Cl-; (4) Br-; (5) C2O42-; (6) CN-; (7) CO32-; (8) 

HCO3-; (9) N3-; (10) NO3-; (11) AcO-; (12) PO43-; (13) SO42-; (14) Cys; (15) Hcy; (16) GSH; (17) 

HS–]. Inset: Their corresponding photographs taken under 365 nm UV irradiation. 
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19). The ratios of the intensity parameters (IC/IA and IC/IB) were in accordance 

with the turn-on ratios of 1 and 2, and k1/k2 suggested that the first cleavage 

reaction was much faster than the second one. Although the model could not 

completely describe the actual reaction that occurred, the reaction was 

confirmed to comprise two separate steps with different rate constants. 

Meanwhile, a linear correlation between log(PL intensity at 600 nm) and 

log([HS–]/μM) was obtained, and the corresponding LOD was calculated to be 

1.08 μM (Figure 2–17b). Thereafter, the selectivity of the probes toward HS– 

was evaluated. The absorbance at 545 nm selectively increased with the 

addition of HS–, and the change was linearly dependent on the concentration of 

Figure 2–18. (a) PL spectra of probe 2 (10 μM) in the presence of increasing amount of H2S. (b) 

PL intensity changes of probe 2 at 600 nm upon the addition of H2S. Inset: A linear correlation 

between PL intensity at 600 nm and concentrations of H2S. (c) PL emission spectra and (d) PL 

emission intensities at 600 nm of probe 2 (10 μM) in the presence of various analytes (100 μM 

each; 50 μM for H2S). Media, CH3CN/H2O 1:1 v/v, pH 7.4, 10 mM HEPES; λex = 400 nm; (1) 

None; (2) F-; (3) Cl-; (4) Br-; (5) C2O42-; (6) CN-; (7) CO32-; (8) HCO3-; (9) N3-; (10) NO3-; (11) 

AcO-; (12) PO43-; (13) SO42-; (14) Cys; (15) Hcy; (16) GSH; (17) HS-. 
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HS–. However, other analytes in excess (10 equiv.) failed to induce any 

significant change at 545 nm (Figure 2–15c, d and 2–16c, d), indicating high 

selectivity of 1 and 2 for HS– in UV-vis analysis. However, as shown in Figure 

2–17c and Figure 2–18c, the PL spectra of 1 and 2 were considerably altered 

upon the addition of N3
- and biothiols; this was attributed to the formation of 

strongly fluorescent NBD-biothiols and NBD-N3.184 Therefore, the probes were 

incapable of discriminating HS– from other analytes in PL analysis (Figure 2–

17d and Figure 2–18d). 

To obtain a deeper understanding of the sensing mechanism, 1H NMR 

experiments with probe 1 were performed. In Figure 2–20a, the 1H NMR 

signals of probe 1 + HS– are compared with those of 1-HS– + HS–; they clearly 

indicate that HS– converted 1 into 1-HS– and NBD-SH. In addition, MALDI-

TOF analyses of probe 1 with various thiols were performed (Figure 2–20b). 

As expected, the m/z signal at 1139.8, corresponding to probe 1, disappeared 

and that at 813.5, corresponding to 1-HS–, appeared in the presence of HS–. In 

contrast, the reaction of probe 1 with biothiols barely proceeded, and only a 

small amount of P1-NBD was formed. These results demonstrate that the two 

NBD groups of probe 1 were completely cleaved only in the presence of HS–. 

Figure 2–19. (a) PL intensity of 1 after reaction with H2S fitted with the equation Itotal = 

IA[1]+IB[P1-NBD]+IC[1-HS-]. (b) The calculated individual concentrations when the reaction 

was completed. 
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Finally, we verified the practical applicability of the probes in terms of 

detection speed and pH susceptibility. The PL intensity of the probes (10 μM) 

with 50 μM HS– reached saturation within 2 min, whereas those with 100 μM 

biothiols required 30 min to 1 h to reach a plateau (Figure 2–21a, b). Moreover, 

probe 1 successfully responded to HS– in the physiological pH range of 6–8; 

furthermore, the lack of PL changes in probe 1 over a wide pH range of 5–10 

confirmed its high stability in aqueous media (Figure 2–21c). The weaker HS– 

responses under acidic and basic conditions are presumably due to the low 

Figure 2–20. (a) Partial 1H NMR spectra of probe 1, 1-HS-, 1-HS- + 4 eq. HS-, and probe 1 + 4 

eq. HS- in acetone-d6. (b) MALDI-TOF mass spectra of probe 1 before (black) and after the 

additions of 10 eq. biothiol (yellow, Cys; blue, Hcy; green, GSH) or 5 eq. HS- (red).  
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reactivity of HS– and the deprotonation-induced quenching of 1-HS–,187,188 

respectively. 

To verify the applicability to the ECL analysis, the electrochemical 

analysis was performed for probe 1-HS–. The electrochemical data are 

summarized in Table 2–3. As indicated in Figure 2–22a, the lowest unoccupied 

molecular orbital (LUMO) energy level of 1-HS– (−3.11 eV) was sufficiently 

Figure 2–21. Time-dependent changes of PL intensity at 600 nm for (a) probe 1 and (b) probe 2 

after the addition of 10 eq. biothiols (red, Cys; blue, Hcy; green, GSH) or 5 eq. HS- (black). 

Media, H2O/CH3CN, 1:1 v/v, pH 7.4, 10 mM HEPES; λex = 400 nm. (c) Maximum PL intensities 

of probe 1 at various pH in the absence or presence of H2S (50 µM). Media, H2O/CH3CN, 1:1 

v/v, pH 7.4, 10 mM HEPES; λex = 400 nm. 

Table 2–3. Electrochemical properties of 1-HS-, NBD-Cl, and DBAE.a 

Compound 
a 0'

oxE  

(V vs Fc/Fc+) 

b 0'
redE * 

(V vs Fc/Fc+) 

00-E * 

(eV) 

1-HS- 0.79 −1.69 2.47 

NBD-Cl 0.10 −0.72 0.82 

DBAE 0.46 - - 

aCyclic voltammetric measurements of compounds (1 mM) were performed in dichloromethane 

(DCM) solution with 0.1 M tetra-n-butylammonium perchlorate as the supporting electrolyte at 

the scan rate of 0.1 V/s. The values were calibrated against the oxidation of 1 mM ferrocene 

(Fc/Fc+) as a standard.  
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lower than the singly occupied molecular orbital (SOMO) level of the DBAE 

radical (DBAE•); this allowed an electron to be spontaneously transferred from 

the SOMO of DBAE• to the LUMO of 1-HS– to form the excited state for ECL 

emission. Furthermore, the highest occupied molecular orbital (HOMO) energy 

level of 1-HS– (−5.58 eV) was lower than that of DBAE, which enabled the 

oxidation of DBAE through the catalytic process for efficient generation of 

DBAE+•.42 Thus, probe 1 is expected to possess a high ECL efficiency. 

Moreover, the relative LUMO level of NBD (−4.08 eV) located between the 

HOMO (−5.58 eV) and LUMO (−3.11 eV) levels of 1-HS– suggested that the 

phosphorescence of probes 1 and 2 would be quenched by the NBD group via 

the PeT process (Figure 2–22b). 

Density functional theory (DFT) calculations were performed for probe 

1 and 1-HS– using the Gaussian 09 package to determine the structure of the 

Figure 2–22. (a) HOMO/LUMO energy level of 1-HS– calculated from CV measurements and 

the electronic distributions of 1-HS– to explain generation of DBAE+• through the catalytic 

pathway and excited state of 1-HS– for ECL. (b) The HOMO/LUMO energy levels of 1-HS- and 

LUMO energy level of NBD calculated from the CV measurements and the electronic 

distributions of 1-HS- to explain the PeT quenching process. 
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molecular orbitals. The LANL2DZ basis set was used for the iridium atom, 

while the 6-31G(d,p) basis set was employed for the C, O, N, H atoms. As 

shown in Figure 2–23, the HOMOs of probe 1 and 1-HS– were primarily 

distributed over the phenyl group of the ppy ligand and the iridium, lying at 

about −5.6 eV, and the LUMO of probe 1 was distributed on the NBD group 

lying at −3.83 eV, and the LUMO of 1-HS– was mainly localized on the pip 

ligand lying at −2.43 eV. These results also supported the assumption that the 

PeT mechanism was responsible for the turn-on response of the probes.  

We measured ECL intensities with different concentrations of HS– to 

verify the sensitivity of probe 1 in ECL analysis. Probe 1 (10 µM) provided 

maximum ECL signals at 1.11 V with a gradual increase up to 3.4-fold until 40 

μM of HS– was added (Figure 2–24a). The LOD was determined to be 57 nM 

from the linear relationship (R2 = 0.99) between the narrow concentration range 

of HS– (0–30 μM) and the ECL intensity (Figure 2–24b). This LOD value is 

superior to those (0.73, 1.08 μM) determined from the absorbance and PL 

Figure 2–23. HOMO/LUMO energy levels and electronic distributions of probe 1, 1-HS– 

calculated by DFT calculations. 
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analysis. The ECL selectivity of probe 1 for HS– was also evaluated. As shown 

in Figure 2–24c, the addition of 100 µM of various anions and biothiols to probe 

1 did not cause any evident change in the ECL intensity. Notably, the strong 

interferences observed in the PL experiments from highly fluorescent 

byproducts such as NBD-biothiols (biothiols = Cys, Hcy, and GSH) and NBD-

N3 were significantly diminished in the ECL analysis (Figure 2–24d). This was 

Figure 2–24. (a) ECL intensities of probe 1 (10 µM) upon the addition of HS– in CH3CN/H2O 

(1:1 v/v, pH 7.4, 100 mM DBAE, 0.1 M HEPES, and 0.1 M TBAP as the supporting electrolyte) 

while the potential is swept at a GC disk electrode (diameter 2 mm) in the range −0.3~1.3 V (scan 

rate: 0.1 V/s). (b) ECL intensity changes of probe 1 at 1.11 V upon the addition of HS–. Inset: A 

linear correlation between the ECL intensity at 1.11 V and concentrations of HS–. (c) ECL 

intensities of probe 1 (10 µM) in the presence of various analytes (100 μM each; HS– 50 μM) in 

CH3CN/H2O (1:1 v/v, pH 7.4, 100 mM DBAE, 0.1 M HEPES, and 0.1 M TBAP as the supporting 

electrolyte) while the potential is swept at a GC disk electrode (diameter 2 mm) in the range 

−0.3~1.3 V (scan rate: 0.1 V/s). (d) ECL intensities at 1.11 V of probe 1 (10 µM) upon addition 

of 100 μM various analytes and 50 μM HS–, [(1) None; (2) F-; (3) Cl-; (4) Br-; (5) C2O42-; (6) 

CN-; (7) CO32-; (8) HCO3-; (9) N3-; (10) NO3-; (11) AcO-; (12) PO43-; (13) SO42-; (14) Cys; (15) 

Hcy; (16) GSH; (17) HS–]. 
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attributed to the extremely low ECL activities of the organic luminophores 

(NBD-Cys, NBD-Hcy, NBD-GSH, and NBD-SH) compared with those of the 

iridium (III) complexes (probe 1 and 1-HS–, Figure 2–25a). In contrast, 2 

responded not only to HS– but also to biothiols and N3
- (Figure 2–25b). Since 

the addition of HS– activated the phosphorescence of both probes 1 and 2, the 

additional NBD group of probe 1 attached to the imidazole moiety was 

confirmed to play a crucial role in improving the selectivity toward HS– in ECL 

analysis. These results indicate that the ECL assay coupled with probe 1 

achieves considerably better performance in terms of selectivity and sensitivity 

in HS– detection than the conventional PL system does. 

Quantitative analyses of HS– in tap water samples using the ECL assay 

were conducted via a recovery test (Table 2–4). The concentrations of HS– in 

HS–-spiked tap water samples were determined based on the ECL intensities 

and the calibration curve (Figure 2–24b). Probe 1 in analytical samples 

exhibited enhanced ECL intensities upon the addition of HS–. The recoveries of 

Figure 2–25. (a) ECL intensities at 1.11 V (vs. Fc/Fc+) of probe 1 and NBD-Cl (10 µM each) in 

the presence of HS− or biothiols in CH3CN/H2O (1:1 v/v, pH 7.4, 100 mM DBAE, 100 mM 

HEPES, and 0.1 M TBAP), [(1) Probe 1; (2) Probe 1 + 50 μM HS−; (3) NBD-Cl; (4) NBD-Cl + 

100 μM Cys; (5) NBD-Cl + 100 μM Hcy; (6) NBD-Cl + 100 μM GSH; (7) NBD-Cl + 50 μM 

HS−]. (b) ECL intensities of probes 1 and 2 (10 µM each) at 1.11 V (vs. Fc/Fc+) upon the addition 

of 50 µM N3-, biothiols, and H2S in CH3CN/H2O (1:1 v/v, pH 7.4, 100 mM DBAE, 100 mM 

HEPES, and 0.1 M TBAP). 



82 
 

HS– were calculated to be 88–98%, and the relative standard deviations were 

0.90–2.93%. These results demonstrate that our system has considerable 

potential for reliable and feasible field-monitoring of HS– in actual samples. 

Ammonium sulfide aqueous solution has been widely utilized in the 

laboratory and industry for textile manufacturing and photographic film 

development.189-191  Increasing use of ammonium sulfide in industry generates 

gaseous and aqueous wastes, resulting in environmental pollution. Furthermore, 

ammonium sulfide is a poisonous substance with a noisome odor, which leads 

to deleterious effects to human in both short and long term exposure.192 

Therefore, we tested the feasibility of probe 1 for the quantification of sulfide 

in a commercial aqueous ammonium sulfide solution with a concentration of 

Table 2–4. Quantification of HS– in tap water samples.a 

[HS–]added 
Rel. ECL intensity 

(Experiment, n=3) 
[HS–]calc’d (µM) Recovery (%) 

5 µM 1.354 ± 0.011 4.420 ± 0.146 88.40 ± 2.93% 

10 µM 1.770 ± 0.012 9.814 ± 0.151 98.14 ± 1.51% 

15 µM 2.098 ± 0.012 14.058 ± 0.157 93.72 ± 1.04% 

20 µM 2.415 ± 0.017 18.175 ± 0.214 90.88 ± 1.07% 

25 µM 2.847 ± 0.031 23.767 ± 0.401 95.07 ± 1.60% 

30 µM 3.191 ± 0.021 28.217 ± 0.270 94.06 ± 0.90% 

aAll ECL intensities were measured along with the cyclic voltammetry (CV) scan in CH3CN/H2O 

(1:1 v/v, pH 7.4, 100 mM DBAE, 0.1 M HEPES, and 0.1 M TBAP) while the potential was swept 

at a GC working electrode in the range of −0.3–1.3 V vs. Fc/Fc+. 
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0.5–1.0%. The diluted concentration of sulfide was determined by comparing 

absorbance, PL, and ECL signals with their titration curves (Figure 2–15b, 2–

17b, and 2–24b). The actual sulfide concentration by absorbance, PL, and ECL 

analysis were deduced to be 0.77, 0.73, and 0.55%, respectively, which fall 

within the range of 0.5–1.0% (Table 2–5). This quantitative analysis of sulfide 

in an aqueous solution of ammonium sulfide provides further evidence for the 

validity and reliability of 1 in real sample monitoring. 

Table 2–5. Determination of a commercial aqueous solution of ammonium sulfide. 

Method 

Rel. absorbance/ 

Intensity 

(Experiment, n=3)a 

[HS–]diluted 

(µM)b 
[HS–]actual (%)c 

UV-vis 

abs 
0.89 ± 0.0025 56.78 ± 0.1545 0.77 ± 0.0021% 

PL 40.25 ± 0.5913 54.08 ± 0.5221 0.73 ± 0.0071% 

ECL 2.57 ± 0.0398 20.21 ± 0.5170 0.55 ± 0.0141% 

aUV-vis absorption and PL analysis of probe 1 (10 µM) performed upon the addition of 1 µL 

(NH4)2S in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). And ECL of probe 1 (10 µM) in the 

presence of 0.5 µL (NH4)2S was measured in CH3CN/H2O (1:1 v/v, pH 7.4, 100 mM DBAE, 0.1 

M HEPES, and 0.1 M TBAP) while the potential was swept at a GC working electrode in the 

range of −0.3–1.3 V vs. Fc/Fc+.  

bThe diluted concentration of sulfide was determined by comparing absorbance, PL, and ECL 

signals with their titration curves (Figure 2–15b, 2–17b, and 2–24b). 

cThe molar concentration of actual concentration of sulfide was converted to weight percent 

concentration (wt%). 



84 
 

 

3. Conclusion 

In this study, a new cyclometalated Ir(III) complex-based ECL chemodosimeter 

with two reactive sites was developed for the detection of HS–. To the best of 

our knowledge, this is the first strategy for removing nonspecific 

background/interference signals observed in PL analysis using the ECL 

technique. ECL probe 1 was rationally designed to improve selectivity toward 

HS– using the hierarchical reactivity of two reaction sites toward different 

analytes. The developed system exhibited a rapid reaction rate, sufficient 

sensitivity (LOD = 57 nM), and remarkable selectivity toward HS–. 

Furthermore, the ECL assay coupled with probe 1 could successfully quantify 

HS– in tap water samples; thus represents a new proof-of-concept for on-site 

detection of HS–. We believe that our strategy will be helpful for the 

development of various ECL sensing systems to detect important small 

molecules in applications related to biological and environmental sciences. 

 

4. Experimental section 

4.1. Materials and instruments 

All chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., MO, 

USA), TCI (Tokyo Chemical Industry, Tokyo, Japan), or Alfa (Alfa Aesar, MA, 

USA) and were used without further purification. Organic solvents were 

purchased from Samchun Chemical Co., Seoul, Korea. Thin-layer 

chromatography (TLC) was performed on TLC plates (aluminum sheets coated 
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with Merck silica gel 60 F-254). Silica gel 60 (230-400 mesh) from 

SILICYCLE was used as the stationary phase in column chromatography. 

Deuterated solvents for nuclear magnetic resonance (NMR) spectra were 

purchased from Cambridge Isotopic Laboratories (Cambridge, MA, USA). All 
1H and 13C NMR spectra were recorded using a 400 MHz DD2MR400 Agilent 

NMR system or a Varian 500 MHz NMR system. The chemical shifts of the 

NMR spectra were recorded in parts per million (ppm), calibrated using the 

residual solvent signals as an internal reference. High-resolution mass 

spectrometry (HRMS) data were obtained using a Thermo Scientific Orbitrap 

Exploris 120 mass spectrometer coupled to a Thermo Scientific Vanquish Core 

HPLC system. Matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) mass spectra were obtained using a Microflex from Bruker 

Daltonics. UV-vis absorption spectra were recorded using a JASCO V-730 

spectrometer. The photoluminescence (PL) spectra were measured using a 

JASCO FP-8300 spectrometer and a SpectraMax M2 spectrophotometer. Both 

excitation and emission band widths were 5 nm, except for those recorded using 

the SpectraMax M2 spectrophotometer (sensitivity: high, 30). Stock solutions 

of probes (2 mM) were prepared in dimethyl sulfoxide (DMSO) and diluted 

with deionized water and acetonitrile (CH3CN). Stock solutions of various 

anions (10 mM) were prepared in 10 mM HEPES (2-[4-(2-hydroxyethyl)-1-

piperazinyl]-ethanesulfonic acid) buffer solution (pH 7.40). Sodium 

hydrosulfide (NaHS) was used as the hydrogen sulfide source in all 

experiments. Considering the pKa1 of H2S (7.04), an aqueous H2S solution 

largely exists in two forms, with a 7:3 ratio of HS- and H2S at pH 7.4.193 
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4.2. Electrochemical and electrochemiluminescent (ECL) 

measurement 

To investigate electrochemical properties, cyclic voltammetry (CV) with a scan 

rate of 0.1 V/s was performed on individual samples with a CH Instruments 650 

B electrochemical analyzer (CH Instruments, Inc., TX, USA).  All redox 

potential values were referenced with respect to the ferrocene/ferrocenium 

(Fc/Fc+) redox couple. The ECL signal was measured along with a CV scan 

(scan range: 0−1.6 V vs. Ag/AgCl, scan rate: 0.1 V/s) using a low-voltage 

photomultiplier tube module (H-6780, Hamamatsu photonics K.K., Tokyo, 

Japan) on which a 250 mL inhouse-developed ECL flow cell was directly 

mounted. All solutions for the ECL experiments contained 100 mM 2-

(dibutylamino)ethanol (DBAE) (Sigma-Aldrich) and 0.1 M 

tetrabutylammonium perchlorate (TBAP) (TCI) as the co-reactant for ECL and 

the supporting electrolyte, respectively, in a 1:1 (v/v) mixture of CH3CN 

(ACROS) and HEPES-buffered solution (0.1 M, pH 7.4). The glassy carbon 

(GC) working electrode was polished with 0.05 mm alumina (Buehler, IL, USA) 

on a felt pad. The electrode was then sonicated in a 1:1 (v/v) mixture of distilled 

H2O and ethanol (Samchun Chemical) for 5 min and dried using ultra-pure N2 

gas for 1 min. The samples for the electrochemical and ECL experiments were 

freshly prepared for each experiment. All ECL data were the average of the 

values obtained from at least three experiments. 
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4.3. Synthesis of probes 

Synthesis of 1,10-phenanthroline-5,6-dione: Sulfuric acid (30 mL) in a 

round-bottomed flask was cooled to 0°C. 1,10-phenanthroline (4.0 g, 20.18 

mmol) and potassium bromide (3.6 g, 30.26 mmol) were added portion-wise to 

the mixture. Then, fuming nitric acid (15 mL) was added slowly to the solution. 

The reaction mixture was stirred at 130°C for 4 h. After cooling down to room 

temperature, the reaction mixture was poured into ice and neutralized to pH 7 

by dropwise addition of saturated sodium hydroxide solution. The yellow 

precipitate was collected and thoroughly washed with H2O and diethyl ether. 

The crude product was recrystallized from ethanol to afford 1,10-

phenanthroline-5,6-dione (2.64 g, 62%). The spectroscopic data were identical 

to previous reports.1 1H NMR (400 MHz, DMSO-d6) δ 8.98 (d, J = 1.6 Hz, 2H), 

8.38 (d, J = 7.1 Hz, 2H), 7.67 (dd, J = 7.3, 4.7 Hz, 2H). 

Synthesis of Ligand 1: A mixture of 1,10-phenanthroline-5,6-dione (300 

mg, 1.43 mmol), salicylaldehyde (0.15 mL, 1.43 mmol), and NH4OAc (2.20 g, 

28.54 mmol) was dissolved in 5 mL of glacial acetic acid and stirred at reflux 

N

N

N

N

N

N

O

O N

N

X

O
Y

NaBr

H2SO4, HNO3
130oC, 3h
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NaH, MeI
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PhSH, cat. Cs2CO3
NMP, 190oC

Scheme 2–5. Synthetic route to ligands. 
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for 5 h. After cooling down to room temperature, the reaction mixture was 

poured into ice-cold water and neutralized to pH 7 by addition of 25 % NH3 

aqueous solution. The precipitate formed was collected by filtration, washed 

with H2O, diethyl ether, and dried in vacuo to afford Ligand 1 (415 mg, 92%). 

