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Preface

Chemiluminescence involves chemical reactions which produce electronically
excited states in sufficient quantity, and sufficiently quickly, to allow the occurring of
the emission of light. It is concerned primarily with the emission of visible or near-
visible radiation. Thus, chemiluminescence can be visible and bright, visible and
dim, or invisible and ultra-weak. They can occur in gases, in liquids, and at the inter-
face between solids and either a gas or liquid phase. Now many hundreds of organic
and inorganic chemical reactions have been discovered which produce visible light.
However, little works have been done on the ultra-weak chemiluminescence from
inorganic chemical reactions.

We began to do research in developing new chemiluminescence systems and
making apparatus for chemiluminescence detection since 1990s. During the past 30
years, our research group has made a great progress in principles and application
of chemiluminescence, especially on the promotion of industrialization of chemilu-
minescence immunoassay technology. Chemiluminescence is a highly sensitive and
most useful analytical technique, and is of great important in many fields, because of
its low background interference and simple instrumentation. From the year’s coop-
eration with enterprises, we find the education of basic knowledge of chemilumines-
cence is essential for the promotion of this technology. More than ten years ago, we
have published two books in about chemiluminescence in Chinese language, such as
Chemiluminescence-Basic Principles (Beijing Chemical Press, 2004) and Applica-
tions and Chemiluminescence Immunoassay (Beijing Chemical Press, 2008). Now,
we are very pleased to do the further introduction of ultra-weak chemiluminescence
combining the series research results of our group. We hope it will be helpful to the
world’s research and application of chemiluminescence.

This book is about the ultra-weak chemiluminescence. The emission of light
caused by a chemical reaction is invisible to the naked eye but detectable by a sensi-
tive photomultiplier tube. Recently, the ultra-weak chemiluminescence has had an
impact on chemistry, on cell biology, and on biochemical and environmental anal-
ysis. Many of our cells are capable of producing an ultra-weak chemiluminescence
spontaneously. The emission of a weak chemiluminescence from cells in the plant
and animal kingdom during mitosis in ultraviolet region now has been observed.



vi Preface

Red ultra-weak chemiluminescence has even been detected in human breath. The
reactions responsible for this invisible ultra-weak chemiluminescence are oxidation
involving oxygen, oxygen metabolites, and radicals.

The inorganic elements which can participate in ultra-weak chemiluminescent
reactions range from the alkali metals and heavy metals such as mercury and lead, to
non-metals such as O, S, N, P, As, and the halogens. Compounds such as sulfate
or sulfite, carbonate or bicarbonate, nitrite, and periodate would produce ultra-
weak chemiluminescence when they coexisted with hydrogen peroxide in solutions.
Research of these chemiluminescence mechanisms did great help for the explanation
of most luminescent phenomena in nature and the understanding of the interaction of
compounds containing carbon, nitrogen, sulfur, oxygen, halogen, and other elements,
such as CO,, CO3~ , HCO;3~, NO,~, NO,, NOs™, SO,, SO3 ™, 10,7, H,0,, and O,.
Compounds of silicon, the next element to carbon in group IV of the periodic table,
also can produce chemiluminescence. Ultra-weak chemiluminescence is also respon-
sible for light emission in many flames including those of N,O, H,S, CS,, CO, and
CN in air or oxygen. The ultra-weak red flash from the addition of H,O,to sodium
hypochlorite (NaClO), observed firstly by Mulliken in 1928, now has been known
to be caused by singlet oxygen.

This book describes the study method of ultra-weak chemiluminescence providing
many new technologies and new principles. Ultra-weak chemiluminescence in
aqueous phase system is generated mainly by redox reactions with proper chemilumi-
nescent reagents. To the inorganic ultra-weak chemiluminescence, the low intensity
of these luminescence phenomena is because of a low overall quantum yield, or
because of a low rate of reaction and/or the concentration of the chemiluminescent
components is too low to generate a visible, functional light emission. The ultra-
weak chemiluminescence can be induced or enhanced by addition of a variety of
compounds. These compounds may themselves be chemiluminescent, or they may
act on the pathway required to generate the endogenous ultra-weak chemilumines-
cence. For example, polycyclic aromatic hydrocarbon can enhance the ultra-weak
chemiluminescence from the reaction of sodium hydrosulfite (NaHSO3) with H,O,
by forming a new emitter from the radical reduction reaction. The enhancers fall
into three broad categories: provision of chemiluminescent substrate, provision of
oxidant, such as a hydroperoxide, and the energy transfer acceptors.

In recent years, great progress in ultra-weak chemiluminescence field has
occurred, thanks to the development of new chemical probes, enhancers, and
advanced instrumentation for light measurement and imaging. Specially, with the
fast development of nanotechnology, many new nanomaterials have been applied in
the ultra-weak chemiluminescence system to enhance the chemiluminescence inten-
sity for further application. The cadmium series quantum dots, metal nanoalloys,
carbon nanodots, and rare-earth-doped nanoparticles have been used to enhance the
ultra-weak chemiluminescence from the decomposition of peroxymonocarbonate,
peroxomonosulfite, and peroxynitrous acid, respectively. The enhanced chemilu-
minescence can be realized through a redox reaction by forming electron- and
hole-injected nanoparticles. Metal surface plasmons also can enhance ultra-weak
chemiluminescence by the chemically induced electronic excited states coupling to
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surface plasmons. The surface plasmons-assisted metal catalysis process has been
observed in the copper/nickel nanocomposite-enhanced ultra-weak chemilumines-
cence arising from peroxymonocarbonate. Energy transfer through electrons and
radical annihilation is also involved in many well-known ultra-weak chemilumines-
cence reactions. The color of the emission is dependent on the fluorescent acceptor.
The non-radiative energy transfer occurs only over very short distances of <0.1 nm,
whereas others occur over distances as long as 10 nm. The result is a change in
quantum Yyield, color, and sometimes rate of reaction.

The aim of this book is to provide a wide, but balanced, perspective on chemical
reactions which produce ultra-weak chemiluminescence. The content includes fifteen
chapters: what is so special about an ultra-weak chemiluminescence (Chap. 1), where
they can be found (Chaps. 2-5), the kinds of active oxygen species in ultra-weak
chemiluminescence (Chaps. 6 and 7), and ultra-weak chemiluminescence enhanced
by functional materials (Chaps. 8—11). We attempted to