Ligand 1 was used for the next step without further purification. The 

spectroscopic data were identical to previous reports.2 1H NMR (500 MHz, 

DMSO-d6) δ 12.74 (br s, 1H), 9.06 (d, J = 2.4 Hz, 2H), 8.94 (d, 2H), 8.19 (d, J 

= 7.6 Hz, 1H), 7.86 (d, 2H), 7.41 (t, J = 7.5 Hz, 1H), 7.14 – 7.06 (m, 2H). 

Synthesis of Ligand 2: A mixture of Ligand 1 (100 mg, 0.32 mmol) and 

NaH (26 mg, 0.64 mmol) in anhydrous THF (3 mL) was stirred at room 

temperature for 1 h. Then, methyl iodide was added to the solution and stirred 

for additional 24 h. The solvent was removed under reduced pressure and the 

residue was purified by alumina column chromatography (CH2Cl2/methanol = 

20:1) to afford Ligand 2 (62.5 mg, 59%). 1H NMR (500 MHz, CDCl3) δ 9.17 

(d, J = 4.1 Hz, 2H), 9.08 (d, J = 8.1 Hz, 1H), 8.79 (d, J = 8.3 Hz, 1H), 7.74 – 

7.64 (m, 3H), 7.56 (td, J = 8.1, 1.4 Hz, 1H), 7.18 (t, J = 7.4 Hz, 1H), 7.08 (d, J 

= 8.4 Hz, 1H), 4.10 (s, 3H), 3.87 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 157.69, 

151.55, 148.47, 147.64, 144.45, 143.66, 136.10, 132.63, 131.94, 130.62, 

128.09, 125.65, 124.18, 123.42, 122.41, 121.32, 120.35, 118.98, 111.11, 55.66, 

35.01. MS (MALDI-TOF) [M = C21H16N4O]+, calcd 340.1, found 340.5. 

Synthesis of Ligand 3: A mixture of Ligand 2 (62.5 mg, 0.18 mmol), 

thiophenol (19 µL, 0.18 mmol), and Cs2CO3 (3 mg, 9 µmol) in N-methyl-2-

pyrrolidone (NMP, 1 mL) was heated to 190°C for 1 h under nitrogen 

atmosphere. After cooling down to room temperature, the solution was diluted 

with water and extracted with dichloromethane (x3). Combined organic layer 
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was dried over anhydrous sodium sulfate, filtered, concentrated and treated 

with diethyl ether to induce precipitation. The solid was collected and purified 

by alumina column chromatography (CH2Cl2/methanol = 20:1) to afford 

Ligand 3 (26 mg, 44%). 1H NMR (500 MHz, CDCl3) δ 9.09 (dd, J = 4.3, 1.4 

Hz, 2H), 8.87 (dd, J = 8.1, 1.6 Hz, 1H), 8.67 (dt, J = 18.4, 9.2 Hz, 1H), 7.69 

(dd, J = 8.1, 4.4 Hz, 1H), 7.65 (dd, J = 8.4, 4.3 Hz, 1H), 7.60 (dd, J = 7.8, 1.3 

Hz, 1H), 7.44 – 7.37 (m, 1H), 7.18 (d, J = 8.1 Hz, 1H), 7.04 (t, J = 7.5 Hz, 1H), 

4.32 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 157.36, 151.97, 148.36, 147.77, 

143.46, 142.69, 134.18, 131.86, 131.05, 128.64, 128.53, 126.00, 123.82, 

123.02, 122.93, 119.79, 119.43, 117.96, 113.26, 36.92. MS (MALDI-TOF) [M 

= C20H14N4O]+, calcd 326.1, found 326.3. 

Synthesis of [Irppy2(μ-Cl)]2: 2-Phenylpyridine (0.273 mL, 1.9 mmol) 

and iridium chloride hydrate (271 mg, 0.91 mmol) were dissolved in a mixture 

of 2-ethoxyethanol (21 mL) and water (7 mL). The reaction mixture was stirred 

at 100°C for 18 h. After cooling down to room temperature, water was poured 

into the reaction mixture. Then, a pale-green precipitate was filtered, washed 

with H2O and hexane, and dried in vacuo to afford a crude chloro-bridged 

Scheme 2–6. Synthetic route to Ir(III) complexes. 
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cyclometalated Ir(III) complex dimer (338 mg, 69%). [Irppy2(μ-Cl)]2 was used 

for the next step without further purification. 1H NMR (500 MHz, DMSO-d6) 

δ 9.79 (d, J = 5.6 Hz, 2H), 9.52 (d, J = 5.1 Hz, 2H), 8.24 (d, J = 8.1 Hz, 2H), 

8.16 (d, J = 7.9 Hz, 2H), 8.07 (td, J = 8.2, 1.4 Hz, 2H), 7.99 (td, J = 8.2, 1.4 Hz, 

2H), 7.77 (d, J = 7.2 Hz, 2H), 7.71 (d, J = 7.2 Hz, 2H), 7.55 (td, J = 7.0, 1.2 Hz, 

2H), 7.43 (td, J = 7.2, 1.3 Hz, 2H), 6.88 (td, J = 7.9, 1.0 Hz, 2H), 6.82 (td, J = 

7.6, 0.9 Hz, 2H), 6.75 (td, J = 7.5, 1.1 Hz, 2H), 6.67 (td, J = 7.7, 0.9 Hz, 2H), 

6.23 (d, J = 7.4 Hz, 2H), 5.64 (d, J = 7.4 Hz, 2H). 

Synthesis of 1-HS-: [Irppy2(μ-Cl)]2 (233.7 mg, 0.22 mmol) and Ligand 

1 (142 mg, 0.45 mmol) were dissolved in dichloromethane/methanol (1:1, 6 

mL) and stirred at 80°C for 12 h. After cooling down to room temperature, 

ammonium hexafluorophosphate (358.6 mg, 2.2 mmol) was added to the 

mixture and stirred for additional 2 h. The solution was filtered and evaporated, 

and the residue was purified by silica gel column chromatography 

(CH2Cl2/acetone = 50:1) to afford 1-HS- (340 mg, 80% yield). 1H NMR (500 

MHz, acetone-d6) δ 9.30 (ddd, J = 8.3, 2.5, 1.2 Hz, 2H), 8.41 (dd, J = 5.0, 0.9 

Hz, 2H), 8.25 (d, J = 8.1 Hz, 2H), 8.19 (dd, J = 7.9, 1.2 Hz, 1H), 8.11 (dd, J = 

5.1, 1.8 Hz, 1H), 8.09 (dd, J = 5.1, 1.8 Hz, 1H), 7.94 (dd, J = 7.9, 1.0 Hz, 2H), 

7.90 (td, J = 8.4, 1.5 Hz, 2H), 7.47 – 7.43 (m, 1H), 7.13 – 7.04 (m, 4H), 7.01 – 

6.96 (m, 4H), 6.46 (dd, J = 7.5, 0.7 Hz, 2H). 13C NMR (125 MHz, acetone-d6) 

δ 167.79, 158.26, 150.24, 149.46, 149.39, 145.06, 144.23, 138.53, 132.42, 

132.31, 131.74, 130.35, 127.04, 126.11, 124.90, 123.45, 122.55, 119.81, 

119.50, 117.68, 112.46. MS (MALDI-TOF) [M = C41H28IrN6O]+, calcd 813.2, 

found 813.3 



91 
 

Synthesis of 2-HS-: 2-HS- was synthesized analogously to the synthesis 

of 1-HS- using Ligand 3 (36.9 mg, 0.11 mmol) instead of Ligand 1, [Irppy2(μ-

Cl)]2 (54 mg, 51 µmol), ammonium hexafluorophosphate (83 mg, 0.51 mmol) 

and dichloromethane/methanol (1:1, 1 mL). 34 mg of 2-HS- was obtained (69% 

yield). 1H NMR (500 MHz, acetone-d6) δ 9.45 (dd, J = 8.6, 1.0 Hz, 1H), 9.28 

(dd, J = 8.3, 1.3 Hz, 1H), 8.41 (ddd, J = 12.1, 5.1, 1.2 Hz, 2H), 8.25 (d, J = 8.1 

Hz, 2H), 8.09 (td, J = 8.5, 5.1 Hz, 2H), 7.94 (d, J = 7.7 Hz, 2H), 7.90 (t, J = 7.8 

Hz, 2H), 7.77 (dd, J = 7.7, 1.5 Hz, 1H), 7.73 (d, J = 5.8 Hz, 2H), 7.52 (ddd, J = 

8.2, 7.4, 1.6 Hz, 1H), 7.19 (d, J = 8.1 Hz, 1H), 7.16 – 7.11 (m, 1H), 7.08 (t, J = 

7.6 Hz, 2H), 7.03 – 6.94 (m, 4H), 6.47 (d, J = 7.6 Hz, 2H), 4.49 (s, 3H). 13C 

NMR (125 MHz, acetone-d6) δ 167.81, 167.79, 156.68, 154.16, 150.72, 150.27, 

149.51, 149.38, 149.36, 148.70, 145.14, 144.67, 144.24, 144.20, 138.53, 

138.53, 136.17, 132.42, 132.18, 131.81, 131.76, 131.75, 130.90, 130.38, 

130.33, 127.19, 127.15, 126.52, 126.41, 124.93, 124.91, 123.47, 123.41, 

123.00, 122.54, 122.52, 119.84, 119.82, 119.79, 116.77, 115.31, 35.87. HRMS 

(ESI) [M = C42H30IrN6O]+, calcd 827.2105, found 827.2095. 

Synthesis of 1: A mixture of 1-HS- (57 mg, 60 µmol) and triethylamine 

(21 µL, 0.15 mmol) in 0.5 mL DMF was stirred at room temperature for 1 h. 

Then, 4-chloro-7-nitrobenzofurazan (NBD-Cl, 48 mg, 0.24 mmol) dissolved in 

0.5 mL DMF was added to the mixture. The reaction mixture was stirred at 

room temperature for 12 h. The solvent was removed under in vacuo and 

extracted with dichloromethane (x3). The combined organic phase was washed 

with water and brine, dried over anhydrous sodium sulfate, and evaporated. The 

product was re-dissolved in dichloromethane/methanol (1:1, 1 mL) and stirred 

at room temperature for 2 h with ammonium hexafluorophosphate (98 mg, 0.6 
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mmol). The mixture was filtered and concentrated. The residue was purified by 

silica gel column chromatography (CH2Cl2/acetone = 50:1) to afford probe 1 

(30 mg, 39%). 1H NMR (500 MHz, acetone-d6) δ 9.18 (ddd, J = 8.3, 3.7, 1.4 

Hz, 1H), 8.93 (t, J = 7.5 Hz, 1H), 8.56 (dd, J = 12.6, 8.3 Hz, 1H), 8.48 (dd, J = 

22.4, 6.9 Hz, 1H), 8.45 – 8.43 (m, 1H), 8.31 (ddd, J = 4.9, 2.3, 1.2 Hz, 1H), 

8.23 (dd, J = 8.1, 3.7 Hz, 1H), 8.19 (dd, J = 8.0, 5.0 Hz, 1H), 8.16 – 8.12 (m, 

1H), 8.12 – 8.09 (m, 1H), 7.97 (td, J = 8.3, 1.5 Hz, 1H), 7.94 – 7.84 (m, 4H), 

7.84 – 7.70 (m, 2H), 7.65 – 7.52 (m, 3H), 7.47 – 7.41 (m, 1H), 7.12 – 6.82 (m, 

7H), 6.43 (d, J = 7.6 Hz, 1H), 6.42 – 6.37 (m, 1H). 13C NMR (125 MHz, 

acetone-d6) δ 167.73, 167.69, 167.63, 167.62, 151.96, 151.74, 151.70, 151.64, 

150.92, 150.48, 150.36, 150.33, 150.21, 149.91, 149.77, 149.75, 149.66, 

149.17, 149.05, 148.57, 148.52, 145.67, 145.40, 145.33, 145.09, 144.99, 

144.32, 144.31, 144.29, 144.27, 144.21, 144.19, 144.16, 144.13, 138.63, 

138.59, 138.57, 138.25, 138.17, 137.76, 137.67, 134.01, 133.89, 133.73, 

133.46, 132.92, 132.61, 132.44, 131.79, 131.73, 131.69, 131.67, 131.66, 

131.62, 131.57, 131.46, 130.37, 130.32, 130.31, 130.01, 129.95, 127.74, 

127.68, 127.48, 127.41, 127.19, 127.18, 126.70, 126.65, 126.37, 126.32, 

124.91, 124.86, 123.54, 123.50, 123.45, 122.60, 122.59, 122.58, 122.56, 

121.76, 121.64, 121.54, 121.31, 121.14, 119.88, 119.86, 119.82, 119.77, 

111.32. HRMS (ESI) [M = C53H30IrN12O7]+, calcd 1139.1984, found 1139.1976. 

Synthesis of 2: Probe 2 was synthesized analogously to the synthesis of 

probe 1 using 2-HS- (11 mg, 13 µmol) instead of 1-HS-, triethylamine (2.7 µL, 

13 µmol), 4-chloro-7-nitrobenzofurazan (NBD-Cl, 3 mg, 15 µmol), and DMF 

(1 mL). Ammonium hexafluorophosphate (21 mg, 0.13 mmol) and 

dichloromethane/methanol (1:1, 1 mL) were used for anion exchange. 5.6 mg 
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of 2 was obtained (44% yield). 1H NMR (500 MHz, acetone-d6) δ 9.41 (d, J = 

8.5 Hz, 1H), 8.99 (d, J = 8.2 Hz, 1H), 8.61 (d, J = 8.3 Hz, 1H), 8.41 (d, J = 4.9 

Hz, 1H), 8.35 (d, J = 4.9 Hz, 1H), 8.25 (d, J = 8.1 Hz, 2H), 8.10 (dd, J = 8.5, 

5.1 Hz, 1H), 8.06 – 7.98 (m, 2H), 7.97 – 7.87 (m, 5H), 7.84 – 7.74 (m, 2H), 

7.69 – 7.62 (m, 2H), 7.13 – 7.03 (m, 3H), 6.98 (td, J = 12.2, 6.3 Hz, 4H), 6.44 

(dd, J = 7.2, 3.4 Hz, 2H), 4.55 (s, 3H). 13C NMR (125 MHz, acetone-d6) δ 

167.77, 167.74, 152.66, 152.25, 151.23, 150.58, 150.11, 149.59, 149.31, 

149.26, 148.91, 145.43, 145.11, 144.53, 144.35, 144.18, 144.14, 138.53, 

138.51, 136.74, 134.23, 133.36, 133.13, 132.01, 131.77, 131.72, 131.70, 

131.26, 130.37, 130.32, 127.45, 127.22, 127.10, 126.58, 126.50, 124.92, 

124.89, 123.48, 123.39, 122.87, 122.66, 122.54, 122.53, 121.97, 119.84, 

119.81, 111.04, 35.39. HRMS (ESI) [M = C48H31IrN9O4]+, calcd 990.2123, 

found 990.2118. 

4.4. Detailed fitting process for Figure 2–19 

For a reaction mechanism of equation (1), the rate equations are described by 

equations (2)–(5). 

 []⎯⎯⎯⎯  []⎯⎯⎯⎯  (1) 

[] = −[][] (2) 

[] = [][] − [][] (3) 

[] = [][]  (4) 

                [] =  − ⋅ ([] + [])[] (5) 
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Here we provide detailed fitting process for the experimentally observed 

PL intensity changes by the reaction mechanism of equation (1). 

1. Since equations (2)–(5) have no general solution as a function of t, 

the final concentrations of each chemical species are calculated 

numerically.  

2. k2 = 0.04 M−1·s−1 and the infinitesimal time dt = 0.005 s are fixed so 

that the largest change in [A] is no greater than 1 µM. [A]0 and [HS−]0 

are inputted according to experimental conditions.  

3. By using equations (2)–(5), the concentrations of [A](i+1)dt, [B](i+1)dt, 

[C](i+1)dt, and [HS−](i+1)dt after the infinitesimal time (dt) can be 

expressed the following equations (6)–(9). []() = [] − [] []              (6) []() = [] + [] []  − [] []     (7)  []() = [] − [] []             (8)     []() = [] −  ⋅ ([] + [] )[]     (9) 

Equations (6)–(9) can be represented in simplified matrix form as: 

 [][][][]
()

= 1 0 0 00 1 0 00 0 1 00 0 0 1 + −1 01 −10 1− −  0 0 00  0 0 []   [][][][]


(10) 

4. Calculations were terminated over the criteria of Δ[HS−] < 10−9 M, 

and the converged [A]conv, [B]conv, and [C]conv values are obtained. 

5. The calculated [A]conv, [B]conv, and [C]conv values are used in equation 

(7) for estimation of calculated PL intensity (Icalc). 



95 
 

 = [] [  ] [][][]  (11) 

6. The parameters k1/k2, ratio of the 2nd-order rate constants for the first 

and second steps; IA, IB, IC, unit PL intensities of 1, P1-NBD, and 1-

HS-, respectively; n, mole equivalent of HS– required for the removal 

of one NBD moiety are iterated to minimize σ defined by equation 

(12). 

 = ∑   − 1
 (12) 
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Part III.  

Electrochemiluminescent Probes for Toxic 

Pollutants Based on Cyclometalated Iridium(III) 

Complexes  
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Section 1. Background 

1. Heavy metal ions and pesticides 

As industrialization progresses rapidly, hazardous waste such as heavy metals 

and organic pollutants frequently leaks into the ecosystem, causing serious 

pollution problems. 

The accumulation of heavy metals in soil and water seriously threatens 

human health because these pollutants are rarely broken down into non-toxic 

forms and accumulate in ecosystems throughout the food chain. And biological 

toxic properties of pesticides and herbicides also pose a great threat to nature 
 

Table 3–1. Comparison between different guideline values for pesticides in drinking water. For 

EU the Drinking Water Directive (DWD) sets a concentration limit of 0.1 µg/L for individual 

pesticides and of 0.5 µg/L for the total sum of pesticides. Values are expressed in µg/L, N. a. = 

not approved. Reprinted from reference 194. 2021 MDPI Open Access. 
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and humans although their use in agriculture has increased productivity and 

profitability. For this reason, countries have established guidelines for 

maximum permissible concentrations of pesticides, herbicides, and heavy 

metals in water as shown in Tables 3–1 and 3–2.194 

 

1.1. Mercury (II) ion 

Mercury (II) ion (Hg2+) is well-known as a persistent, bio-accumulative, and 

toxic (PBT) substance, which is threatening human health and the ecosystem.195 

It is easily absorbed into the body through the cell walls of the skin, respiratory 

tract, and biological gastrointestinal tract due to the difficulty of sensing it 

through human sensory organs to its colorless, tasteless, and odorless nature.196 

When Hg2+ is assimilated into the human body, it causes damage to the central 

nervous system and endocrine glands, and other organs.197,198 Furthermore, 

chronic exposure to Hg2+ induces various diseases such as Minamata, acrodynia, 

Alzheimer’s disease, and Hunter–Russell syndrome.199 For these reasons, the 

Table 3–2. European limit values for heavy metal concentration in comparison with WHO and 

EPA* values (all expressed in mg/L). Reprinted from reference 194. 2021 MDPI Open Access. 
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U. S. The Environmental Protection Agency (EPA) recommended the 

maximum level of mercury in drinking water to be 10 nM.200  

It was reported only one ECL analysis system for detecting Hg2+ ion that 

based on the reaction of a small molecular probe with Hg2+ ions (Figure 3–1).86 

However, there was a limitation to the application of this system in field-

monitoring because of the use of high-content organic solvent.  

 

1.1. Glyphosate 

Glyphosate (GlyP), also called N-(phosphonomethyl)glycine, is the most 

widely produced and applied herbicide in agriculture.201,202 It inhibits the 

activity of 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, which 

catalyzes the chemical reaction between phosphoenolpyruvate and 3-

phosphoshikimate to produce EPSP.203,204 In plants, EPSP synthase is 

implicated in the production of the aromatic amino acids such as tyrosine, 

Figure 3–1. The small molecular ECL probe for the detection of Hg2+ ion. Reprinted with 

permission from reference 86. Copyright 2018 The Royal Society of Chemistry. 
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phenylalanine and tryptophan known as essential amino acids.205 Therefore, 

plants cannot survive in the presence of GlyP, except in the case of genetically 

modified crops (GMCs) which have a tolerance to the herbicide. Because EPSP 

synthase only exists in plants and micro-organisms, GlyP was believed to have 

no harmful effect in mammals.206,207 Thus, GlyP was considered one of the 

safest herbicides for people. However, recent research suggested that GlyP 

affects cell cycle regulation and endocrine system in mammals.208,209 

Additionally, there was research demonstrated that hormone-dependent cancers 

in humans may be induced by low concentrations of GlyP.210,211 For these 

reasons, the maximum permissive level of glyphosate in water recommended 

by the US Environmental Protection Agency (EPA) is 700 μg/L (4.14 μM), and 

the acceptable maximum level of glyphosate in the Health Canada Drinking 

Water Guidelines is 280 μg/L (1.66 μM).194 

To date, several fluorescent molecular probes have been developed on 

the basis of fluorophore displacement, binding with the receptor, and metal ion 

Figure 3–2. Various fluorescent probes for detection of glyphosate. Reprinted with permission 

from reference 201-205. Copyright 2014, 2021 American Chemical Society. Copyright 2018, 

2019 The Royal Society of Chemistry. Copyright 2021 Elsevier. 
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displacement approaches (Figure 3–2).212-216 Despite their advantages, the 

development of photoluminescent chemosensors for GlyP remains a challenge 

to avoid the interference of other ions and herbicides to obtain high selectivity. 
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Section 2. An Electrochemiluminescent Cyclometalated 

Iridium(III) Complex with Boronic Acid-Functionalized 

Ancillary Ligand for Detection of Mercury(II) Ion 

 

1. Introduction 

As industrialization progresses rapidly, toxic substances frequently released 

into the ecosystem, causing serious pollution problems. Among them, mercury 

(II) ion (Hg2+) is well-known as a persistent, bio-accumulative, and toxic (PBT) 

substance, which is threatening human health and the ecosystem.195 It is easily 

absorbed into the body through the cell walls of the skin, respiratory tract, and 

biological gastrointestinal tract due to the difficulty to sense it through human 

sensory organs by its colorless, tasteless, and odorless nature.196 When Hg2+ is 

assimilated into the human body, it causes damage to the central nervous 

system and endocrine glands, and other organs.197,198 Furthermore, chronic 

exposure to Hg2+ induces various diseases such as Minamata, acrodynia, 

Alzheimer’s disease, and Hunter–Russell syndrome.199 For these reasons, the 

U. S. Environmental Protection Agency (EPA) recommended the maximum 

level of mercury in drinking water to be 10 nM.200 Various methods such as 

inductively coupled plasma atomic emission spectrometry (ICP-AES),217 

atomic absorption spectrometry,218,219 electrochemical analysis,220-222 surface-

enhanced Raman scattering (SERS) method,223,224 piezoelectric method,225 and 

colorimetric and fluorometric analysis226 have been developed to detect 

mercury ions. In particular, fluorescent chemosensors for Hg2+ were developed 



103 
 

based on the Hg2+ catalysed reaction and coordination of heteroatoms with the 

Hg2+.227 However, these methods were very expensive and time-consuming and 

could only be implemented by laboratory-skilled professionals. Additionally, 

they are generally constrained when considered as an analytical tool for on-site 

real-sample monitoring because of the requirement of bulky, fragile 

instrumental setup such as an extra optical source and spectroscopic equipment. 

Electrochemiluminescence (ECL) is a luminescent process involving 

sequential electron transfers to and from chemicals on an electrode surface.1 

The ECL assay is advantageous compared with conventional 

photoluminescence (PL) assays due to its low background signal and high 

sensitivity. Furthermore, it rarely requires complicated procedures, complex 

conditions, or large equipment for analysis.1,13,174 Therefore, the ECL assay is 

regareded as a powerful tool for on-site pollutant monitoring. With this 

background, several research groups have devoted themselves to develop 

systems that combine ECL analysis and chemosensor.77-80,83,84,86,112,117,118,120-

122,176-182,228 To the best of our knowledge, It was reported only one ECL analysis 

system for detecting Hg2+ ion that based on the reaction of a small molecular 

probe with Hg2+ ions.86 However, there was a limitation to the application of 

this system in field-monitoring because of the use of high-content organic 

solvent. Therefore, the development of a new ECL probe with high selectivity 

and sensitivity toward Hg2+ ions in aqueous solution is highly desired.  

Here, we report a new photoluminescent and electrochemiluminescent 

chemodosimetric probe for the determination of Hg2+ ions based on the iridium 
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(III) complex (Scheme 3–1). The design strategy of probe 1 was based on the 

following: (i) [Ir(piq)2(bpy)][PF6] (piq = 1-phenylisoquinoline, bpy = 

bipyridine) was selected as a luminophore, (ii) o-aminomethylphenylboronic 

acid was introduced into the ancillary ligand as a PL and ECL signaling 

modulator as well as a reaction site for Hg2+ ions.229-233 Probe 1 promptly 

reacted with Hg2+ ions through transmetalation reaction to generate 1-Hg2+, 

resulting in the decreases of PL and ECL signals. Probe 1 with PL and ECL 

analysis presented high sensitivity and selectivity toward Hg2+ ions in aqueous 

solutions with a small amount of organic solvent (10% acetonitrile), suggesting 

considerable potential for on-site Hg2+ detection. Further, the application of 

probe 1 to the ECL analysis of Hg2+ ions in tap water samples was carried out 

successfully. 

 

2. Result and discussion 

We first confirmed the changes in UV-vis and PL spectra of probe 1 with and 

without Hg2+ in aqueous media (pH 7.4, HEPES buffer/CH3CN = 9:1, v/v). As 

shown in Figure 3–3, probe 1 displayed the intense absorption at 288 nm, 

corresponding to spin-allowed ligand-centered (1LC) transition states. 

Additionally, broad absorption around 330–510 nm was due to the mixing of 

metal-to-ligand charge-transfer (1MLCT and 3MLCT) transitions ligand-

Scheme 3–1. The detection mechanism of probe 1 for Hg2+ ion. 
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centered (3LC) transitions and ligand-to-ligand charge-transfer (3LLCT and 
1LLCT).185 Interestingly, the absorption spectrum of probe 1 upon the addition 

of increasing amounts of Hg2+ ions showed slight red-shifts in absorption bands.   

Subsequently, the PL response of probe 1 toward Hg2+ was examined. 

As depicted in Figure 3–4a, PL signals (λex = 400 nm) decreased gradually upon 

the addition of an increasing amounts of Hg2+. The decrease reached a plateau 

after the addition of 1 equivalent of Hg2+ ions, which indicates that probe 1 

reacted with Hg2+ in a chemical stoichiometry of 1:1. Meanwhile, additional PL 

Figure 3–3. (a) UV-vis absorption spectra of probe 1 in the presence of the increasing amount of 

Hg2+. (b) UV-vis absorption spectra of probe 1 in the presence of various metal ions (40 μM each; 

20 μM for Hg2+). Media, CH3CN/H2O, 1:9 v/v, pH 7.4, 10 mM HEPES. 

Figure 3–4. (a) PL emission spectra (λex = 400 nm) of probe 1 (10 μM) with increasing Hg2+ ion 

concentrations in CH3CN/H2O (1:9 v/v, pH 7.4, 10 mM HEPES). Inset: photographs of the probe 

solutions without and with Hg2+ under 365 nm UV irradiation. (b) PL intensity changes of probe 

1 at 590 nm upon the addition of Hg2+ ion. Inset: A linear correlation between PL intensity at 590 

nm and the concentration of Hg2+ ion.
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decrease rarely occurred upon the addition of excess Hg2+ ions, suggesting the 

dynamic quenching is not significantly involved. The limit of detection (LOD) 

was estimated to be 0.73 μM from the linear relationship (R2 = 0.99) between 

the concentration of Hg2+ ions in the range of 0–10 μM and the PL intensity 

(Figure 3–4b).  

To gain a deeper understanding of the quenching behaviour of probe 1 

in the presence of Hg2+ ions, the Stern-Volmer plot was employed. As shown 

in Figure 3–5, the Stern-Volmer curve displayed a non-linear correlation 

between the concentration of Hg2+ ions and the luminescence quenching and 

was finely fitted (R2 = 0.995) using the equation for the static quenching 

mechanism represented by the association process with a 1:1 stoichiometry (see 

the Supplementary Information for fitting result and detailed derivation of 

Stern–Volmer equation). This result showed that the quenching mechanism was 

highly dependent on the static quenching and the association reaction between 

boronic acid and Hg2+ ions could be considered a strongly favored equilibrium 

(Ka > 109 M-1). 

Figure 3–5. The Stern–Volmer curve of the quenching of probe 1 by Hg2+ ions was fitted with a 

1:1 association algorithm. 
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The PL spectra were obtained in the presence of various metal ions to 

determine the selectivity of probe 1 in an aqueous solution. As expected, the 

PL of probe 1 was effectively decreased only in the presence of Hg2+, whereas 

other metal ions exhibited negligible PL signal changes (Figure 3–6). It is 

expected that the selectivity of probe 1 for Hg2+ ions was induced by 

transmetalation between phenylboronic acid and Hg2+ ions.229-233 The PL of 1-

Hg2+ generated through the reaction between probe 1 and Hg2+ was quenched 

by electron transfer from the excited Ir(III) complex to Hg2+.234 

To investigate pH susceptibility, the PL intensity of probe 1 was 

measured after the addition of Hg2+ in the pH range of 4–10 (Figure 3–7a). 

Probe 1 showed a significant change in PL in the presence of Hg2+ ions over a 

wide pH range of 5–9, confirming high stability of probe 1 for detection of Hg2+. 

Meanwhile, it is expected that relatively weaker Hg2+ responses at pH 4 and 10 

were observed presumably due to the inefficient formation of boronate and the 

generation of mercury hydroxide, respectively.235,236 Subsequently, we checked 

the sensing ability toward Hg2+ ions in different ratios of acetonitrile-HEPES 

buffer solution (Figure 3–7b). The remarkable PL signal change of probe 1 in 

Figure 3–6. (a) PL emission spectra (λex = 400 nm) of probe 1 (10 μM) in the presence of various 

analytes (40 μM each; Hg2+, 20 μM) in CH3CN/H2O (1:9 v/v, pH 7.4, 10 mM HEPES). (b) PL 

emission intensities at 590 nm of probe 1 (10 µM) upon the addition of 40 μM various metal 

ions. 
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the presence of Hg2+ ions was observed on increasing the ratio of HEPES buffer 

in the acetonitrile-HEPES buffer solution. It was known that o-

aminomethylphenylboronic acids undergo H2O insertion to generate boronate 

in the aqueous solution.236 Since the formation of boronate in the 

transmetalation reaction is important,237-239 the reaction of probe 1 with Hg2+ 

ions occurred more efficiently in the solution conditions with a high H2O 

content. For these reasons, a significant PL response of probe 1 toward Hg2+ 

was induced in a 1:9 mixture of acetonitrile-HEPES buffer solution.  

We then conducted 1H NMR experiments with probe 1 in CD3CN/D2O 

1:1 mixture (Figure 3–8). Upon the addition of small amount of Hg2+ ions to 

the probe 1 solution, the proton signals (3.75 ppm) of two methylene protons 

connected to the tertiary nitrogen were slightly downfield-shifted because of 

the binding of Hg2+ and tertiary amine. However, after the addition of an excess 

amount of Hg2+ ions, these proton signals were significantly decreased and two 

new methylene proton peaks appeared at 3.72 and 3.53 ppm by the reaction 

between boronic acid and Hg2+ ions. Additionally, the proton signal of methyl 

at 2.25 ppm showed similar behavior with methylene proton signals, which is 

Figure 3–7. PL intensity changes of probe 1 (10 μM, λem = 590 nm, λex = 400 nm) towards 20 

μM Hg2+ ion (a) in CH3CN/H2O (1:9 v/v, pH 7.4, 10 mM HEPES) at varying pH conditions and 

(b) in different ratio of CH3CN to 10 mM HEPES buffer solution (pH = 7.40).
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the original proton peak gradually moved down-field while the signal decreased, 

and the new peak (2.21 ppm) increased the signal. Meanwhile, it was hard to 

accurately assign the proton signals of the aromatic rings due to the structural 

complexity of probe 1 and the low reactivity with Hg2+ ions in CD3CN/D2O 1:1 

mixture. To obtain further insight into the sensing mechanism, we performed 

HPLC-LTQ-orbitrap analysis to confirm the reaction product generated after 

the addition of Hg2+ ions (Figure 3–9). Before the addition of Hg2+ ions, the m/z 

signal appeared at 934.6, which corresponds to probe 1. Upon the addition of 2 

equivalent Hg2+ ions to probe 1, the m/z signal of probe 1 disappeared and the 

major peak at 1115.6 appeared, representing 1-Hg2+. The results of NMR and 

HPLC-LTQ-orbitrap analysis proved that probe 1 effectively reacted with Hg2+ 

through transmetalation to generate 1-Hg2+. 

Figure 3–8. Partial 1H NMR spectra of probe 1 upon the addition of the increasing amount of 

Hg2+ ion in CD3CN/D2O 1:1 mixture.
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To confirm the role of boronic acid in PL and ECL signal changes with 

Hg2+ ions, we additionally synthesized probe 2 without boronic acid to compare 

it with probe 1. As expected, the PL of probe 1 significantly decreased in the 

presence of 2 equivalents Hg2+ ions, while probe 2 hardly showed any PL 

changes even after the addition of the excess amount of Hg2+ ions  (Figure 3–

Figure 3–9. HPLC-LTQ-orbitrap analysis of Probe 1 (a) before and (b) after the additions of 2 

eq. Hg2+ ion.

Figure 3–10. PL intensity changes of (a) probe 1 and (b) probe 2 (10 μM) upon the addition of 

Hg2+ ion in CH3CN/H2O (1:9 v/v, pH 7.4, 10 mM HEPES). 
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10). These results indicate that the transmetalation reaction of boronic acid with 

Hg2+ ions would be a key process of the PL/ECL sensing mechanism. 

Figure 3–11. Differential pulse voltammetry (DPV) signals of 1 mM probe 1 before (black line) 

and after (red line) the additions of 1 eq. Hg2+ ion in acetonitrile containing 0.1 M TBAPF6 as the 

supporting electrolyte (scan rate: 0.1 V/s, working electrode: glassy carbon; counter electrode: 

platinum wire; reference electrode: Ag/AgNO3).

Table 3–3. Electrochemical properties of probe 1, probe 1 with 1 eq. Hg2+, DBAE.a 

Compound 
a 0'

oxE  

(V vs Fc/Fc+) 

b 0'
redE * 

(V vs Fc/Fc+) 

00-E * 

(eV) 

Probe 1 0.98 −1.68 2.66 

Probe 1+ 1 eq. Hg2+ 0.97 

−0.54       
(Hg species) 

−1.55     
(Ir(III) complex) 

2.52  
(Ir(III) 
complex) 

DBAE 0.46 - - 
aCyclic voltammetric measurements of compounds (1 mM) were performed in dichloromethane 

(DCM) solution with 0.1 M tetra-n-butylammonium perchlorate as the supporting electrolyte at 

the scan rate of 0.1 V/s. The values were calibrated against the oxidation of 1 mM ferrocene 

(Fc/Fc+) as a standard.  
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To verify the signal changes in PL and ECL, the electrochemical analysis 

with DPV was performed (Figure 3–11). The electrochemical data are 

summarized in Table 3–3. The highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) energy levels of probe 1 were 

calculated to be -5.78 and 3.12 eV, respectively. Meanwhile, a mixture of probe 

1 and 1 equivalent Hg2+ ions revealed a new peak at −0.54 V (vs. Fc/Fc+) 

assigned to the LUMO energy level (−4.26 eV) of –Hg+, while the HOMO and 

LUMO energy levels were similar to probe 1. As indicated in Figure 3–12, the 

LUMO energy level of –Hg+ laid between the HOMO and LUMO levels of the 

Ir(III) complex, which implied that the PL signal of probe 1 were restrained by 

the photo-induced electron transfer (PeT) process from Ir(III) complex to –Hg+ 

in the molecule. Therefore, probe 1 showed the decreased PL/ECL signals in 

the presence of Hg2+ ions. Meanwhile, 1-Hg2+ showed a stabilized LUMO 

energy level by 0.13 eV compared to probe 1. This is because the mercury 

cation was introduced into probe 1 through the transmetalation reaction 

Figure 3–12. The HOMO/LUMO energy levels of probe 1 and 1-Hg2+ calculated from the CV 

to explain the PeT quenching process. 
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stabilized the LUMO energy level. This result agreed well with the red-shift 

tendency in the UV-vis absorption spectra of probe 1 with Hg2+ ions (Figure 3–

3a). 

Figure 3–13a shows the ECL emission profile during cyclic voltammetry 

in aqueous media (pH 7.4, HEPES buffer/CH3CN = 9:1, v/v, 0.1 M DBAE, 0.1 

M HEPES, 0.1% polidocanol, and 0.1 M tetrabutylammonium perchlorate 

(TBAP) as the supporting electrolyte). In the range of −0.3 to 1.3 V, probe 1 

produced a strong ECL signal around 1.05 V. However, ECL signals were 

gradually decreased upon the addition of the increased amount of Hg2+ ions. 

Figure 3–13. (a) ECL intensities of probe 1 (10 µM) upon the addition of Hg2+ in CH3CN/H2O 

(1:9 v/v, pH 7.4, 100 mM DBAE, 0.1 M HEPES, 0.1% polidocanol and 0.1 M TBAP as the 

supporting electrolyte) while the potential is swept at a GC disk electrode (diameter 2 mm) in the 

range −0.3–1.3 V (scan rate: 0.1 V/s). (b) ECL intensity changes of probe 1 at 1.05 V upon the 

addition of Hg2+. Inset: A linear correlation between the ECL intensity at 1.05 V and 

concentrations of Hg2+. (c) ECL intensities of probe 1 (10 µM) in the presence of various metal 

ions (40 μM each; Hg2+ 20 μM) while the potential is swept. (d) ECL intensities at 1.05 V of 

probe 1 (10 µM) upon the addition of 40 μM various metal ions and 20 μM Hg2+ ion. 
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Interestingly, the ECL signal showed a linear correlation with the concentration 

in the range of 0–10 μM (Figure 3–13b, R2=0.98). The limit of detection (LOD) 

was estimated to be 8.03 nM, which was much lower than the LOD determined 

by PL. This LOD value is less than the maximum level of mercury in drinking 

water recommended by the U.S. EPA. 

As shown in Figure 3–13c and d, the ECL intensity of probe 1 showed 

no significant changes upon the addition of excess other metal ions. However, 

a significant decrease in ECL signal (~20% levels of probe 1) was observed 

after the addition of 20 μM (2 equiv.) of Hg2+ to the solution. This system 

showed a rapid reaction rate, high sensitivity, and remarkable selectivity toward 

Hg2+ ions, offering a new practical method for field-monitoring of Hg2+ ions.  

Based on the experimental results presented above, we propose that 

probe 1 could be operated as a highly selective Hg2+ probe based on the ECL 

analysis (Scheme 3–2). Probe 1 was directly oxidized on the glassy carbon (GC) 

electrodes to form 1+•. After that, it was turned into the excited state, 1*, by one-

electron transfer from the DBAE radical (DBAE•), which emitted red ECL. In 

Scheme 3–2. The proposed sensing mechanism of probe 1 for detection of Hg2+ ion through ECL 

analysis.
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the presence of Hg2+ ions, probe 1 would rapidly react with Hg2+ via an 

irreversible transmetalation reaction to generate 1-Hg2+. The excited state of 1-

Hg2+ was formed through a mechanism similar to that of probe 1 when the 

oxidation occurred on the GC electrode. However, (1-Hg2+)* was rapidly 

consumed through an immediate PeT process from (1-Hg2+)* to –Hg+, thus 

resulting in a significant decrease in the ECL intensity (Figure 3–12). 

To confirm the reliability of the ECL sensing system in real samples, we 

utilized probe 1 quantify Hg2+ ions in tap water by the standard addition method. 

First, we measured the ECL emission of probe 1 in tap water. As shown in 

Table 3–4, we found that tap water before the addition of Hg2+ exhibited almost 

no ECL signal, indicating that the amount of Hg2+ in tap water is negligible. 

Then, we examined the recovery rates of different concentrations of Hg2+ ions 

Table 3–4. Quantification of Hg2+ in tap water samples.a 

[Hg2+]added 

Rel. ECL intensity 

(Experiment, n=3) 
[Hg2+]calc’d (µM) Recovery (%) 

0 µM 1 ± 0.0167 - - 

3 µM 0.7514 ± 0.0028 3.1780 ± 0.0347 105.93 ± 1.10% 

5 µM 0.6371 ± 0.0071 5.0356 ± 0.1145 100.71 ± 2.27% 

7 µM 0.5277 ± 0.0040 6.8137 ± 0.0655 97.34 ± 0.96% 

10 µM 0.3409 ± 0.0068 9.8500 ± 0.1107 98.50 ± 1.12% 

aAll ECL intensities were measured along with the cyclic voltammetry (CV) scan in CH3CN/H2O 

(1:9 v/v, pH 7.4, 100 mM DBAE, 0.1 M HEPES, 0.1% polidocanol, and 0.1 M TBAP) while the 

potential was swept at a GC working electrode in the range of −0.3–1.3 V vs. Fc/Fc+. 
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in the tap water. The recovery rates of Hg2+ ions ranged from 97.34 to 105.93%, 

suggesting that our sensing system is highly reliable and feasible for the 

detection of Hg2+ in actual samples.  

 

3. Conclusion 

In conclusion, we have developed a photoluminescent (PL) and 

electrochemiluminescent (ECL) probe with a boronic acid as a reaction site for 

the selective detection of Hg2+ ions. To the best of our knowledge, this is the 

first example of an Ir(III) complex-based probe with a boronic acid group as a 

reaction site for the detection of Hg2+ ions. PL and ECL analysis with the probe 

showed remarkable selectivity for Hg2+ ions from the various metal ions with a 

limit of detection down to 0.73 μM and 8.03 nM, respectively. Additionally, 

the successful quantification of Hg2+ ion in tap water samples with ECL 

analysis demonstrated the effectiveness of the probe in field-monitoring. 

 

4. Experimental section 

4.1. Materials and instruments 

Commercially available reagents were purchased from TCI (Tokyo Chemical 

Industry, Tokyo, Japan), Alfa (Alfa Aesar, MA, USA), Sigma-Aldrich (Sigma-

Aldrich Corp., MO, USA) and were used as recived without further purification. 

Analytical thin-layer chromatography (TLC) was performed using aluminium 

sheets coated with Merck silica gel 60 F-254. The crude compounds were 

purified by flash column chromatography with silica gel 60 (230-400 mesh) 
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from SILICYCLE as the stationary phase and compressed air. Deuterated 

solvents for nuclear magnetic resonance (NMR) spectra were purchased from 

Cambridge Isotopic Laboratories (Cambridge, MA, USA) and the chemical 

shifts of the NMR spectra were calibrated using the deuterated solvent signals 

as an internal reference. 1H and 13C NMR spectra were obtained using Bruker 

Avance DPX-300 (300 MHz), Agilent 400 MHz DD2MR400 NMR system 

(400 MHz), and Varian 500 MHz NMR system (500 MHz). High-resolution 

fast atom bombardment mass spectrometry (HR-FAB-MS) data (JEOL, JMS-

700) with positive mode were recieved directly from the National Center for 

Inter-University Research Facilities (NCIRF). Mass analyses of compounds 

were conducted using Thermo Scientific Vanquish Core high-performance 

liquid chromatography coupled with Thermo Scientific linear ion trap-orbitrap 

mass spectrometry (HPLC-LTQ-orbitrap). UV-vis absorption spectra were 

recorded on a JASCO V-730 spectrometer. The photoluminescence (PL) 

spectra were obtained with a JASCO FP-8300 spectrophotometer and a 

SpectraMax M2 multi-mode microplate reader. Bandwidths for both excitation 

and emission were 5 nm, except for the data recorded using the SpectraMax M2 

multi-mode microplate reader (sensitivity: high, 30). All samples for the 

measurements were prepared freshly before experiments from corresponding 

stock solutions (2 mM probe in dimethyl sulfoxide and 2 mM metal ions in 

water). All metal ion sources were nitrate salts. 

4.2. Electrochemical and electrochemiluminescent (ECL) 

measurement 
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Differential pulse voltammetry (DPV) with a CH Instruments 650 B 

electrochemical analyzer (CH Instruments, Inc., TX, USA) was performed on 

each sample to investigate electrochemical properties. All redox potentials of 

experiments were calibrated using ferrocene as an internal reference. ECL 

measurements were carried out using performed with a low-voltage 

photomultiplier tube module (H-6780, Hamamatsu photonics K.K., Tokyo, 

Japan) on which a home-made ECL flow cell was directly mounted connected 

in a 9:1 (v/v) mixture of HEPES-buffered solution (0.1 M, pH 7.4) and CH3CN 

(ACROS) containing 100 mM 2-(dibutylamino)ethanol (DBAE) (Sigma-

Aldrich), 0.1 % polidocanol (Sigma-Aldrich), and 0.1 M tetrabutylammonium 

perchlorate (TBAP) (TCI) as the co-reactant, surfactant, and the supporting 

electrolyte, respectively. All ECL experiments were simultaneously performed 

with cyclic voltammetry (CV) by a CH Instruments 650 B electrochemical 

analyzer (CH Instruments, Inc., TX, USA) using a three-electrode setup. The 

three-electrode system consists of a 2 mm diameter glassy carbon (GC) 

working electrode, platinum as a counter electrode, and a silver wire as a quasi-

reference electrode. The GC working electrode was polished on a polishing pad 

with 0.05 μm alumina (Buehler, IL, USA) and sonicated in a 1:1 (v/v) mixture 

of distilled water and absolute ethanol (Samchun Chemical) for 5 min. And then 

the electrode was fully dried using ultra-pure N2 gas. All samples for the 

electrochemical and ECL measurements were freshly prepared before 

experiments. All ECL data were the average of the maximum ECL intensity 

values from three repeated experiments. 
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4.3. Synthesis of probes 

Synthesis of 3: A mixture of 2-acetylpyridine (3.70 mL, 33.02 mmol) 

and iodine (9.22 g, 36.32 mmol) was dissolved in 40 mL of pyridine and stirred 

at 140 °C for 3 h. After cooling down to room temperature, the precipitate 

formed was collected by filtration, washed with cold pyridine. The crude 

product was recrystallized from methanol to afford 4 (6.71 g, 62%). compound 

4 was used for the next step without further purification. 1H NMR (300 MHz, 

DMSO-d6) δ 9.00 (d, J = 5.6 Hz, 2H), 8.87 (d, J = 4.6 Hz, 1H), 8.72 (t, J = 7.8 

Hz, 1H), 8.36 – 8.21 (m, 2H), 8.11 (ddd, J = 17.0, 11.6, 4.6 Hz, 2H), 7.93 – 

7.77 (m, 1H), 6.50 (s, 2H). 

Synthesis of 4: A solution of 3 (4.19 g, 12.68 mmol), crotonaldehyde 

(2.58 mL, 29.92 mmol), and NH4OAc (4.72 g, 63.37 mmol) in methanol (50 

mL) was refluxed for 24 h. After cooling down to room temperature, the solvent 

was removed under reduced pressure and the residue was extracted with 

dichloromethane (CH2Cl2). The combined organic layer was washed with brine 

Scheme 3–3. Synthetic routes of (a) compound 7, (b) compound 8, and (c) probes. 
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and dried over anhydrous sodium sulfate, and evaporated. The product was 

purified by alumina column chromatography (CH2Cl2/MeOH = 50:1) to give 4 

(706 mg, 33%). 1H NMR (300 MHz, CDCl3) δ 8.69 (d, J = 4.4 Hz, 1H), 8.55 

(d, J = 4.9 Hz, 1H), 8.40 (d, J = 8.0 Hz, 1H), 8.24 (s, 1H), 7.82 (td, J = 7.8, 1.7 

Hz, 1H), 7.39 – 7.25 (m, 1H), 7.15 (d, J = 4.5 Hz, 1H), 2.45 (s, 3H). 

Synthesis of 5: A mixture of 4 (706 mg, 4.15 mmol) and selenium 

dioxide (690 mg, 6.22 mmol) in dioxane (47 mL) was reluxed for 24 h. The hot 

solution of the mixture was filtered, and the filtrate was evaporated under 

reduced pressure. The residue was purified by alumina column chromatography 

(CH2Cl2/MeOH = 50:1) to afford 5 (408 mg, 53.38%). 1H NMR (300 MHz, 

CDCl3) δ 10.20 (s, 1H), 8.92 (d, J = 4.9 Hz, 1H), 8.88 (s, 1H), 8.75 (d, J = 4.6 

Hz, 1H), 8.47 (d, J = 8.0 Hz, 1H), 7.90 (td, J = 7.8, 1.6 Hz, 1H), 7.75 (dd, J = 

4.9, 1.3 Hz, 1H), 7.40 (dd, J = 6.9, 5.4 Hz, 1H). 

Synthesis of 7: A  mixture of 5 (222 mg, 1.21 mmol) and 2 M 

methylamine solution in THF (0.66 mL, 1.32 mmol) was dissolved in 10 mL 

of toluene and refluxed with a Dean-Stark trap for 24 h. After cooling down to 

room temperature, the organic solvent was evaporated under reduced pressure. 

The residue was re-dissolved in methanol (10 mL) and stirred at room 

temperature for 24 h with sodium borohydride (228 mg, 6.05 mmol). Then, 1 

mL of 1 N HCl solution to the mixture was added to destroy excessive hydride. 

The reaction mixture was neutralized to pH 7 by the addition of a saturated 

aqueous sodium bicarbonate solution and extracted with CH2Cl2 three times. 

The combined organic layer was washed with brine and dried over anhydrous 

sodium sulfate, and evaporated under reduced pressure. A crude compound 6 

was re-dissolved in 10 mL of CH2Cl2 and stirred at room temperature for 12 h 
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with di-tert-butyl dicarbonate (396 mg, 1.82 mmol). The solution was diluted 

with water and extracted with dichloromethane three times. The combined 

organic layer was dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. The residue was purified by alumina 

column chromatography (CH2Cl2/MeOH = 50:1) to give 7 (203 mg, 56%). 1H 

NMR (300 MHz, CDCl3) δ 8.68 (d, J = 4.2 Hz, 1H), 8.64 (d, J = 5.0 Hz, 1H), 

8.43 (d, J = 7.9 Hz, 1H), 8.29 (s, 1H), 7.84 (td, J = 7.8, 1.5 Hz, 1H), 7.33 (dd, 

J = 6.9, 5.2 Hz, 1H), 7.18 (s, 1H), 4.51 (s, 2H), 2.91 (d, J = 16.4 Hz, 3H), 1.48 

(d, J = 17.2 Hz, 9H). 

Synthesis of 8: A solution of o-Tolylboronic acid (1.99 g, 14.52 mmol) 

and 2,2-dimethyl-1,3-propanediol (2.65 g, 18.88 mmol) in 50 mL of toluene 

was refluxed with a Dean-Stark trap for 24 h. After cooling down to room 

temperature, the solution was diluted with dichloromethane and filtered through 

a thin pad of silica gel. The combined solution was evaporated under reduced 

pressure. The residue was re-dissolved in 45 mL of 1,2-dichloroethane and 

stirred at reflux for 12 h with N-bromosuccinimide (2.58 g,  14.47 mmol) and 

AIBN (32 mg, 0. 19 mmol). The solution was cooled down to room temperature 

and then filtered. The filtrate was evaporated under reduced pressure to afford 

7 (3.50 g, 90%). 1H NMR (300 MHz, CDCl3) δ 7.80 (d, J = 7.3 Hz, 1H), 7.35 

(t, J = 4.1 Hz, 2H), 7.28 (dd, J = 4.6, 2.8 Hz, 1H), 4.92 (s, 2H), 3.81 (s, 4H), 

1.06 (s, 6H). 

Synthesis of 9: 1-Phenylisoquinoline (700 mg, 3.41 mmol) and iridium 

chloride hydrate (485 mg, 1.62 mmol) were dissolved in a mixture of 2-

ethoxyethanol (21 mL) and water (7 mL). The reaction mixture was stirred at 

110°C for 18 h. After cooling down to room temperature, water was poured 
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into the reaction mixture. Then, the dark red precipitate was filtered, washed 

with H2O and hexane, and dried in vacuo to afford a crude chloro-bridged 

cyclometalated Ir(III) complex dimer 9 (600 mg, 58%). Compound 9 was used 

for the next step without further purification. 

Synthesis of 10: A mixture of compound 9 (85 mg, 67 μmol), compound 

7 (40 mg, 0.134 mmol) in dichloromethane/methanol (1:1, mL) was reluxed for 

12 h. After cooling down to room temperature, the solution was filtered and 

evaporated, and the residue was purified by silica gel column chromatography 

(CH2Cl2/MeOH = 50:1) to afford 10 (56 mg, 45% yield). 1H NMR (500 MHz, 

CDCl3) δ 8.92 (d, J = 3.7 Hz, 2H), 8.75 – 8.59 (m, 1H), 8.48 (d, J = 25.9 Hz, 

1H), 8.26 (d, J = 7.9 Hz, 2H), 8.10 (t, J = 7.4 Hz, 1H), 7.95 – 7.86 (m, 2H), 7.76 

(ddt, J = 14.4, 9.7, 5.0 Hz, 5H), 7.69 – 7.62 (m, 1H), 7.44 (d, J = 6.4 Hz, 1H), 

7.41 – 7.33 (m, 4H), 7.21 (d, J = 5.5 Hz, 1H), 7.11 (d, J = 7.2 Hz, 2H), 6.88 (t, 

J = 6.0 Hz, 2H), 6.28 (d, J = 7.5 Hz, 2H), 4.68 (s, 2H), 2.94 (d, J = 19.7 Hz, 

3H), 1.45 (s, 6H), 1.25 (s, 3H). 13C NMR (125 MHz, acetone-d6) δ 168.76, 

168.71, 155.89, 155.84, 154.02, 153.99, 153.82, 153.80, 150.58, 150.54, 

150.43, 150.39, 145.61, 145.58, 140.75, 140.73, 139.68, 139.65, 137.19, 

137.14, 132.14, 132.11, 132.01, 131.97, 130.77, 130.75, 130.54, 130.52, 

129.15, 129.12, 128.60, 128.56, 127.77, 127.72, 126.71, 126.67, 126.45, 

126.40, 126.24, 126.22, 124.84, 124.82, 123.27, 123.24, 123.10, 123.04, 

122.28, 122.23, 122.08, 122.00, 79.50, 78.32, 51.86, 51.02, 34.82, 34.47, 27.55, 

27.53. MS (MALDI-TOF) m/z: [M]+ calc. for C47H41IrN5O2 900.289, found 

899.874. 

Synthesis of 11: The compound 10 (56 mg, 53 μmol) in 1 mL of 

dichloromethane was treated with 0.25 mL of trifluoroacetic acid. The reaction 
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mixture was stirred at room temperature for 4 h and neutralized to pH 7 by the 

addition of saturated aqueous sodium bicarbonate solution and extracted with 

dichloromethane three times and washed the dichloromethane solution with 

brine. The combined organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated under reduced pressure to give a crude compound 11 

(42 mg, 95%). Compound 11 was used for the next step without further 

purification. 

Synthesis of 1: A mixture of crude compound 11 (17 mg, 20 μmol), 

compound 8 (7 mg, 25 μmol), and potassium carbonate (13 mg, 94 μmol) in 0.2 

mL of acetonitrile was stirred at room temperature for 12 h. The solvent was 

evaporated under reduced pressure and extracted with dichloromethane three 

times. The organic phase was washed with water and brine, dried over 

anhydrous sodium sulfate, and evaporated. The residue was purified by silica 

gel column chromatography (MeCN/H2O/sat. KNO3(aq)= 40: 4: 1). The 

product was re-dissolved in dichloromethane/methanol (1:1, 1 mL) and stirred 

at room temperature for 2 h with potassium hexafluorophosphate (37 mg, 0.2 

mmol). The solution was filtered, and the filtrate was evaporated under reduced 

pressure. The residue was triturated with dichloromethane and diethylether. 

The resulting precipitate was filtered, washed with diethylether and dried in 

vacuo to afford 1 (10 mg, 47%). 1H NMR (300 MHz, CDCl3) δ 8.99 – 8.84 (m, 

2H), 8.78 (d, J = 8.2 Hz, 1H), 8.60 (s, 1H), 8.44 (s, 2H), 8.28 – 8.20 (m, 2H), 

8.10 (t, J = 7.3 Hz, 1H), 7.89 (dd, J = 6.2, 3.0 Hz, 2H), 7.80 – 7.69 (m, 6H), 

7.64 (d, J = 5.6 Hz, 1H), 7.40 – 7.28 (m, 8H), 7.22 (d, J = 7.1 Hz, 1H), 7.10 (t, 

J = 7.6 Hz, 2H), 6.88 (t, J = 7.0 Hz, 2H), 6.25 (d, J = 7.3 Hz, 2H), 3.82 (d, J = 

5.5 Hz, 4H), 2.28 (s, 3H). 13C NMR (126 MHz, CD3CN) δ 168.49, 168.45, 
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156.01, 155.25, 153.47, 153.38, 150.68, 150.61, 145.57, 145.53, 140.80, 

140.68, 139.47, 137.09, 137.07, 135.92, 131.98, 131.87, 130.86, 130.83, 

130.75, 130.57, 130.50, 129.14, 129.02, 129.01, 128.64, 128.48, 127.56, 

127.54, 127.45, 126.76, 126.75, 126.17, 126.15, 125.63, 124.86, 122.32, 

122.30, 121.98, 121.90, 62.75, 58.55, 40.79. LRMS (MALDI-TOF) m/z: [M]+ 

calc. for C49H40BIrN5O2 934.290, found 934.063. HRMS (FAB) m/z: 

[M−H2O]+ calc. for C49H38BIrN5O 916.2799, found 916.2793. 

Synthesis of 2: A mixture of crude compound 11 (9 mg, 11 μmol), benzyl 

bromide (4 mg, 23 μmol), potassium iodide (4 mg, 24 μmol), and potassium 

carbonate (3 mg, 22 μmol) in 0.2 mL of acetonitrile was stirred at room 

temperature for 12 h. The solvent was evaporated under reduced pressure and 

extracted with dichloromethane three times. The organic phase was washed 

with water and brine, dried over anhydrous sodium sulfate, and evaporated. The 

residue was re-dissolved in dichloromethane/methanol (1:1, 1 mL) and stirred 

at room temperature for 2 h with ammonium hexafluorophosphate (18 mg, 0. 

11 mmol). The solution was filtered and evaporated, and the residue was 

purified by silica gel column chromatography (CH2Cl2/MeOH = 50:1) to afford 

2 (6 mg, 53%). 1H NMR (400 MHz, CDCl3) δ 8.92 (dd, J = 5.9, 3.1 Hz, 2H), 

8.73 (d, J = 8.2 Hz, 1H), 8.58 (s, 1H), 8.26 (d, J = 8.0 Hz, 2H), 8.15 (t, J = 7.8 

Hz, 1H), 7.90 (dd, J = 6.3, 3.1 Hz, 2H), 7.77 (dd, J = 6.4, 3.2 Hz, 4H), 7.72 (d, 

J = 4.9 Hz, 1H), 7.63 (d, J = 5.4 Hz, 1H), 7.49 (d, J = 20.2 Hz, 1H), 7.36 (m, J 

= 6.5 Hz, 7H), 7.28 (d, J = 7.3 Hz, 2H), 7.20 (d, J = 6.8 Hz, 1H), 7.11 (t, J = 

7.6 Hz, 2H), 6.89 (t, J = 7.4 Hz, 2H), 6.27 (t, J = 6.6 Hz, 2H), 3.70 (d, J = 72.2 

Hz, 4H), 2.26 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 169.04, 168.99, 155.65, 

155.47, 153.55, 153.41, 150.11, 145.47, 145.41, 140.21, 139.71, 136.99, 
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132.17, 131.70, 130.87, 130.85, 130.68, 130.66, 128.70, 128.49, 127.99, 

127.59, 127.57, 126.93, 126.88, 126.31, 126.26, 125.38, 122.29, 121.98, 

121.96, 62.03, 29.68. HRMS (FAB) m/z: [M]+ calc. for C49H39IrN5 890.2835, 

found 890.2834. 

4.4. Detailed derivation of Stern–Volmer equation for 

Figure 3–5. 

For consideration of a 1:1 association between a luminophore (F) and quencher 

(Q), the association constant Ka is defined as the following equation: 

 +  ⇌  ∶  =  [][][] (1) 

 = [] + []  (2)  = [] + []  (3) 

From equations (2) and (3), equation (4) can be obtained: [] ⋅ [] = [] − ( + )[]  +  (4) 

Combining equations (1) and (4), equation (5) can be rewritten in the following 

form: 

[] −  +  +  [] +  = 0 (5) 

From equation (5), [FQ] can be calculated using the following general 

expression: 

[] =   ( )  (6) 
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The extinction coefficient of host and host-guest complex is almost identical. 

Therefore, the observed PL intensity (I) can be described in the following 

equation (7):   = [] + [] (7) 

Where φF and φA are proportional values to the fluorescence intensity at the 

observed emission wavelength of F and FQ, respectively. And equation (8) can 

be obtained from equations (2) and (7): 

       = ( − []) + [] =  +  − [] (8) 

Subsequently, the following equation (9) can be obtained by substituting [FQ] 

in equation (6): 

         =  + ( − )   ( )  (9) 

The intensity in absence of the quencher (I0) is can be described by the 

following equation (10):  

                             =   (10) 

Therefore, the Stern–Volmer equation (11) can be written as follows: 

 = /  + ( )   ( )  (11) 
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Section 3. An Electrochemiluminescent Probe Based on 

Cyclometalated Iridium(III) Complex for Detection of 

Glyphosate 

1. Introduction 

Glyphosate (GlyP), also called N-(phosphonomethyl)glycine, is the most 

widely produced and applied herbicide in agriculture.201,202 It inhibits the 

activity of 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, which 

catalyzes the chemical reaction between phosphoenolpyruvate and 3-

phosphoshikimate to produce EPSP.203,204 In plants, EPSP synthase is 

implicated in the production of the aromatic amino acids such as tyrosine, 

phenylalanine and tryptophan known as essential amino acids.205 Therefore, 

plants cannot survive in the presence of GlyP, except in the case of genetically 

modified crops (GMCs) which have a tolerance to the herbicide. Because EPSP 

synthase only exists in plants and micro-organisms, GlyP was believed to have 

no harmful effect in mammals.206,207 Thus, GlyP was considered one of the 

safest herbicides for people. However, recent research suggested that GlyP 

affects cell cycle regulation and endocrine system in mammals.208,209 

Additionally, there was research demonstrated that hormone-dependent cancers 

in humans may be induced by low concentrations of GlyP.210,211 For these 

reasons, the maximum permissive level of glyphosate in water recommended 

by the US Environmental Protection Agency (EPA) is 700 μg/L (4.14 μM), and 

the acceptable maximum level of glyphosate in the Health Canada Drinking 

Water Guidelines is 280 μg/L (1.66 μM).194 Consequently, it is essential to 
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develop a sensitive, convenient, and reliable analytical method for the real-time 

and accurate detection of glyphosate. 

So far, various analytical methods have been developed for detecting 

GlyP, including high-performance liquid chromatography (HPLC),240-242 

capillary electrophoresis (CE),243,244 chromatography-coupled spectrometry,245 

inductively coupled plasma-mass spectrometry (ICP-MS),246 colorimetric 

analysis,247-249 and photoluminescence (PL) analysis.250 Among them, the 

photoluminescent analysis offers many advantages, such as operation 

simplicity, high sensitivity, and non-invasiveness for biological studies. 

Nowadays, several photoluminescent probes have been developed on the basis 

of fluorophore displacement, binding with the receptor, and metal ion 

displacement approaches.212-216 Despite their advantages, the development of 

photoluminescent chemosensors for the detection of GlyP remains a challenge 

to avoid the interference of other ions and herbicides to obtain high selectivity. 

Moreover, photoluminescent analysis is generally constrained when considered 

as an analytical tool for on-site detection because of the requirement for bulky, 

fragile instrumental set-up such as an extra optical source and spectroscopic 

equipment.  

To overcome this drawback, electrochemiluminescence (ECL), a light-

emitting phenomenon through the sequential electron transfer reactions 

between electrochemically generated radicals on a working electrode, has 

attracted increasing interest.1 In comparison to conventional photoluminescent 

techniques, the ECL analysis has advantages including good reproducibility, 

wide linear response range, and high sensitivity.1,13,113,114 Especially, ECL is a 

useful tool for developing portable instruments because no bulky equipment 
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like external optical sources or additional reagents is required. Due to these 

merits, ECL has been widely studied in various analytical fields, and various  

ECL-based small molecule probes for specific analytes have been published 

until now.77-80,83,84,86,112,117,118,120-122,176-182,228 

Here, we designed two-cyclometalated Ir(III) complex-based probes (1-

Cu, 2-Cu) for the detection of GlyP and found that 2-Cu was capable of ECL 

analysis as well as superior PL sensitivity to GlyP than 1-Cu. The design 

concept of the probes toward GlyP was based on the following principles 

(Scheme 3–4a): (1) An iridium(III) complex was selected as a luminophore for 

PL and ECL analyses because of their properties such as relatively long lifetime, 

high quantum yields, color tunability, and high thermal/electrochemical 

stability, (2) Cu(II)-dipicolylamine (Cu-DPA) complex as a binding site for 

GlyP was tethered to the main ligand of the probe through a methylene linker.215 

Based on these structural characteristics, the PL and ECL of the probes were 

quenched by electron transfer from the Ir(III) 3MLCT excited state to the 

paramagnetic Cu(II) ion.251,252 When GlyP is bound to the Cu(II) ion 

Scheme 3–4. (a) Structures of 1-Cu and 2-Cu. (b) GlyP sensing mechanism of 2-Cu. 
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coordinated to the appended DPA ligand, the positive charge on the Cu(II) ion 

was reduced and the bond between Cu(II) ions and DPA was weakened, thus 

nullifying electron transfer from an excited state of probes to Cu(II) center 

(Scheme 3–4b). Therefore, the PL and ECL signals of the probes were 

significantly enhanced in the presence of GlyP. Especially, 2-Cu combined with 

PL and ECL analysis for the detection of GlyP showed high selectivity and 

sensitivity with LOD (limit of detection) values of 1.01 µM and 147 nM, 

respectively. Additionally, it displayed rapid signal enhancement toward GlyP, 

which is highly desirable for field-monitoring. Finally, the application of 2-Cu 

to quantify GlyP in tap water samples was successfully conducted, 

demonstrating a new proof-of-concept for an ECL-based on-site detection 

system.  

2. Result and discussion 

Firstly, we confirmed the UV-vis and PL spectra of the probes toward GlyP in 

aqueous media (pH 7.4, HEPES buffer/MeCN = 1:1 v/v) (Figure 3–14). Probes 

displayed the significant absorption bands below 325 nm, corresponding to 

spin-allowed ligand-centered (1LC) π -π* transitions of ligands. In addition, 

Figure 3–14. UV-vis absorption (dashed line) and PL spectra (solid lines) of (a) 1-Cu (10 µM) 

and (b) 2-Cu (10 µM) before (black) and after (red) the addition of 15 or 20 equiv. GlyP in 

CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). 
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broad and moderate absorption bands around 330–400 nm were observed, 

which were assigned to the mixed spin-allowed charge transfer (CT) transitions 

resulting from the combination of metal-to-ligand and ligand-to-ligand 

transitions (1MLCT and 1LLCT). Additionally, weak absorption bands between 

400 and 500 nm were observed, which were assigned to the spin-forbidden 

mixed 3CT transitions (3MLCT, 3LLCT, and 3LC) owing to the strong spin-orbit 

coupling of the Ir(III) complex.253 After the addition of excess GlyP, the 

absorption bands around 350–500 nm of probes were slightly red-shifted, due 

to binding between Cu(II) and GlyP. Then, we confirmed the PL response of 

probes toward GlyP. The addition of excess GlyP to solutions of 1-Cu and 2-

Cu induced a 3- and 32-fold PL enhancement, respectively. The UV-vis/PL 

signal changes of probes were evoked promptly in the presence of GlyP. 

Figure 3–15. PL emission spectra of (a) 1-Cu and (b) 2-Cu (10 μM, λex = 420 nm) with increasing 

GlyP concentrations in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). Inset: Photographs of 

probes before and after the addition of 15 or 20 equiv. GlyP taken under 365 nm UV irradiation. 

PL intensity changes at λem of (c) 1-Cu and (d) 2-Cu upon the addition of GlyP. Inset: A linear 

correlations between PL intensity at λem and log([GlyP]/μM).  
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Subsequently, the detailed PL responses of the probes to GlyP were 

investigated, as depicted in Figure 3–15. The PL intensity of 1-Cu at 572 nm 

was enhanced up to 15 equiv. GlyP (3-fold enhancement), and a linear 

correlation between PL intensity at 572 nm and log([GlyP]/µM) was obtained, 

resulting in the calculation of the corresponding limit of detection (LOD, 

signal-to-noise ratio = 3) of 1.09 µM. Meanwhile, the titration of GlyP into the 

solution of 2-Cu induced the gradual enhancement of the PL intensity at 596 

nm up to 20 equiv. GlyP (32-fold enhancement). The LOD was estimated to be 

1.01 μM from the linear relationship (R2 = 0.99) between PL intensity at 596 

Figure 3–16. PL emission spectra (10 μM, λex = 420 nm) of (a) 1-Cu and (b) 2-Cu in the presence 

of various analytes (400 μM each; GlyP, 200 μM) in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM 

HEPES). PL emission intensities at λem of (c) 1-Cu and (d) 2-Cu in the presence of various 

analytes (400 μM each; 200 μM for GlyP). Media, CH3CN/H2O, 1:1 v/v, pH 7.4, 10 mM HEPES; 

(1) Free; (2) glyphosate; (3) Glutamate; (4) Aspartate; (5) Citrate; (6) Glycine; (7) PO43-; (8) PPi; 

(9) ATP; (10) NO3-; (11) C2O42-; (12) SO42-; (13) CN-; (14) SCN-; (15) HCO3-; (16) CO32-; (17) 

AcO-; (18) N3-; (19) F-; (20) Cl-; (21) Br-; (22) I-; (23) AMPA; (24) Ethephon; (25) Glufosinate. 
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nm and log([GlyP]/µM). To evaluate the selectivity of the probes toward GlyP, 

the PL spectra of probes with various analytes were measured. As depicted in 

Figure 3–16, apart from the GlyP, various anions and herbicides had no 

significant effect on the PL intensities of probes, showing the high selectivity 

of 1-Cu and 2-Cu toward GlyP in PL analysis. Interestingly, glycine and 

aminomethylphosphonic acid (AMPA), which are the degradation products of 

GlyP, slightly enhanced the PL intensity of 2-Cu at 596 nm (Figure 3–17). We 

could deduce that the formation of a five-membered chelate ring through the 

binding between the analytes and the Cu(II) center is a major factor in the PL 

signal enhancement. Therefore, it was found that GlyP, which is a tridentate 

ligand and can form two five-membered chelate rings through binding with 

Cu(II) center, showed a superior PL signal enhancement. This result was 

demonstrated by the increase in PL intensity when iminodiacetic acid (IDA), 

which is structurally similar to GlyP, was added to 2-Cu (Figure 3–17). Due to 

Figure 3–17. (a) PL emission spectra (λex = 420 nm) of 2-Cu (10 μM) upon the addition of excess 

amounts of glyphosate, glycine, aminometylphosphonic acid, and iminodiacetic acid in 

CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). (b) PL emission intensities at 596 nm of 2-Cu 

upon the addition of analytes, [(1) None; (2) Glyphosate; (3) Glycine; (4) 

Aminometylphosphonic acid; (5) Iminodiacetic acid]. 
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the structural importance of the analyte for inducing PL signal enhancements 

of probes, probes showed high selectivity for GlyP over various anions and 

herbicides. 

To obtain deeper insight into the sensing mechanism, we firstly 

performed HPLC analyses with 2-Cu in the absence and presence of GlyP 

(Figure 3–18). Upon the addition of GlyP, the absorption intensity at 260 nm 

(rt=2.5 min) gradually increased, which was different from the retention time 

of compound 2 that Cu(II) was removed from 2-Cu. These inferred that the 

signal changes were induced due to binding between 2-Cu and GlyP, rather than 

Figure 3–18. HPLC analyses of compound 2 and 2-Cu (100 μM) in the absence and presence of 

GlyP. Chromatographic conditions: the mobile phase consists of isopropyl alcohol and ultrapure 

water (v:v = 8:2) and chromatographic column is C18. UV detection was performed at 260 nm 

and the flow rate was 1 mL/min. 
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the formation of compound 2 by decomplexation of 2-Cu with GlyP. We then 

conducted 1H NMR experiments with 2-Cu in CD3CN/D2O 1:1 mixture (Figure 

3–19). 2-Cu barely displayed proton signals in the 1H NMR spectrum because 

of the paramagnetic nature of Cu(II). Interestingly, 2-Cu showed no proton 

signals in the 1H NMR spectrum despite the presence of GlyP, which indicated 

the reduction of Cu(II) to Cu(I) or decomplexation of Cu(II) by GlyP did not 

occur. This can also be inferred from UV-vis and PL spectra. As shown in Figure 

3–20a, UV-vis spectra of 2-Cu in the presence of excess GlyP were different 

Figure 3–19. 1H NMR spectra of 2-Cu (2 mM) upon the addition of the increasing amount of 

GlyP in CD3CN/D2O 1:1 mixture. 

Figure 3–20. (a) UV-vis absorption and (b) PL spectra of compound 2 and 2−Cu (10 μM) in the 

absence and presence of 200 μM GlyP in CH3CN/H2O (1:1 v/v, pH 7.4, 10 mM HEPES). 
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from that of compound 2, which indicated that 2-Cu bound with GlyP. In 

addition, PL intensity at 596 nm of 2-Cu was not fully recovered up to that of 

compound 2 in spite of excess addition of GlyP, which showed that the 2-Cu 

bound to GlyP (Figure 3–20b). To confirm the binding ratio between 2-Cu and 

GlyP, Job's plot and fitting were applied. The job’s plot showed the maximum 

PL intensity at a molar fraction of 0.7, indicating the formation of 1:2 complex 

of 2-Cu and GlyP (Figure 3–21a). In addition, a non-linear curve between the 

concentration of GlyP and PL intensity in Figure 3–21b was finely fitted (R2 = 

0.99) using the equation for the association process with a 1:2 stoichiometry, 

and binding constants of Cu1 and Cu2 with GlyP were calculated to be 1.6 × 105 

Figure 3–22. MALDI-TOF mass spectra of 2-Cu before and after the addition of GlyP (5 equiv.). 

Figure 3–21. (a) Job’s plot for 2-Cu and GlyP at 596 nm in H2O/MeCN (1:1 v/v, pH 7.4, 10 mM 

HEPES). The total concentration of 2-Cu and glyphosate is 50 μM. λex = 420 nm. (b) The PL 

signals of 2-Cu in the increasing amount of GlyP were fitted (K in μM–1) with the simplified 

equation for a 1:2 binding. 
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and 1.8 × 104 M-1, respectively. Unfortunately, the mass of 2-Cu-2glyP could 

not detect in the MALDI-TOF mass analysis (Figure 3–22). 

To investigate the additional evidence for generating a 2-Cu-2GlyP 

complex in the presence of 2-Cu and GlyP, the electrochemical analysis with 

cyclic voltammetry (CV) was performed.254 As shown in Figure 3–23, 2-Cu 

displayed a reduction peak at –0.33 V (vs. Fc/Fc+) of the Cu(II)/Cu(I) couple. 

However, the reduction peak of the Cu(II)/Cu(I) couple in 2-Cu was shifted to 

a more negative potential (–0.47 V) in the presence of 10 equiv. GlyP, and its 

shape greatly differed from the Cu(II) ions and Cu(II) + 10 equiv. GlyP. These 

results indicated that 2-Cu could bind with GlyP and form the 2-Cu-2GlyP 

complex. Meanwhile, the oxidation peak of Cu(I) to Cu(II) was not observed, 

confirming that there is no possibility that Cu(II) centers of 2-Cu are reduced 

to Cu(I) by GlyP.  

To investigate the PL signal change according to the structural change, 

the geometric optimizations of 2-Cu and 2-Cu-2GlyP were carried out by 

density functional theory (DFT) in Gaussian 09 package. All main group atoms 

Figure 3–23. (a) The cyclic voltammograms of compound 2 (black), 2-Cu (red), and 2-Cu+10 

equiv. GlyP (blue) in deaerated H2O/CH3CN (1:1, v/v, 0.1 M tetrabutylammonium perchlorate 

(TBAP) as the supporting electrolyte).  (b) The cyclic voltammograms of 2-Cu+10 equiv. GlyP 

(black), Cu(II) (red), Cu(II)+10 equiv. GlyP (blue), and GlyP (green) in deaerated H2O/CH3CN. 

The concentrations of compounds were 0.5 mM. 
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were used with 6-31G(d,p) basis set, and the LANL2DZ basis was employed 

for the iridium and copper atoms. As indicated Figure 3–24, Cu(II) in 2-Cu was 

coordinated by three N atoms of the DPA moiety (two pyridine and tertiary 

amine) with bond lengths of 2.005, 2.002, and 2.091 Å, respectively. However, 

the distances between Cu(II) of 2-Cu-2GlyP and the three N atoms of the DPA 

moiety were 2.503, 2.445, and 2.183 Å, respectively. The comparison of 

optimized structures for 2-Cu and 2-Cu-2GlyP clearly revealed that the bond 

between Cu(II) ions and DPA in the 2-Cu-2GlyP complex became much longer 

and thus weaker than that of 2-Cu. Based on these results, we could explain the 

enhanced PL signals of probes in the presence of GlyP. When GlyP is bound to 

the Cu(II) ion coordinated to the appended DPA ligand, the positive charge on 

Cu(II) ion was reduced and the bond between Cu(II) ions and DPA was 

elongated.255-258 These effectively nullified the electron transfer from an excited 

state of the probes to the Cu(II) center, resulting in the significant PL 

enhancement of the probes in the presence of GlyP. Meanwhile, the elongation 

between these Cu-DPA bonds by the generation of 2-Cu-2GlyP also explained 

the results of the MALDI-TOF analyses (Figure 3–22). With GlyP addition to 

Figure 3–24. Optimized molecular structures of 2-Cu (left), and 2-Cu-2GlyP (right). 
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2-Cu, the m/z signal of 2-Cu-2GlyP was undetectable and a significant decrease 

in the signal intensity at m/z 1447 of 2-Cu. We could predict that these results 

originated from the decrease in the bond strength between the Cu(II) center and 

DPA.  

As indicated in Figure 3–25, we compared ECL intensities and ECL 

efficiency of compound 1, 1-Cu+20 equiv. GlyP, compound 2, 2-Cu+20 equiv. 

GlyP, and Ru(bpy)3
2+ in aqueous media (MeCN/H2O= 1:1 v/v, pH 7.4, 10 mM 

HEPES, 20 mM TPrA, and 0.1 M TBAP). Although the ECL intensity and 

efficiency of 2-Cu in the presence of 20 equiv. GlyP were 11 and 9% compared 

with Ru(bpy)3
2+, this was a significant ECL signal for GlyP detection. However, 

1-Cu showed no significant ECL signal despite the addition of GlyP. These 

PL/ECL analysis capabilities of 2-Cu showed superior versatility compared to 

1-Cu, which only worked in PL analysis.  

Figure 3–25. ECL intensities of 10 µM compound 1 (black) , 1-Cu+20 eq. GlyP (red) , compound 

2 (blue), 2-Cu+20 eq. GlyP (green), and Ru(bpy)32+ (pink) in CH3CN/H2O (1:1 v/v, pH 7.4, 20 

mM TPrA, 10 mM HEPES, and 0.1 M TBAP as the supporting electrolyte) while the potential 

is swept at a Pt disk electrode (diameter 2 mm) in the range −0.3~1.1 V (scan rate: 0.2 V/s). Inset: 

Comparison of ECL intensities and ECL efficiency of compound 1, 1-Cu+20 eq. GlyP, 

compound 2, 2-Cu+20 eq. GlyP, and Ru(bpy)32+. 
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The ECL emission profiles of 2-Cu were obtained in aqueous media 

(MeCN/H2O= 1:1 v/v, pH 7.4, 10 mM HEPES, 20 mM TPrA, and 0.1 M TBAP).  

A similar tendency to the PL analysis upon the addition of GlyP to 2-Cu 

solutions was observed in the ECL analysis (Figure 3–26a). During cyclic 

voltammetry in the range of 0.30–1.10 V (vs. Fc/Fc+), 2-Cu alone (10 μM) 

Figure 3–26. ECL intensities of 2-Cu (10 µM) upon the addition of GlyP in CH3CN/H2O (1:1 

v/v, pH 7.4, 20 mM TPrA, 10 mM HEPES, and 0.1 M TBAP as the supporting electrolyte) while 

the potential is swept at a Pt disk electrode (diameter 2 mm) in the range 0.3~1.1 V (scan rate: 

0.2 V/s). (b) ECL intensity changes of 2-Cu at 1.01 V upon the addition of GlyP. Inset: A linear 

correlation between the ECL intensity at 1.01 V and concentrations of GlyP. (c) ECL intensities 

of 2-Cu (10 µM) in the presence of various analytes (400 μM each; GlyP 200 μM) in CH3CN/H2O 

(1:1 v/v, pH 7.4, 20 mM TPrA, 10 mM HEPES, and 0.1 M TBAP as the supporting electrolyte) 

while the potential is swept at a Pt disk electrode (diameter 2 mm) in the range 0.3~1.1 V (scan 

rate: 0.2 V/s). (d) ECL intensities at Vmax of 2-Cu (10 µM) upon addition of 400 μM various 

analytes and 200 μM GlyP, (1) Free; (2) glyphosate; (3) Glutamate; (4) Aspartate; (5) Citrate; (6) 

Glycine; (7) PO43-; (8) PPi; (9) ATP; (10) NO3-; (11) C2O42-; (12) SO42-; (13) CN-; (14) SCN-; 

(15) HCO3-; (16) CO32-; (17) AcO-; (18) N3-; (19) F-; (20) Cl-; (21) Br-; (22) I-; (23) AMPA; (24) 

Ethephon; (25) Glufosinate. 
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produced feeble ECL signals. However, upon the addition of an increasing 

amount of GlyP, the ECL signal around 1.01 V was correspondingly enhanced 

with a linear correlation in the range of 0–200 μM (Figure 3–26b, R2=0.98). 

The limit of detection (LOD) was calculated to be 147 nM, which is ~10 times 

lower than the LOD value determined in PL analysis. And this LOD value was 

much lower than the acceptable maximum level of GlyP in drinking water set 

by EPA (4.14 μM) and Health Canada Drinking Water Guidelines (1.66 

μM), which suggested that 2-Cu had high sensitivity toward GlyP. The 

selectivity of 2-Cu was assessed by adding 200 μM of GlyP and an excess 

amount (400 μM) of various analytes to a 10 μM solution of 2-Cu (Figure 3–

26c). The ECL intensity of 2-Cu showed no significant changes when adding 

excess amounts of various anions and several herbicides. On the other hand, a 

significant enhancement in the ECL signal (~10 fold) was observed after adding 

200 μM (20 equiv.) of GlyP to the solution (Figure 3–26d).  

Figure 3–27. Differential pulse voltammetry (DPV) signals of 0.5 mM 2-Cu before (black line) 

and after (red line) the additions of 10 eq. GlyP in deaerated H2O/CH3CN 1:1 mixture containing 

0.1 M TBAPF6 as the supporting electrolyte (scan rate: 0.1 V/s, working electrode: glassy carbon; 

counter electrode: platinum wire; reference electrode: Ag/AgNO3). 
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To confirm the applicability of the PeT and ECL mechanisms, DPV was 

conducted to estimate the experimental highest unoccupied molecular orbital 

(HOMO)/lowest unoccupied molecular orbital (LUMO) energy levels of 2-Cu 

and 2-Cu+10 equiv. GlyP (Figure 3–27), and the data were summarized in Table 

3–5. As shown in Figure 3–28a, the singly occupied molecular orbital (SOMO) 

level of Cu(II) center (−4.46 eV) located between the HOMO (−5.80 eV) and 

LUMO (−3.07 eV) levels of 2-Cu indicated that PL of 2-Cu would be quenched 

by Cu(II) through the PeT process. As indicated in Figure 3–28b, 2-Cu+10 

equiv. GlyP exhibited a sufficiently lower LUMO level of −3.09 eV than the 

SOMO level of TPrA radical (TPrA•), resulting in smooth electron transfer from 

TPrA• to the LUMO of the complex 2-Cu-2GlyP. Therefore, the singlet excited 

state of the complex could be generated. Furthermore, the HOMO energy level 

of the complex is a lower level than that of TPrA, which oxidizes TPrA through 

Table 3–5. Electrochemical properties of 2-Cu, 2-Cu with 10 eq. GlyP, and TPrA.a 

Compound 
a 0'

oxE  

(V vs Fc/Fc+) 

b 0'
redE * 

(V vs Fc/Fc+) 

00-E * 

(eV) 

2-Cu 1.00 

−0.34        

(Cu(II)) 

−1.73     
(Ir(III) complex) 

2.73 

(Ir(III) 
complex) 

2-Cu+10 eq. GlyP 1.06 -1.71 2.77 

TPrA 0.58 - - 

aDifferential pulse voltammetric measurements of compounds (0.5 mM) were performed in 

deaerated H2O/CH3CN 1:1 mixture with 0.1 M tetra-n-butylammonium perchlorate as the 

supporting electrolyte at the scan rate of 0.1 V/s. The values were calibrated against the oxidation 

of 0.5 mM ferrocene (Fc/Fc+) as a standard.  
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the catalytic pathway for the generation of TPrA+•. Thus, 2-Cu-2GlyP could 

emit the ECL.  

Based on the experimental results presented above, we proposed the 

sensing mechanism for GlyP in the ECL analysis using 2-Cu (Scheme 3–5). 

The ECL of 2-Cu was quenched by electron transfer from the Ir(III) 3MLCT 

excited state to the paramagnetic Cu(II) ion. However, in the presence of GlyP, 

Figure 3–28. (a) The HOMO/LUMO energy levels of 2-Cu and SOMO energy level of Cu(II) 

calculated from the DPV measurements to explain the PeT quenching process. (b) 

HOMO/LUMO energy level of 2-Cu+10 eq. GlyP calculated from DPV measurements to explain 

generation of TPrA+• through the catalytic pathway and excited state of 2-Cu-2GlyP for ECL. 

Scheme 3–5. The proposed sensing mechanism of 2-Cu for detection of GlyP through ECL 

analysis.
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2-Cu-2GlyP was generated and the decrease in the positive charge on Cu(II) 

center and the bond strength between Cu(II) ions and DPA was induced. 

Therefore, electron transfer from an excited state of the probe to the Cu(II) 

center was nullified. 2-Cu-2GlyP was directly oxidized on the Pt electrodes to 

form (2-Cu-2GlyP)+•. Then, the excited state (2-Cu-2GlyP)* of generated by 

one-electron transfer from the TPrA• to the LUMO of (2-Cu-2GlyP)+•, which 

emitted red ECL.  

To confirm the reliability of the ECL sensing system in the real sample, 

we quantified the concentrations of the GlyP in GlyP-spiked tap water samples 

diluted with HEPES buffer and acetonitrile by the ECL intensities and the 

calibration curve (Figure 3–26b). As shown in Table 3–6, when the different 

concentrations of GlyP were added to the tap water, the ECL intensities were 

increased correspondingly with the concentration of GlyP. The recovery rates 

(%) of GlyP were calculated to be 96.50–102.82%, suggesting that our ECL 

Table 3–6. Quantification of GlyP in tap water samples.a 

[GlyP]added 

Rel. ECL intensity 

(Experiment, n=3) 

[GlyP]calc’d 

(µM) 
Recovery (%) 

0 µM 1 ± 0.0168 - - 

10 µM 1.1778 ± 0.0130 9.6497 ± 0.3078 96.50 ± 3.08% 

50 µM 2.9443 ± 0.0908 51.4109 ± 2.1472 102.82 ± 4.29% 

100 µM 4.8907 ± 0.1354 97.4258 ± 3.2015 97.43 ± 3.20% 

aAll ECL intensities were measured along with the cyclic voltammetry (CV) scan in CH3CN/H2O 

(1:1 v/v, pH 7.4, 20 mM TPrA, 10 mM HEPES, and 0.1 M TBAP) while the potential was swept 

at a Pt working electrode in the range of 0.3–1.1 V vs. Fc/Fc+. 
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sensing system with 2-Cu is highly reliable and practicable for field-monitoring 

of GlyP in real samples.  

 

3. Conclusion 

In conclusion, we have developed a photoluminescent (PL) and 

electrochemiluminescent (ECL) dual-channel probe (2-Cu) based on a 

cyclometalated Ir(III) complex for the selective detection of GlyP. To the best 

of our knowledge, this is the first example of GlyP detection using a molecular 

probe based on an Ir(III) complex. High sensitivity and selectivity toward the 

GlyP were achieved by introducing a binding site, a Cu-DPA complex, on the 

main ligands, resulting in the prompt coordination between Cu(II) center and 

GlyP. The 2-Cu successfully discriminated GlyP from various anions and 

herbicides, and displayed high sensitivities with LOD values 1.01 μM for PL 

and 147 nM for ECL. Finally, the probe successfully quantified the 

concentration of GlyP ions in tap water samples, thus demonstrating the 

potential of the probe for on-site detection. We believe that our strategy would 

be of great help to the advancement in developing ECL-based probes and other 

fields concerning ECL-based analysis. 

 

4. Experimental section 

4.1. Materials and instruments 

All chemicals were used as received from commercial suppliers including 

Sigma-Aldrich (Sigma-Aldrich Corp., MO, USA), Alfa (Alfa Aesar, MA, 
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USA), and TCI (Tokyo Chemical Industry, Tokyo, Japan) without further 

purification. Probes 1 and 2 were prepared by detailed synthetic procedures in 

Supporting Information and characterized by 1H, 13C nuclear magnetic 

resonance (NMR) and mass analyses. General organic solvents were purchased 

from Samchun (Samchun Chemical Co., Seoul, Korea), and deuterated solvents 

were received from CIL (Cambridge Isotopic Laboratories, Ma, USA). Flash 

column chromatography was conducted on silica gel 60 (230-400 mesh) from 

SILICYCLE (Canada). Thin-layer chromatography (TLC) analysis was carried 

out using silica gel 60F-254 plates (Merck). High-resolution mass 

spectrometric (HRMS) data taken by JMS-700 (JEOL, Japan) with fast atom 

bombardment (FAB) positive mode were obtained directly from the National 

Center for Inter-University Research Facilities (NCIRF). The matrix-assisted 

laser deposition/ionization time-of-flight (MALDI-TOF) mass spectrometric 

data were recorded with Bruker Microflex LRF20. All 1H and 13C NMR spectra 

were collected using Bruker Avance DPX-300 (Germany), Agilent 400 MHz 

DD2MR400 NMR system (USA), and Varian 500 MHz NMR system (USA). 

All chemical shifts were expressed in parts per million (ppm) relative to the 

deuterated solvent peaks as an internal chemical shift reference. 

Photoluminescence emission spectra were measured on a JASCO FP-8300 

spectrometer with the 5 nm band width for excitation and emission (sensitivity: 

high) and UV-vis absorption spectra were collected on a JASCO V-730 

spectrometer. All samples for photophysical experiments were freshly prepared 

before use from corresponding stock solutions (2 mM probes in dimethyl 

sulfoxide and 10 mM various analytes in water). 
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4.2. Electrochemical and electrochemiluminescent (ECL) 

measurement 

Electrochemical properties including differential pulse voltammetry (DPV) and 

cyclic voltammetry (CV) were investigated with a CH Instruments 650B (CH 

Instruments, Inc., TX, USA). All potential values were calibrated to the 

ferrocene/ferrocenium (Fc/Fc+) redox couple as a reference. All ECL intensities 

were measured by a H-6780 photomultiplier tube (PMT) module (Hamamatsu 

photonics K.K., Tokyo, Japan) under the simultaneous cyclic voltammetry 

process (scan range: 0.3–1.1 V vs. Fc/Fc+, scan rate: 0.2 V/s) in a 1:1 (v/v) 

mixture of HEPES-buffered solution (10 mM, pH 7.4) and CH3CN (ACROS) 

containing 20 mM Tripropylamine (TPrA, Sigma-Aldrich, MO, USA) and 0.1 

M tetrabutylammonium perchlorate (TBAP, TCI) as the co-reactant and the 

supporting electrolyte. A home-made ECL cell was directly connected on the 

PMT module. All potential values of the electrochemical and ECL experiments 

were calibrated against the ferrocene/ferrocenium (Fc/Fc+) redox couple. All 

samples for the electrochemical and ECL measurements were newly prepared 

before each experiment. The Pt working electrode was polished on a polishing 

pad with 0.05 μm alumina (Buehler, IL, USA) and sonicated for 5 min in a 1:1 

(v/v) mixture of distilled water and absolute ethanol. After that, the electrode 

was fully dried with ultra-pure N2 gas for 1 min. All ECL data were the average 

of the maximum ECL intensity values from three repeated experiments with a 

good reliability. 
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4.3. Synthesis of probes 

 

Scheme 1. Synthetic routes of 1. 

Synthesis of 3: 3-formylphenylboronic acid (1.04 g, 6.96 mmol), 2-

bromopyridine (0.62 mL, 6.33 mmol), Pd(PPh3)4 (146 mg, 0.13 mmol) and 

K2CO3 (2.62 g, 19 mmol) were dissolved in a mixture of THF (36 mL) and H2O 

(12 mL) and stirred at 80°C overnight. After cooling down to room temperature, 

the reaction mixture was extracted with dichloromethane (CH2Cl2). The 

combined organic phase was washed with H2O and brine, and dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by 

silica gel column chromatography (ethyl acetate/hexane = 1:5) to give 

compound 3 (903 mg, 78% yield). 400 MHz 1H NMR (CDCl3): δ 10.14 (s, 1H), 

8.75 (d, J = 4.8 Hz, 1H), 8.53 (s, 1H), 8.32 (d, J = 7.8 Hz, 1H), 7.96 (d, J = 7.6 

Hz, 1H), 7.84 – 7.80 (m, 2H), 7.67 (t, J = 7.7 Hz, 1H), 7.32 (dd, J = 8.6, 4.7 Hz, 

1H). 

Synthesis of 4: Compound 3 (515 mg, 2.81 mmol) and iridium chloride 

hydrate (400 mg, 1.33 mmol) were dissolved in a mixture of 2-ethoxyethanol 

(12 mL) and H2O (4 mL). The reaction mixture was stirred at 100°C for 24 h. 



149 
 

After cooling down to room temperature, water was poured into the reaction 

mixture. Then, a yellow precipitate was filtered, washed with H2O, hexane, and 

dried in vacuo to give a crude cyclometalated Ir(III) chloro-bridged dimer (4) 

(640 mg, 81% yield). Compound 4 was used for the next step without further 

purification.  

Synthesis of 5: Crude compound 4 (293 mg, 0.25 mmol), 2,2'-bipyridine 

(78 mg, 0.49 mmol) were dissolved in dichloromethane/methanol/water (3:1:1, 

20 mL) and stirred at 80°C for 12 h. After cooling down to room temperature, 

ammonium hexafluorophosphate (408 mg, 2.5 mmol) was added to the mixture 

and stirred for additional 2 h. The solution was filtered and evaporated, and the 

residue was purified by silica gel column chromatography (CH2Cl2/acetone = 

50:1) to afford 5 (312 mg, 74% yield). 500 MHz 1H NMR (acetone-d6): δ 9.93 

(s, 2H), 8.87 (d, J = 8.2 Hz, 2H), 8.48 (d, J = 8.2 Hz, 2H), 8.42 (s, 2H), 8.33 

(dd, J = 11.4, 4.5 Hz, 2H), 8.12 (d, J = 5.5 Hz, 2H), 8.10 (t, J = 7.3 Hz, 2H), 

7.95 (d, J = 5.7 Hz, 2H), 7.73 – 7.64 (m, 2H), 7.41 (dd, J = 7.9, 1.3 Hz, 2H), 

7.32 (t, J = 6.6 Hz, 2H), 6.62 (d, J = 7.9 Hz, 2H). 

Synthesis of 1: A mixture of compound 5 (76 mg, 90 mmol), di-(2-

picolyl)amine (36 mL, 0.20 mmol), and sodium triacetoxyborohydride (57 mg, 

0.27 mmol) in 2 mL 1,2-dichloroethene (DCE) was stirred at room temperature 

for 12 h. Then saturated aqueous sodium bicarbonate solution was added slowly 

to the mixture. The reaction mixture was further diluted with distilled water and 

extracted with dichloromethane. The organic layer was extracted by 1 N HCl 

three times to get protonated compounds. The 1 N HCl solution was neutralized 

to pH 7 by the addition of a saturated aqueous sodium hydroxide solution and 

extracted with CH2Cl2 three times. The combined organic layer was washed 



150 
 

with brine and dried over anhydrous sodium sulfate, and evaporated under 

reduced pressure. The mixture was re-dissolved with dichloromethane and 

methanol, then ammonium hexafluorophosphate (147 mg, 0.9 mmol) was 

added to the mixture and stirred for additional 2 h. The solution filtered through 

filter paper for the removal of ammonium hexafluorophosphate, and the filtrate 

concentrated in vacuo. The residue was triturated with dichloromethane and 

diethylether. The resulting precipitate was filtered, washed with diethylether 

and dried in vacuo to afford 1 (70 mg, 64%). 500 MHz 1H NMR (acetone-d6): 

δ 8.84 (d, J = 8.2 Hz, 2H), 8.67 (d, J = 4.2 Hz, 4H), 8.31 – 8.26 (m, J = 8.2 Hz, 

4H), 8.13 (s, 2H), 8.04 (t, J = 7.3 Hz, 2H), 7.95 (d, J = 5.1 Hz, 2H), 7.83 (dd, J 

= 17.5, 6.6 Hz, 6H), 7.60 (t, 2H), 7.55 (d, J = 7.8 Hz, 4H), 7.40 (s, 4H), 7.23 (t, 

J = 6.6 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 6.38 (d, J = 7.8 Hz, 2H), 4.48 (d, J = 

86.6 Hz, 12H). 125 MHz 13C NMR (DMSO-d6): δ 166.66, 162.04, 155.92, 

155.86, 152.26, 152.21, 150.32, 149.43, 147.96, 145.03, 139.85, 139.08, 

138.98, 132.36, 132.16, 128.57, 127.05, 126.06, 124.93, 124.30, 124.14, 

123.84, 120.31, 59.38, 57.06. HRMS (FAB, m-NBA): m/z observed 1079.3844 

(calculated for C58H50Ir N10 [M]+ 1079.3854).  

Scheme 2. Synthetic routes of 2. 
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Synthesis of 6: 3-formylphenylboronic acid (1.37 g, 9.16 mmol), 1-

isoquinoline (1.50 g, 9.16 mmol), Pd(PPh3)4 (300 mg, 0.275 mmol) and K2CO3 

(6.33 g, 45.8 mmol) were dissolved in a mixture of THF (50 mL) and H2O (15 

mL) and stirred at 80°C overnight. After cooling down to room temperature, 

the reaction mixture was extracted with dichloromethane (CH2Cl2). The 

combined organic phase was washed with H2O and brine, and dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by 

silica gel column chromatography (ethyl acetate/hexane = 1:5) to give 

compound 6 (1.84 g, 86% yield). 400 MHz 1H NMR (CDCl3): δ 10.11 (s, 1H), 

8.62 (d, J = 5.7 Hz, 1H), 8.21 (s, 1H), 8.02 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 7.6 

Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.73 – 7.67 (m, 3H), 7.56 (t, J = 7.7 Hz, 1H). 

Synthesis of 7: Compound 6 (1 g, 4.29 mmol) and iridium chloride 

hydrate (610 mg, 2.04 mmol) were dissolved in a mixture of 2-ethoxyethanol 

(23 mL) and H2O (8 mL). The reaction mixture was stirred at 100°C for 24 h. 

After cooling down to room temperature, water was poured into the reaction 

mixture. Then, a yellow precipitate was filtered, washed with H2O, hexane, and 

dried in vacuo to give a crude cyclometalated Ir(III) chloro-bridged dimer (7) 

(908 mg, 64% yield). Compound 7 was used for the next step without further 

purification.  

Synthesis of 8: Crude compound 7 (300 mg, 0.22 mmol), 2,2'-bipyridine 

(71 mg, 0.46 mmol) were dissolved in dichloromethane/methanol/water (3:1:1, 

25 mL) and stirred at 80°C for 12 h. After cooling down to room temperature, 

ammonium hexafluorophosphate (359 mg, 2.2 mmol) was added to the mixture 

and stirred for additional 2 h. The solution was filtered and evaporated, and the 

residue was purified by silica gel column chromatography (CH2Cl2/acetone = 
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50:1) to afford 8 (240 mg, 58% yield). 400 MHz 1H NMR (acetone-d6): δ 10.00 

(s, 2H), 9.18 (d, J = 8.2 Hz, 2H), 8.91 (s, 2H), 8.90 (d, J = 7.3 Hz, 2H), 8.31 (td, 

J = 8.0, 1.5 Hz, 2H), 8.15 (dd, J = 7.5, 1.8 Hz, 2H), 8.04 (dd, J = 5.5, 0.8 Hz, 

2H), 8.02 – 7.94 (m, 4H), 7.81 (d, J = 6.4 Hz, 2H), 7.71 (d, J = 6.5 Hz, 2H), 

7.67 (ddd, J = 7.5, 5.5, 1.0 Hz, 2H), 7.40 (dd, J = 7.9, 1.6 Hz, 2H), 6.66 (d, J = 

7.9 Hz, 2H). 

Synthesis of 2: A mixture of compound 8 (50 mg, 50 mmol), di-(2-

picolyl)amine (21 mL, 0.11 mmol), and sodium triacetoxyborohydride (33 mg, 

0.16 mmol) in 1 mL 1,2-dichloroethene (DCE) was stirred at room temperature 

for 12 h. Then saturated aqueous sodium bicarbonate solution was added slowly 

to the mixture. The reaction mixture was further diluted with distilled water and 

extracted with dichloromethane. The organic layer was extracted by 1 N HCl 

three times to get protonated compounds. The 1 N HCl solution was neutralized 

to pH 7 by the addition of a saturated aqueous sodium hydroxide solution and 

extracted with CH2Cl2 three times. The combined organic layer was washed 

with brine and dried over anhydrous sodium sulfate, and evaporated under 

reduced pressure. The mixture was re-dissolved with dichloromethane and 

methanol, then ammonium hexafluorophosphate (82 mg, 0.5 mmol) was added 

to the mixture and stirred for additional 2 h. The solution filtered through filter 

paper for the removal of ammonium hexafluorophosphate, and the filtrate 

concentrated in vacuo. The residue was triturated with dichloromethane and 

diethylether. The resulting precipitate was filtered, washed with diethylether 

and dried in vacuo to afford 2 (29 mg, 49%). 500 MHz 1H NMR (acetone-d6): 

δ 9.28 (d, J = 8.2 Hz, 2H), 8.87 (d, J = 8.1 Hz, 2H), 8.57 (s, 2H), 8.51 (d, J = 

4.6 Hz, 4H), 8.27 (t, J = 7.9 Hz, 2H), 8.11 (d, J = 7.3 Hz, 2H), 7.99 (dd, J = 
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14.0, 6.5 Hz, 4H), 7.92 (d, J = 5.4 Hz, 2H), 7.75 – 7.65 (m, 10H), 7.57 (dd, J = 

10.3, 6.6 Hz, 4H), 7.21 (t, J = 5.9 Hz, 4H), 7.01 (d, J = 7.8 Hz, 2H), 6.34 (d, J 

= 7.7 Hz, 2H), 3.86 (s, 8H), 3.70 (s, 4H). 125 MHz 13C NMR (DMSO-d6): δ 

168.75, 159.80, 155.87, 152.29, 150.48, 148.90, 145.57, 140.83, 139.54, 

137.18, 136.26, 132.46, 132.02, 131.82, 131.66, 131.62, 129.11, 128.46, 

127.71, 127.05, 126.21, 124.82, 122.79, 122.02, 121.95, 59.46, 57.39. HRMS 

(FAB, m-NBA): m/z observed 1179.4157 (calculated for C66H54IrN10
+ [M–

PF6]+ 1179.4168). 

General Procedure for the synthesis of 1-Cu and 2-Cu: Compound 1 or 

2 (2.0 μmol, 1.0 equiv) was dissolved in 50 μL of acetonitrile, and the solution 

was treated with copper(II) chloride solution (4.1 μmol, 2.05 equiv). The 

mixture was sonicated for 1 min and concentrated by flushing N2 gas. The 

resulting residue was dried under vacuum then used without further purification. 

1-Cu. Synthesized from 1. MALDI-TOF-MS (Dithranol): m/z 

observed 1274.985 (calculated for C58H50Cl2Cu2IrN10
+ [M–2Cl2]+ 1275.181). 

2-Cu. Synthesized from 2. HRMS (FAB, m-NBA): m/z observed 

1410.1814 (calculated for C66H54Cl3Cu2IrN10
+ [M–Cl]+ 1410.1815).  

4.4. Mathematical basis for fitting of 1:2 binding system 

in Figure 3–21b. 

For consideration of a 1:2 association between a Host (H) and Guest (G), two 

equilibrium equations are defined as the following equation:  +  ⇌   (1)  +  ⇌   (2) 
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From equations (1)–(2), two binding constant expressions (3–4) can be 

obtained: 

 = [][][]  (3) 

 = [][][]  (4) 

From the equations (3)–(4), [HG] and [HG2] can be expressed: [] = [][]  (5) [] = [][] = [][] (6) 

The molecular fractions (α) of the host, 1:1 host guest complex, and 1:2 host 

guest complex can be described in the following equations (7–9): 

α = [][][][]  (7) 

α = [][][][]  (8) 

α = [][][][]  (9) 

By substituting [HG] of equation (5) and [HG2] of equation (6) to equations 

(7)–(9), the equations can be rewritten in the following form: α = [][] (10) 

α = [][][] (11) 

α = [][][] (12) 
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The PL intensity of the equilibrium solution can be expressed as equation (13), 

where   is the observed PL intensity; , ,  are the PL intensities 

of the host, 1:1 host guest complex, and 1:2 host guest complex, respectively.  = α + α + α      (13) 

By combining equations (10)–(13), we can obtain the equation (14) which is 

used for the fitting of 1:2 binding system. 

 =  [] [][][]                 (14) 
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Part IV.  

Development of Organic ECL emitters  
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Section 1. Background 

1. Organic ECL emitters 

Organic ECL emitters can be divided into polycyclic aromatic hydrocarbon 

(PAH) series and fluorescent luminophore series, which researches for the 

development of ECL emitters with excellent efficiency are continuously being 

conducted. 

1.1.  Polycyclic Aromatic Hydrocarbons (PAHs) 

There have been several reviews of ECL systems using polycyclic aromatic 

hydrocarbons (PAHs) as ECL luminophores,13,259 and the structures of PAH 

ECL luminophores with high ECL efficiencies are depicted in Figure 4–1. 9.10-

Figure 4–1. Structures of PAHs ECL luminophores with high ECL efficiencies. 
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diphenylanthracene (DPA) and rubrene displayed high ECL efficiencies of 25% 

in 1:1 MeCN/benzene.260,261 However, the application of these PAHs in various 

analytical fields was limited due to their low solubility, ECL efficiency in 

aqueous solutions. Consequently, there have been attempts to overcome these 

problems through functionalization and modification of PAHs.  

The first topic is to make water-soluble PAHs by introducing charged 

functional groups such as sulfonate and imidazolium groups into PAHs. These 

compounds showed ECL emissions due to enhanced water-solubility in 

aqueous conditions.25,262 Among them, DAA1 and DAA2 with two 

imidazolium groups exhibited extraordinary ECL properties. These compounds 

showed stable anodic ECL and about 7 times better ECL efficiencies than 

Ru(bpy)3
2+ in an aqueous solution containing TPrA. 

The second topic is to increase the ECL efficiencies of PAHs. ECL 

luminophores, AB1-4, containing a bimesityl core with 2- and 4-fold 

Figure 4–2. Structures of bimesityl compounds with 2 -and 4-fold anthracene. Reprinted with 

permission from reference 233. Copyright 2012 American Chemical Society. 
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anthracene groups were synthesized and ECL research was conducted (Figure 

4–2).263 These luminophores with a rigid D2d-symmetric structure showed 

strong blue-green fluorescence in the organic solvent. AB1–4 showed 

annihilation ECL at 480 nm in a 3:1 benzene:MeCN mixture, with excellent 

absolute ECL efficiencies of 2.4, 0.08 , 3.5, and 0.067%, respectively. Then, a 

series of phenylethynylpyrene derivatives was reported to increase the ECL 

efficiency by ensuring adequate radical ion stability.264 In this research, ECL 

efficiencies of compounds 1–6, which introduced phenylethynyl group with a 

weakly donating group (–n-propyl) or a strongly electron-donating group (–

NMe2) into pyrene, were compared Figure 4–3. Interestingly, compound 5 

Figure 4–3. Structures of phenylethynylpyrene derivatives. Reprinted with permission from 

reference 234. Copyright 2012 American Chemical Society. 
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exhibited extraordinary ECL intensity by increasing the stability of the radical 

anion and securing the stability of the radical cation. The ECL intensity of 

compound 5 was ~16 and ~5 times stronger than that of compounds 4 and 6, 

respectively. Studies on the electrochemical properties and ECL of three 

phenanthrene derivatives in MeCN–benzene (v/v=1:1) have also been reported 

(Figure 4–4).265 The stability of the electrochemically generated radical cation 

was enhanced as the conjugation length of the substituent introduced to the 

phenanthrene was expanded, thereby improving the efficiency of the 

annihilation ECL. Therefore, the compound TpyP with the most extended 

conjugation length exhibited the best annihilation ECL efficiency of 0.25 

(relative ECL efficiency of DPA is 1). Meanwhile, the cations of compounds 

were relatively unstable compared to their anions though they were stabilized 

with substituents. Therefore, the compounds showed stronger ECL in the 

cathodic ECL pathway using benzoyl peroxide.  

1.2.  Fluorescent luminophores 

Boron-containing compounds, known to have high extinction coefficients and 

photoluminescence (PL) quantum yields (PLQY, ΦPL), have recently received 

Figure 4–4. Structures of phenanthrene derivatives. Reprinted with permission from reference 

235. Copyright 2013 American Chemical Society. 
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a lot of attention in various fields, and studies on ECL properties using them 

are being actively conducted. Among boron-containing luminophores, boron 

dipyrromethene (BODIPY) is the most studied compound as an ECL 

luminophore.31 Several BODIPY derivatives exhibit excellent ECL efficiencies, 

and their structures are depicted in Figure 4–5. These BODIPY derivatives 

(BDP1–6) showed 1 to 4 times superior ECL efficiencies compared to 

Ru(bpy)3
2+. Most of them are completely substituted with alkyls to improve the 

radical ion stability by preventing dimerization or chemical reactions during 

electrochemical processes.  

There are several ECL studies on boron-containing compounds with 

water-soluble properties or near-infrared (NIR) emission, which show the 

potential in the bioanalytical application. In 2013, a fully-substituted BODIPY 

with a long polyethylene glycol (PEG) chain was developed as a water-soluble 

Figure 4–5. Structures of boron-containing ECL luminophores.  
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ECL luminophore.34 It exhibited a moderate oxidative-reductive ECL in water 

containing TPrA. The development of NIR ECL luminophore is needed for the 

biological application of ECL because a NIR light source or emission can 

minimize the potential damage to living bodies. Ding et al. reported a NIR 

BODIPY derivative (BDY-6 in Figure 4–5), which displayed ECL emission at 

707 nm with an ECL efficiency of about 80–100% compared to Ru(bpy)3
2+ in 

CH2Cl2 containing TPrA. In addition, boron difluoride formazanate dyes, a new 

type of boron-containg compound, have been reported.266,267 These dyes 

exhibited ECL emission at 724–910 nm in MeCN solution containing TPrA, 

and the ECL efficiency was 17.5–450% compared to Ru(bpy)3
2+. 

In addition to the abovementioned boron-containing compounds, there 

are organic ECL luminophores such as a cationic triangulene, a carbazole 

thiophene cyanoacrylate, and spirofluorene that have shown excellent ECL 

efficiencies. Sojic and co-workers investigated the electrochemical and 

spectroscopic, and ECL properties of eight cationic triangulene derivatives 

(Figure 4–6).268 In this study, it was reported that triangulene with electron-rich 

carbocation exhibits better ECL efficiency. Among these triangulenes, TATA+, 

Figure 4–6. Structures of cationic triangulenes. Reprinted with permission from reference 238. 

Copyright 2015 John Wiley & Sons, Inc. 
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DAOTA+, DAOTA+, and DAOTA+ showed moderate ECL efficiencies of 35, 

15, 21, and 46% against the Ru(bpy)3
2+ standard. ECL properties of carbazole 

thiophene cyanoacrylate dye in solution and thin films on ITO have been 

reported by Parkinson et al.269 ECL was almost inactive in the annihilation 

process, whereas ECL efficiency of about 10% compared to Ru(bpy)3
2+ was 

measured in the oxidative-reductive process using oxalate as a co-reactant. 

Various types of spirobifluorene derivatives with donors or acceptors to control 

their electrochemical and photophysical properties have been reported.26-30 For 

example, two triphenylamine groups as donors were introduced into fluorene, 

which can stabilize electrochemically generated radical cations.28 In a recent 

study, spirobifluorene derivatives with electron-withdrawing and electron-

donating groups to the para-position of triphenylamine were also reported 

(Figure 4–7).30 Annihilation ECL showed a bathochromic shift of 67 nm when 

Figure 4–7. Structures of a) fluorene with two triphenylamine groups as donors, and b) 

spirobifluorene derivatives with electron-withdrawing and electron-donating groups to the para-

position of triphenylamine. Reprinted with permission from reference 28 and 30. Copyright 2012, 

2017 American Chemical Society. 
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the substituent was changed from fluorine to methoxy, proving that the color 

change can be induced by the substituent. Their ECL efficiencies were 1.7–4.2 

times higher than that of the standard DPA. 
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Section 2. Electrochemiluminescence of Novel Oxazaborin 

Luminophores Based on Naphthalene Backbone 

 

1. Introduction 

Electrochemiluminescence (ECL) is a phenomenon in which luminophores 

achieve excited states through multiple electron transfers between molecules, 

and thus emit light.1 Recently, there has been a growing interest in the 

development of various ECL-based assay systems in the analytical fields of 

biology, medicine, and environment due to their low background signal, high 

sensitivity, and simplicity of the instrument and detection process.175  

An ECL luminophore is the most important component in the ECL 

analysis system because the sensitivity, selectivity, and stability of ECL 

analysis systems greatly depend on the efficiencies and characteristics of the 

ECL luminophores. Therefore, many efforts have been devoted to developing 

ECL luminophores with unique photophysical properties and excellent ECL 

efficiencies (ΦECL). Until now, representative ECL luminophores used in 

various ECL analysis systems are luminol and tris(2,2-bipyridine)ruthenium(II) 

(Ru(bpy)3
2+). However, luminol is consumed during the process of ECL 

emission, and highly basic conditions are required.13 In the case of the 

Ru(bpy)3
2+, it is difficult to change the wavelength with the modification of 

molecular structure due to a low metal-centered state (MC state), which limits 

the use of multicolor analysis.270 Also, high cost and limited supply of platinum 

group metals make it urgent to develop alternative ECL luminophores. 
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Recently, various nanomaterials-based ECL dyes have also been reported.271 

However, some of them showed low biocompatibility because those were 

mainly synthesized from heavy metal ions, which posed a threat to the 

environment and human health. 

To overcome these problems, various organic ECL emitters have 

recently been developed.31,35,264,266,272-281 Organic ECL luminophores could 

control their photophysical and electrochemical properties by chemical 

modification and functionalization of the core structure. Among them, boron-

containing compounds have attracted increasing interest due to their high 

extinction coefficients and photoluminescence (PL) quantum yields (PLQY, 

ΦPL).31,35,266,275-277,279,280 Although some of them showed remarkable ECL 

efficiencies, others exhibited self-quenching problems and low ECL 

efficiencies because of small Stokes shifts (<20 nm), low electrochemical 

stability, and poor electron transfer during the ECL process. Therefore, it is 

important to develop new ECL emitters with high ECL efficiencies.  

  

2. Result and discussion 

Here, we developed novel ECL luminophores 1–5 with a donor-acceptor (D-A) 

structure (Scheme 4–1a). The basic skeleton of luminophores consists of a 

dimethylaminonaphthalene donor and an oxazaborine acceptor, resulting in a 

significant red shift in the absorption/emission wavelength compared to 

naphthalene. In addition, the resulting D-A structure caused intramolecular 

charge transfer (ICT) from the 2-dimethylamino naphthalene donor to the 

oxazaborine acceptor. Meanwhile, the ICT strength of the compounds was 
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further controlled by introducing an electron-donating or electron-withdrawing 

substituent to the oxazaborine part. As a result, such changes in ICT 

characteristics led to the alteration of other properties such as photophysics, 

electrochemistry, and ECL. Interestingly, the compounds 1–5 showed ECL-

active properties with tri-n-propylamine (TPrA) as a co-reactant in an organic 

solvent. In particular, compound 2 exhibited an anodic ECL efficiency about 

1.3 times superior to that of Ru(bpy)3
2+.  

First, we conducted density functional theory (DFT) calculations to 

predict the structure of the molecular orbitals of compounds 1–5 and time-

dependent density functional theory (TD-DFT) calculations to obtain further 

insight into their optical transitions by using at the B3LYP/6-31G+(d) method 

in Gaussian 09 package. As shown in Scheme 4–1b, 1–5 showed similar highest 

occupied molecular orbital (HOMO) localizations, whereas their lowest 

unoccupied molecular orbitals (LUMO) tended to shift toward the aromatic 

imine as electron-withdrawing ability increases. The HOMO energy levels of 

Scheme 4–1. (a) Chemical structures of compounds 1–5, and (b) HOMO/LUMO energy levels 

and molecular orbital lobes of the compounds obtained by using DFT calculation. 
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the compounds were in the range of –5.42 to –5.52 eV, and the LUMO energy 

levels were ranged from –2.58 to –3.25 eV. The presence of the electron-

withdrawing substituents on the aromatic imine stabilized the HOMO/LUMO 

energy levels and narrowed their energy gaps (Eg). The energy gaps of 1–5 were 

2.84, 2.82, 2.70, 2.66, and 2.27 eV, respectively. These results indicated that 

intramolecular charge transfer (ICT) from donor to acceptor was also enhanced 

by the introduction of the substituent with electron-withdrawing ability into the 

aromatic imine. Therefore, the gradual bathochromic shifts in absorbance and 

fluorescence were expected in the order of 1 to 5. The optical transition 

properties of 1–5 were predicted by TD-DFT calculations (Table 4–1). 

Compounds 1–4 showed the transitions from S0 to S1, which correspond to the 

main orbital transitions were from HOMO to LUMO. Furthermore, compounds 

1–4 had considerably large oscillator strengths (f) values between 1.08 and 1.19. 

However, 5 had S0 → S1 (f=0.65) and S0 → S2 (f=0.65) transitions. The orbital 

transition of S0 → S1 corresponds to HOMO → LUMO transition, while that of 

S0 → S2 consists of HOMO → LUMO+1 and HOMO−2 → LUMO transitions. 

Table 4–1. Calculated excited state, energy, oscillator strength (f), and transition analyses of 
compounds 1–5 by TD-DFT based on the optimized molecular geometries at the ground state. 

Compound State λcal 
(nm) 

f Orbital transition 

1 S1 488.51 1.1877 HOMO → LUMO (98.34%) 

2 S1 489.62 1.0769 HOMO → LUMO (98.77%) 

3 S1 510.96 1.1644 HOMO → LUMO (98.70%) 

4 S1 517.19 1.1537 HOMO → LUMO (98.77%) 

5 S1/ 
S2 

607.10/ 
468.14 

0.6474/ 
0.6466 

HOMO → LUMO (99.60%)/ 
HOMO-2 → LUMO (3.07%), 
HOMO → LUMO+1 (95.87%) 
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This result showed that the strong electron-withdrawing nitro group of 5 would 

affect the transition of the compound, inducing a weak PL emission. 

The photophysical properties of 1–5 were investigated through UV-

visible spectra and photoluminescence (PL) spectra (Figure 4–8) in acetonitrile 

(MeCN), and the results were summarized in Table 4–2. The absorption bands 

at around 300–350 nm were a weak π-π* transition and those at around 360–

Figure 4–8. Normalized UV-vis absorption (dashed lines) and PL spectra (solid lines) of 

compounds 1–5 (10 µM) in CH3CN. 

Table 4–2. Photophysical data of compounds 1–5. 

Dye 

Absorbance Photoluminescence 

lmax (nm) 
ε×104[M−1 c

m−1] at lmax 
aEs(eV) lmax (nm)  (%) 

1 423 3.70 2.18 568 22.6 

2 424 4.15 2.16 575 35.4 

3 432 3.16 2.06 603 15.0 

4 436 4.46 2.02 614 13.1 

5 439 5.13 2.09 594 0.05 
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530 nm were a strong ICT transition, respectively.282 As the substituent was 

varied from methoxy to nitro group (from 1 to 5), the absorption maximum 

wavelength (λabs) was shifted to longer wavelengths because of enhancement of 

the ICT process.  

Next, the PL spectra also revealed the gradual red shift of fluorescence 

maximum wavelength (λem) in order from 1 to 4. The overall PLQYs of 1–4 

were measured to be 22.6, 35.4, 15.0, and 13.1%, respectively. Meanwhile, 

compound 5 with a strong electron-withdrawing nitro group exhibited very 

weak fluorescence emission. 

The electrochemical properties of 1–5 were examined using cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) in MeCN (Figure 

4–9 and 4–10). These results are summarized in Table 4–3. Compounds 1–5 

showed irreversible waves corresponding to oxidation of the dimethylamino 

group in anodic scans in MeCN (Figure 4–9).283,284 Oxidation potentials of the 

Figure 4–9. Cyclic voltammetry traces for 1 mM compounds 1–5 in MeCN containing TBAPF6 

as the supporting electrolyte (scan rate: 0.1 V/s, working electrode: glassy carbon; counter 

electrode: platinum wire; reference electrode: Ag/AgNO3). The values were calibrated against 

the oxidation of 1 mM ferrocene (Fc/Fc+) as a standard.
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compounds were assigned about 0.2 V (vs. Fc/Fc+), thus the HOMO energy 

levels of those were very similar to each other. Interestingly, the compounds 1–

5 showed irreversible second oxidations at more anodic potentials. By fitting 

the DPV data, the second oxidations of 1–5 were assigned to be 1.21, 1.39, 1.41, 

1.44, and 1.48 V, respectively. As expected, the second oxidation from the core 

of the compound was confirmed to be an anodic shift as the electron-

withdrawing effect of the substituent increased. In the cathodic scans, the waves 

corresponding to a reduction of N−O chelate moiety in compounds were 

observed280, in which 1 and 4 were irreversible processes while 2, 3, and 5 were 

quasi-reversible processes. Reduction potentials between –1.99 and –1.84 V of 

compounds 1–5 also showed anodic shifts as the electron-withdrawing effect 

of the substituent increased. Therefore, the compound was susceptible to 

reduction and had a stable LUMO as the substituent was varied from methoxy 

to nitro group. The energy gaps of 1–5 were determined to be 2.26, 2.25, 2.14, 

2.10, and 2.08 eV, respectively. These results were consistent with the trends 

shown in DFT calculations and photophysical data. Meanwhile, enthalpy (–

Figure 4–10. Differential pulse voltammetry (DPV) of 1–5 (1 mM) MeCN containing TBAPF6 

as the supporting electrolyte. 
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ΔHTPrA) of the radical reaction between each cation of 1–5 and TPrA radical 

(TPrA˙) was calculated to be 2.15, 2.18, 2.16, 2.18, and 2.18, respectively 

Table 4–3. Photophysical data of compounds 1–5. 

Dye 

aElectrochemistry 
bEnthalphy 

of reaction 
ECL 

Ered (V)/ 

HOMO 

(eV) 

EOx1,2 (V)/ 

LUMO 

(eV) 

-DHTPrA (eV) 

Rel. ECL 

intensity 

at Vmax (%) 

 

(%) 

1 
–2.06/–

2.74 

0.21, 1.21 

/–5.01 
2.15 95.1 119.4 

2 
–2.01/–

2.79 

0.24, 1.39 

/–5.04 
2.18 106.6 135.9 

3 
–1.92/–

2.88 

0.22, 1.41 

/–5.02 
2.16 92.0 83.5 

4 
–1.86/–

2.94 

0.24, 1.44 

/–5.04 
2.18 88.0 102.3 

5 
–1.84/–

2.96 

0.24, 1.48 

/–5.04 
2.18 70.5 89.7 

The values were calibrated against the oxidation of 1 mM ferrocene (Fc/Fc+) as a standard. aThe 

corresponding HOMO/LUMO energy levels of compounds were calculated using the equation: 

EHOMO/LUMO (eV) = – (Eox/red − EFc/Fc+) − 4.80 eV. bThe enthalphy (−ΔHTPrA) values of the radical 

reaction were calculated following the equation: –ΔHTPrA=EOx1– E(TPrA•)–0.16, where E(TPrA•)

≈ –2.1 V vs. Fc/Fc+.16 
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(Table 4–3). All the –ΔHTPrA values of 1–5 were similar to energies of the 

singlet excited states (Es) in Table 4–2, which indicated that the reactions were 

energy insufficient processes to form excited states. Therefore, the compounds 

1–5 would be expected to have low ECL efficiencies.285 

As shown in Figure 4–11, electrochemical and ECL properties of 1–5 

were confirmed, and the results were summarized in Table 4–3. When the 

anodic CV scans were applied to the compounds in the presence of TPrA 

(Figure 4–11), those showed a feeble ECL peak appeared at around 1.0 V. 

These were ECL signals caused by the generation of TPrA˙ with a high 

reductive power through the oxidation at 0.6 V and subsequent deprotonation 

of TPrA. The radical cations (E˙+) of the oxazaborine luminophores oxidized at 

about 0.2 V could receive an electron from TPrA˙ and form their excited states 

(E*), which eventually emitted ECL (Scheme 4–2, path A). Interestingly, the 

Figure 4–11. Cyclic voltammograms and the corresponding ECL-voltage curves of 10 µM 

compounds: (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5 in CH3CN with 10 mM TPrA, and 0.1 M TBAPF6 

while the potential is swept at a GC disk electrode (diameter 2 mm) at a scan rate of 0.1 V/s (Scan 

range: −0.4-1.5 V vs. Fc/Fc+). (f) Comparison of ECL-voltage curves of compounds 1–5 and 

Ru(bpy)32+.  
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CV scans in a more positive potential range generated much stronger second 

ECL peaks than the first ECL peaks in the second oxidation regions (1.21–1.48 

V). We expected that the strong ECL peaks at the second oxidation regions 

were obtained due to the involvement in the ECL process of dications (E2+) of 

compounds 1–5. To test this assumption, we conducted the spooling ECL 

experiments and obtained potential dependent ECL spectra (Figure 4–12). 

Interestingly, the ECL spectra at various voltages of 1 mM compounds 1, 2, 

and 3 revealed that the maximum ECL appeared at the same wavelength, 

indicating that ECL emissions occurred from the same excited state. Meanwhile, 

we compared the ECL spectra with the PL spectra as shown in Figure 4–13. 

Although some differences in maximum wavelength values between PL and 

ECL were due to the difference in instrument setup and the inner-filter effect, 

their spectra were similar to each other. This indicated that the ECL emissions 

were generated from an identical excited state with the PL emissions. Based on 

the electrochemical and ECL properties, we proposed an additional ECL 

process which is path B as shown in Scheme 4–2. The path B follows four steps: 

(1) the second oxidation occurs on the electrode to generate E2+; (2) E2+ is 

Scheme 4–2. The proposed ECL mechanism of the compounds 1–5 in the presence of TPrA as 

a co-reactant. 
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reduced to the E+˙ by accepting an electron from neutral E or TPrA;42,266,275 (3) 

TPrA˙ with a strong reducing character is generated through the oxidation and 

subsequent deprotonation of TPrA; iv) E+˙ is reduced by the TPrA˙ to generate 

E*. Due to the enhanced generation of E+˙, the second ECL intensities of 

Figure 4–12. (a–c) Spooling ECL spectra, (e–f) the stacked ECL spectra at various voltages of 1 

mM compounds 1, 2, and 4 with 0.1 M TPrA in MeCN containing 0.1 M TBAPF6 at a scan rate 

of 0.1 V/s. 

Figure 4–13. Normalized PL (red line) and ECL spectra (black line) of compounds: (a) 1, (b) 2, 

and (c) 4 in CH3CN. The PL spectra of the compounds (10 μM) obtained in CH3CN solution. 

ECL spectra were recorded in CH3CN solution containing 1 mM compounds, 100 mM TBAPF6 

with 100 mM TPrA as a co-reactant. 
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compounds 1–5 showed much-enhanced signals than the first ECL peaks. The 

ECL efficiencies of 1–5 compared with the Ru(bpy)3
2+ (ΦECL = 100%) were 

measured to be 119.4, 135.9, 83.5, 102.3 and 89.7%, respectively. (Table 4–3). 

ECL efficiencies of the compounds showed a similar tendency to PLQYs 

(Figure 4–14a). Especially, compound 2 showed 1.36 times higher ECL 

efficiency than that of Ru(bpy)3
2+

, which represented the potential as efficient 

ECL luminophores. Interestingly, the value of ΦECL/ΦPL increased as the 

electron-withdrawing ability of the substituent increased, which implied that an 

electron transfer from TPrA˙ to LUMO of the compound could occur more 

smoothly when the LUMO of the compound is sufficiently stabilized (Figure 

4–14b).42 Therefore, compound 5 showed relatively good ECL efficiency, 

while PLQY was observed to be very low. 

 

3. Conclusion 

In summary, new ECL luminophores 1–5 based on oxazaborine were 

developed and their photophysical, electrochemical, and 

Figure 4–14. (a) PLQYs (black dot), ECL efficiencies (red dot), and (b) The ΦECL/ΦPL values of 

compounds 1–5. The PLQYs of the compounds (10 μM) obtained in CH3CN solution. ECL 

efficiencies were recorded in CH3CN solution containing 10 μM compounds, 100 mM TBAPF6 

with 10 mM TPrA as a co-reactant. 
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electrochemiluminescent properties were investigated. Interestingly, the anodic 

ECL of the compounds showed two ECL peaks in the presence of TPrA. The 

ECL signal at ~1.0 V appeared by E* formed through an electron transfer 

between the TPrA˙ and E+˙. However, The E+˙ was additionally generated from 

the reaction of the E2+ and neutral compounds (E and TPrA) in the second 

oxidation region, thus a high ECL peak at ~1.4 V was obtained. For these 

reasons, compounds 1–5 showed good ECL efficiencies could be achieved due 

to additional auxiliary ECL processes, although reaction enthalpy between 

TPrA˙ and E+˙ was insufficient. Among the compounds, 2 reached 1.36 times 

higher ECL efficiency relative to Ru(bpy)3
2+; representing its feasibility as an 

efficient ECL luminophore for various ECL studies. A study on the utilization 

of these luminophores as molecular probes is under way. 

 

4. Experimental section 

4.1. Materials and instruments 

All chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., MO, 

USA), TCI (Tokyo Chemical Industry, Tokyo, Japan), or Alfa (Alfa Aesar, MA, 

USA) and were used without further purification. Organic solvents were 

purchased from Samchun (Samchun Chemical Co., Seoul, Korea). Thin layer 

chromatography was performed on TLC plates (aluminum sheets coated with 

Merck silica gel 60 F-254). Silica gel 60 (230-400 mesh) from SILICYCLE 

was used for the stationary phase in column chromatography. Deuterated 

solvents for NMR spectra were purchased from CIL (Cambridge Isotopic 

Laboratories, MA, USA). All 1H and 13C NMR spectra were recorded from 
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Agilent NMR system 400 MHz DD2MR400 or Varian NMR System 500MHz 

instruments. The chemical shifts of NMR spectra were given in parts per 

million (ppm) calibrated using the residual solvent signals as an internal 

reference. High-resolution mass spectral (HRMS) data were obtained with the 

Thermo Scientific Orbitrap Exploris 120 mass spectrometer coupled to the 

Thermo Scientific Vanquish Core HPLC system. Matrix-assisted laser de-

sorption ionization time-of-flight (MALDI-TOF) mass spectra were obtained 

using the Microflex from Bruker Daltonics. UV-Vis absorption spectra were 

recorded with a JASCO V-730 spectrometer. The photoluminescence (PL) 

spectra were measured in a JASCO FP-8300 spectrometer. The PL quantum 

yields (ΦPL) of compounds 1–5 were obtained by comparing their integrated PL 

intensity and their absorbance of the compounds with the standard of coumarin 

343 (Φ=63%). Stock solutions of compounds (2 mM) were prepared in 

dimethyl sulfoxide (DMSO) and diluted with acetonitrile. 

 

4.2. Determination of photoluminescence quantum yield 

(ΦPL) 

The PL quantum yields (ΦPL) of compounds 1–5 were obtained by comparing 

their integrated PL intensity and their absorbance of the compounds with the 

standard of coumarin 343 (Φ=63%). Coumarin 343 was dissolved in EtOH 

(refractive index, η=1.36). The ΦPL was estimated by the following equation:  

Where the ΦPL is the PL quantum yield, I is the integrated PL emission 

intensity, A is the absorbance, and η is the refractive index of the solvent. The 

Φ = 63%     2
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subscript x and st refers to the compounds 1–5 and the standard coumarin 343, 

respectively. Stock solutions of each compound (2 mM) were prepared in 

dimethyl sulfoxide (DMSO) and diluted with acetonitrile (CH3CN, η=1.34). 

 

4.3. Electrochemical and electrochemiluminescent (ECL) 

measurements 

To investigate electrochemical properties, cyclic voltammetry (CV) with a scan 

rate of 0.1 V/s was applied to individual samples with a CH Instruments 650B 

Electrochemical Analyzer (CH Instruments, Inc., TX, USA). All redox 

potential values were referenced with respect to the ferrocene/ferrocenium 

(Fc/Fc+) redox couple. The ECL signal was measured along with CV scan (scan 

range: −0.4−1.5 V vs. Fc/Fc+, scan rate: 0.1 V/s) by a low-voltage 

photomultiplier tube module (H-6780, Hamamatsu photonics K.K., Tokyo, 

Japan) on which a 250 mL volume home-made ECL flow cell was directly 

mounted. All solutions for ECL experiments contained 10 mM tripropylamine 

(TPrA) (Sigma-Aldrich) and 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) (TCI) as the co-reactant for ECL and supporting electrolyte, 

respectively, in CH3CN (ACROS). The glassy carbon (GC) working electrode 

was polished with 0.05 mm alumina (Buehler, IL, USA) on a felt pad. Then the 

electrode was sonicated in a 1:1 (v/v) mixture of distilled H2O and ethanol 

(Samchun Chemical) for 5 min and was dried by ultra-pure N2 gas for 1 min. 

The samples for electrochemical and ECL experiments were freshly prepared 

in each experiment. All ECL data were the average of the values from at least 

three experiments. 
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4.4. Synthesis of organic ECL luminophores 

Synthesis of 6: To a solution of 2-acetyl-6-methoxynaphthalene (2 g, 

10 mmol) in dichloromethane (4 mL) was added concentrated hydrochloric 

acid (80 mL). Then, triethylamine (0.75 mL) was added dropwise to the 

reaction mixture and stirred at 100°C for 4 h. The hot solution was filtered 

through cotton wool. After cooling down to room temperature, precipitates 

were formed and vacuum-filtered. The solid was re-dissolved with ethyl 

acetate and washed with H2O and brine, and dried over anhydrous Na2SO4, 

and concentrated in vacuo. The residue was purified by silica gel column 

chromatography (ethyl acetate/hexane = 1:5) to give compound 6 (971 mg, 

52% yield). 500 MHz 1H NMR (CDCl3): δ 8.42 (s, 1H), 8.01 (dd, J = 8.6, 1.6 

Hz, 1H), 7.90 (d, J = 9.0 Hz, 1H), 7.73 (d, J = 8.7 Hz, 1H), 7.22 – 7.14 (m, 

2H), 2.72 (s, 3H). 

Scheme 4–3. Synthetic scheme of compounds 1–5. 
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Synthesis of 7: A mixture of compound 6 (541 mg, 2.9 mmol), 

dimethylamine (40% aqueous solution) (1.8 mL, 5.5 mmol), Na2S2O5 (1104 mg, 

5.8 mmol), and H2O (2 mL) was added into a sealed tube and stirred at 150 °C 

for 72 h. After cooling down to room temperature, the reaction mixture was 

extracted with dichloromethane (CH2Cl2). The combined organic phase was 

washed with H2O and brine, and dried over anhydrous Na2SO4, and 

concentrated in vacuo. The residue was purified by silica gel column 

chromatography (ethyl acetate/hexane = 1:5) to afford compound 7. (322 mg, 

52% yield). 400 MHz 1H NMR (CDCl3): δ 8.30 (s, 1H), 7.91 (dd, J = 8.7, 1.7 

Hz, 1H), 7.79 (d, J = 9.1 Hz, 1H), 7.62 (d, J = 8.7 Hz, 1H), 7.16 (dd, J = 9.1, 

2.5 Hz, 1H), 6.86 (d, J = 2.1 Hz, 1H), 3.10 (s, 6H), 2.65 (s, 3H) 

Synthesis of 8: To a solution of compound 7 (300 mg, 1.41 mmol) 

dissolved in 10 mL tetrahydrofuran (THF) in a nitrogen atmosphere was 

added NaH (60 % dispersion in mineral oil) (211 mg, 7.03 mmol) and ethyl 

acetate (0.18 mL, 1.83 mmol), and the reaction mixture was stirred at 60 °C 

for 12 h. The reaction was quenched by the addition of water and acidified 

with hydrochloric acid to pH 3. The solution was diluted with H2O (30 mL) 

and extracted with dichloromethane (CH2Cl2). The solution was washed with 

H2O and brine, and dried over anhydrous Na2SO4, and concentrated in vacuo. 

The residue was purified by silica gel column chromatography (ethyl 

acetate/hexane = 1:5) to afford compound 8 (268 mg, 74% yield). 400 MHz 
1H NMR (CDCl3): δ 8.29 (s, 1H), 7.81 – 7.74 (m, 2H), 7.62 (d, J = 8.7 Hz, 

1H), 7.16 – 7.12 (m, 1H), 6.86 (s, 1H), 6.26 (s, 1H), 3.10 (d, J = 5.2 Hz, 6H), 

2.19 (s, 3H). MALDI-TOF-MS m/z 255.719 ([M]+), calcd 255.126. 
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General synthesis of 9a–e: A mixture of compound 8 (1 equiv), aniline 

derivative (1 equiv), and catalytic amount of sulfamic acid (0.1 equiv) was 

heated at 90 ℃ for 4 h under solvent free condition. After cooling down to 

room temperature, crude product was dissolved in acetone and filtered 

through cotton wool for the removal of sulfamic acid. Then filtrate was 

concentrated in vacuo. The residue was purified by silica gel column 

chromatography (ethyl acetate/hexane = 1:5) to give compound 9a–e (65-

88%). 

9a: 37 mg (88% yield). 500 MHz 1H NMR (CDCl3): δ 12.99 (s, 1H), 

8.33 (s, 1H), 7.96 (d, J = 8.3 Hz, 1H), 7.79 (t, J = 24.4 Hz, 1H), 7.68 (d, J = 

8.4 Hz, 1H), 7.21 – 7.15 (m, 1H), 7.13 (d, J = 8.2 Hz, 2H), 6.91 (d, J = 8.3 

Hz, 3H), 6.02 (s, 1H), 3.83 (s, 3H), 3.09 (s, 6H), 2.11 (s, 3H). 125 MHz 13C 

NMR (CDCl3): δ 188.36, 162.19, 157.65, 149.50, 136.54, 133.50, 131.77, 

130.28, 127.50, 126.51, 125.95, 125.80, 124.62, 116.25, 114.29, 105.64, 

93.53, 55.49, 40.65, 20.34. MALDI-TOF-MS m/z 361.143 ([M+H]+), calcd 

360.184. 

9b: 31 mg (80% yield). 500 MHz 1H NMR (CDCl3): δ 13.16 (s, 1H), 

8.34 (s, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.83 (d, J = 8.7 Hz, 1H), 7.69 (d, J = 

8.4 Hz, 1H), 7.39 (t, J = 7.8 Hz, 2H), 7.22 (t, J = 8.9 Hz, 4H), 6.94 (s, 1H), 

6.05 (s, 1H), 3.11 (s, 7H), 2.20 (s, 3H). 125 MHz 13C NMR (CDCl3): δ 188.61, 

161.23, 149.53, 138.96, 136.62, 133.35, 130.31, 129.26, 129.13, 127.64, 

125.98, 125.77, 125.42, 124.58, 116.26, 105.70, 94.33, 40.63, 20.56. 

MALDI-TOF-MS: m/z 331.141 ([M+H]+), calcd 330.173. 
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9c: 13 mg (69% yield). 500 MHz 1H NMR (CDCl3): δ 13.36 (s, 1H), 

8.32 (s, 1H), 8.04 (d, J = 8.6 Hz, 2H), 7.93 (dd, J = 8.7, 1.3 Hz, 1H), 7.81 (d, 

J = 9.0 Hz, 1H), 7.67 (d, J = 8.6 Hz, 1H), 7.22 (d, J = 8.6 Hz, 2H), 7.18 (d, J 

= 8.0 Hz, 1H), 6.90 (s, 1H), 6.10 (s, 1H), 4.38 (q, J = 7.1 Hz, 2H), 3.10 (s, 

6H), 2.30 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H). 125 MHz 13C NMR (CDCl3): δ 

189.12, 166.05, 159.44, 149.63, 143.38, 137.09, 136.78, 132.88, 130.79, 

130.42, 127.94, 126.26, 126.09, 124.50, 122.50, 116.28, 105.57, 96.12, 60.94, 

40.58, 21.05, 14.36. MALDI-TOF-MS m/z 403.183 ([M+H]+), calcd 402.194. 

9d: 42 mg (86% yield). 500 MHz 1H NMR (CDCl3): δ 13.40 (s, 1H), 

8.32 (s, 1H), 7.93 (d, J = 7.9 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.65 (dd, J = 

27.5, 7.9 Hz, 3H), 7.22 (d, J = 7.6 Hz, 2H), 7.18 (d, J = 8.0 Hz, 1H), 6.91 (s, 

1H), 6.14 (s, 1H), 3.10 (s, 6H), 2.30 (s, 3H). 125 MHz 13C NMR (CDCl3): δ 

189.50, 158.37, 149.81, 143.55, 136.96, 133.31, 132.53, 130.46, 128.19, 

126.15, 125.54, 124.41, 122.64, 118.83, 116.30, 107.00, 105.46, 97.11, 40.56, 

21.13. MALDI-TOF-MS m/z 356.236 ([M+H]+), calcd 355.168. 

9e: 34 mg (65% yield). 500 MHz 1H NMR (CDCl3): δ 13.52 (s, 1H), 

8.34 (s, 1H), 8.24 (d, J = 9.0 Hz, 2H), 7.94 (d, J = 8.2 Hz, 1H), 7.84 (d, J = 

8.7 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.28 (d, J = 5.9 Hz, 2H), 7.22 (s, 1H), 

6.95 (s, 1H), 6.19 (s, 1H), 3.13 (s, 7H), 2.39 (s, 3H). 125 MHz 13C NMR 

(CDCl3): δ 189.64, 157.81, 149.85, 145.54, 143.20, 137.03, 135.92, 132.31, 

130.48, 128.33, 126.16, 125.23, 124.37, 121.54, 116.27, 105.38, 97.85, 40.52, 

21.37. MALDI-TOF-MS m/z 375.077 ([M]+), calcd 375.158. 

General synthesis of 1–5: A solution of compound 9a–e (1 equiv) and 

trimethylamine (2 equiv) dissolved in anhydrous dichloromethane (CH2Cl2) 
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was cooled to 0°C in a nitrogen atmosphere. Then boron trifluoride 

diethyletherate (3 equiv) was slowly added to the solution via syringe, and the 

resulting mixture was stirred at room temperature for 18 h. After the reaction 

was finished, H2O (20 mL) was added to the solution and extracted with 

dichloromethane (CH2Cl2). The solution was washed with H2O and brine, and 

dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by silica gel column chromatography (dichloromethane /hexane = 1:50) 

to afford compounds 1–5 (66-81%).  

1: 34 mg (81% yield). 500 MHz 1H NMR (DMSO-d6): δ 8.46 (s, 1H), 

7.90 (dd, J = 15.6, 8.9 Hz, 2H), 7.72 (d, J = 8.6 Hz, 1H), 7.28 (d, J = 8.9 Hz, 

1H), 7.20 (d, J = 8.2 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.96 (s, 1H), 6.72 (s, 

1H), 3.79 (s, 3H), 3.06 (s, 7H), 2.09 (s, 3H). 125 MHz 13C NMR (DMSO-d6): 

δ 172.76, 169.20, 158.98, 150.56, 137.40, 132.95, 130.90, 128.68, 127.74, 

126.68, 125.43, 125.35, 123.99, 117.09, 114.69, 105.27, 95.77, 55.80, 40.41, 

21.97. HRMS (ESI): calc’d m/z 409.1899 ([M+H]+), found 409.1881. 

2: 26 mg (71% yield). 500 MHz 1H NMR (DMSO-d6): δ 8.48 (s, 1H), 

7.93 (d, J = 9.2 Hz, 1H), 7.90 (dd, J = 8.8, 1.8 Hz, 1H), 7.74 (d, J = 8.8 Hz, 

1H), 7.50 (t, J = 7.6 Hz, 2H), 7.43 (t, J = 7.4 Hz, 1H), 7.29 (d, J = 7.4 Hz, 

3H), 6.98 (d, J = 2.3 Hz, 1H), 6.76 (s, 1H), 3.08 (s, 6H), 2.10 (s, 3H). 125 

MHz 13C NMR (DMSO-d6): δ 172.50, 169.49, 150.59, 140.28, 137.46, 

130.94, 129.58, 128.80, 128.32, 126.75, 126.70, 125.42, 125.26, 124.01, 

117.09, 105.26, 95.78, 40.41, 21.98. HRMS (ESI): calc’d m/z 379.1793 

([M+H]+), found 379.1779. 
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3: 8 mg (66% yield). 400 MHz 1H NMR (CDCl3): δ 8.47 (s, 1H), 8.13 

(d, J = 8.4 Hz, 2H), 7.81 (dd, J = 14.9, 5.7 Hz, 2H), 7.63 (d, J = 8.8 Hz, 1H), 

7.36 (d, J = 8.3 Hz, 2H), 7.16 (dd, J = 9.1, 2.4 Hz, 1H), 6.86 (s, 1H), 6.29 (s, 

1H), 4.39 (q, J = 7.1 Hz, 2H), 3.11 (s, 6H), 2.07 (s, 3H), 1.39 (t, J = 7.1 Hz, 

3H). 125 MHz 13C NMR (DMSO-d6): δ 172.51, 170.15, 165.54, 150.69, 

144.51, 137.60, 131.03, 130.51, 129.78, 129.08, 127.40, 126.73, 125.40, 

125.05, 124.04, 117.11, 105.24, 96.06, 61.42, 40.40, 22.05, 14.62. HRMS 

(ESI): calc’d m/z 451.2005 ([M+H]+), found 451.1985. 

4: 36 mg (74% yield). 300 MHz 1H NMR (DMSO-d6): δ 8.52 (s, 1H), 

8.02 (d, J = 8.0 Hz, 2H), 7.98 – 7.89 (m, 2H), 7.75 (d, J = 9.0 Hz, 1H), 7.56 

(d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.7 Hz, 1H), 7.00 (s, 1H), 6.85 (s, 1H), 3.10 

(s, 6H), 2.15 (s, 3H). 125 MHz 13C NMR (DMSO-d6): δ 172.65, 170.45, 

150.75, 144.52, 137.67, 133.83, 131.08, 129.22, 128.29, 126.76, 125.40, 

124.95, 124.06, 118.78, 117.13, 111.26, 105.24, 96.18, 40.40, 22.12. HRMS 

(ESI): calc’d m/z 404.1746 ([M+H]+), found 404.1730. 

5: 25 mg (66% yield). 500 MHz 1H NMR (DMSO-d6): δ 8.52 (s, 1H), 

8.36 (d, J = 9.0 Hz, 2H), 7.93 (dd, J = 14.3, 5.5 Hz, 2H), 7.74 (d, J = 8.9 Hz, 

1H), 7.63 (d, J = 8.8 Hz, 2H), 7.30 (dd, J = 9.2, 2.5 Hz, 1H), 6.98 (d, J = 2.2 

Hz, 1H), 6.86 (s, 1H), 3.09 (s, 6H), 2.16 (s, 3H). 125 MHz 13C NMR (DMSO-

d6): δ 172.70, 170.63, 150.76, 147.18, 146.15, 137.70, 131.10, 129.31, 128.53, 

126.76, 125.38, 124.99, 124.88, 124.06, 117.12, 105.22, 96.28, 40.39, 22.16. 

HRMS (ESI): calc’d m/z 424.1644 ([M+H]+), found 424.1628. 
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국문초록 

인간의 산업적 활동과 기술의 진보는 중금속, 준금속, 그리고 

유기 오염물질과 같은 유해 폐기물의 대량 유출을 수반하여 심각한 

환경오염을 야기하고 있다. 이러한 환경오염물질들은 일반적으로 

잔류성, 생물축적성, 그리고 독성을 지니고 있어 인간의 건강에 

심각한 문제를 일으킬 수 있다. 따라서, 자연에서 이러한 

환경오염물질들을 검출하고, 지속적으로 모니터링하는 것이 매우 

중요하다. 환경오염물질들을 검출하기 위한 방법 중 하나인 화학 

센서는 최근 수년간 관련 연구자들에게 큰 관심을 끌어온 주제이다. 

그중에서 전기화학적발광 기반 화학 센서는 기존에 있던 

분석법들에 비해 더 낮은 바탕 신호, 뛰어난 재현성, 높은 감도 및 

선택성 등의 장점들을 가지고 있다. 또한, 이것은 장비와 검출 

방법들을 간소화 할 수 있기 때문에 독성오염물질의 현장 검출을 

위한 유망기술로 평가받고 있다. 

 이 논문은 고리형 이리듐(III) 복합체를 활용해 환경오염물질 

검출을 위한 전기화학적발광 센서의 개발에 대하여 기술하였다. 

우리는 고리형 이리듐(III) 복합체에 반응 및 결합자리를 

도입함으로써 다양한 목표분자들을 선택적으로 검출할 수 있는 

분자들을 합성하였다. 이 분자들은 특정 환경오염물질과 반응 및 

결합하여 분자의 전기적 성질의 변화가 유도되고, 전기화학적발광 

신호의 변화가 나타나게 된다. 이를 기반으로, 우리는 이리듐(III) 

기반 발광체, 반응 및 결합자리, 분석물질들에서 나타나는 화학적 
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상호작용에 대해 체계적으로 연구할 수 있었고, 최종적으로 이 

센서들을 이용해서 다양한 환경오염물질에 대한 정량에 성공할 수 

있었다. 

 1 부는 전기화학적발광에 대한 전반적인 내용을 다룬다. 먼저, 

전기화학적 발광에 대한 기초 이론과 발광체에 대해 정리한 후, 

이리듐(III) 기반 전기화학적 발광체에 대해 자세히 기술하였다. 

그리고 전기화학적발광 기반 단분자 센서를 개발하기 위한 

기초적인 원리와 전략을 서술하였다. 

2 부는 고리형 이리듐(III) 복합체 기반 탐지체들을 이용하여 

싸이오페놀과 황화수소 같은 활성 황 종들의 검출에 적용한 사례를 

다룬다.  

 먼저, 싸이오페놀의 빠른 검출을 위한 고리형 이리듐(III) 

복합체 기반 전기화학적발광 화학 정량계의 개발에 관해 

기술하였다. 이 합성탐지체의 설계 전략은 다음과 같다.: 1) 강한 

전기화학적 발광이 나타난다고 알려진 주리간드가 

페닐이소퀴놀린이고, 보조리간드가 아세틸아세톤인 고리형 이리듐 

복합체를 발광체로 선택하였다.; 2) 발광체에 광유발 전자 전달 소광 

물질로 알려진 디니트로페닐(DNP)기를 싸이오페놀에 대한 

반응자리로써 도입되었다.; 3) 전자 받개인 포르밀기는 반응 속도를 

가속화시키기 위해 추가적으로 도입되었다. 이러한 원리에 근거하여 

합성된 탐지체는 싸이오페놀 존재시 친핵성 방향족 치환 반응이 

일어나 DNP 기가 이탈되고, 전기화학적발광 신호의 증가가 
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유도되었다. 탐지체의 전기화학적발광 세기는 싸이오페놀의 농도와 

0–200 µM 범위에서 선형 상관관계를 보여주었다. 또한, 다른 

음이온이나 생체싸이올과 반응하지 않고 오직 싸이오페놀과만 

반응함으로써 뛰어난 선택성을 보여주었다. 또한, 탐지체는 실제 물 

시료에서 싸이오페놀의 농도를 정량하는데 성공함으로써 

전기화학적발광 기반의 현장 검출을 위한 새로운 개념증명을 

제공하였다.  

다음으로, 황화수소 검출을 위한 이리듐(III) 복합체 기반의 

전기화학적발광 화학센서의 개발에 대해 기술하였다. 이 탐지체의 

설계 전략은 다음과 같다.: 1) 주리간드가 페닐피리딘이고, 

보조리간드가 이미다졸-페난트롤린인 고리형 이리듐(III) 복합체를 

발광체로 선정하였다.; 2) 광유발 전자 전달 소광체이자 황화수소에 

대한 반응자리로써 두 개의 니트로벤조옥사디아졸(NBD)기를 

보조리간드에 도입하였다. 탐지체에 도입된 두 NBD 기는 계층적 

반응성이 나타나 황화수소에 대해서만 선택적으로 모든 NBD 기가 

이탈될 수 있다. 따라서, 탐지체는 광발광분석에서 다양한 

분석물들에 대해서 비특이적 바탕/간섭 신호를 나타냈지만, 

전기화학적발광에서는 황화수소에 대해 선택적인 신호 증가가 

유도될 수 있었다. 탐지체의 전기화학적발광 세기는 황화수소의 

농도와 0–40 µM 범위에서 선형 상관관계를 보여주었다. 마지막으로, 

이 탐지체는 수돗물 시료 및 상업용 황화암모늄 용액에서 
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황화수소를 성공적으로 정량함으로써 현장 검출에서의 사용 

가능성을 보여주었다.  

3 부는 고리형 이리듐(III) 복합체 기반 탐지체들을 이용하여 

수은 이온과 글리포세이트 같은 환경 오염물질들의 검출에 적용한 

사례를 다룬다. 

먼저, 수은 이온의 선택적 검출을 위한 고리형 이리듐(III) 

복합체 기반 전기화학적발광 화학 정량계의 개발에 관해 

기술하였다. 이 탐지체의 설계 전략은 다음과 같다.: 1) 주리간드가 

페닐이소퀴놀린이고, 보조리간드가 바이피리딘인 고리형 이리듐(III) 

복합체를 발광체로 선정하였다.; 2) 수은이온에 대한 반응자리 및 

신호 조절자로써 o-아미노메틸페닐붕소산를 보조리간드에 

도입하였다. 이러한 원리를 바탕으로 설계된 탐지체는 수은 이온과 

즉각적인 금속 교환 반응을 통해 광유발 전자 전달 소광이 

나타나는 물질을 생성으로써, 전기화학적발광 신호의 감소를 

유도하였다. 탐지체의 전기화학적발광 세기는 수은 이온의 농도와 

0–10 µM 범위에서 선형 상관관계를 보여 주었다. 또한, 탐지체는 

다양한 금속 이온들로부터 수은 이온을 성공적으로 구별할 수 

있었다. 마지막으로, 이 탐지체는 수돗물 시료에서 수은 이온의 

농도를 성공적으로 정량함으로써 현장 검출을 위한 센서로의 

가능성을 보여주었다. 

다음으로는, 글리포세이트와 선택적인 결합 후에 전기화학적 

발광 신호의 증가가 유도되는 합성탐지체에 대해 기술하였다. 이 
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탐지체의 설계 전략은 다음과 같다.: 1) 주리간드가 

페닐이소퀴놀린이고, 보조리간드가 바이피리딘인 고리형 이리듐(III) 

복합체를 발광체로 선정하였다.; 2) 글리포세이트에 대한 

결합자리로써 구리(II)-다이피코릴아민(Cu(II)-DPA)를 메틸렌 

연결부를 이용하여 주리간드에 도입하였다. 이러한 구조적 특성에 

의해서 프로브의 전기화학적발광은 이리듐(III) 복합체의 여기 

상태에서 상자성 Cu(II) 이온으로의 전자 전달에 의해 소광 되었다. 

하지만, 글리포세이트가 DPA 리간드에 배위된 Cu(II) 이온에 

결합하면 구리(II) 이온의 양전하가 감소하고 구리(II) 이온과 DPA 

사이의 결합이 약해져서 프로브의 여기상태에서 Cu(II)로의 전자 

전달이 무효화된다. 따라서, 프로브의 전기화학적발광 신호는 

GlyP 가 있을 때 크게 증가되었다. 탐지체의 전기화학적발광 세기는 

글리포세이트의 농도와 0–200 µM 범위에서 선형 상관관계를 

보여주었다. 또한, 탐지체는 다양한 음이온 및 제초제로부터 

글리포세이트를 성공적으로 구별할 수 있었다. 마지막으로, 

탐지체는 수돗물 시료에서 글리포세이트의 농도를 성공적으로 

정량화하여 현장 검출을 위한 센서로의 잠재력을 입증하였다. 

4 부는 새로운 유기화합물 기반 전기화학적 발광체의 개발에 

대해 다룬다. 기존에 전기화학적발광 분석에서 사용된 대표적인 

발광체는 루미놀과 루테늄(II) 복합체이다. 하지만, 루미놀은 

전기화학적 발광 과정 중에 물질이 소진되고, 높은 염기 상태가 

요구 된다. 루테늄(II) 복합체의 경우, 낮은 금속 내 전이 상태 



204 
 

에너지로 인해 분자 구조의 개질을 통해 파장을 변화시키기 어렵다. 

또한, 백금족 금속의 높은 가격과 제한된 공급도 큰 문제로 

작용하고 있다. 따라서, 이들을 대체할 수 있는 새로운 

전기화학적발광 분석용 발광체의 개발이 시급하다. 이러한 문제를 

극복하고자, 우리는 새로운 유기 전기화학적 발광체 1–5 개발하였다. 

분자들의 기본 골격은 옥사아자보린이 공유결합으로 연결된 

나프탈렌으로 ICT 를 유도하기 위해 나프탈렌에 디에틸아미노 

그룹을 도입하였다. 이 전기화학적 발광체들은 트리프로필아민 

라디칼과 발광체 양이온 라디칼 사이의 반응 엔탈피가 충분하지 

않아도 추가적인 보조의 전기화학적 발광 과정 덕분에 뛰어난 

전기화학적 발광 효율을 보여주었다. 물질 중, 발광체 2 는 

Ru(bpy)3
2+ 대비 1.36 배 높은 전기화학적발광 효율을 나타냄으로써 

환경오염물질 검출을 위한 전기화학적발광 센서의 기본골격으로 

활용될 가능성을 제시하였다. 

주요어 :  전기화학적발광, 고리형 이리듐 복합체, 화학센서, 

싸이오페놀, 황화수소, 수은 이온, 글리포세이트, 유기 

전기화학적발광 발광체 

학번 : 2015–22606 
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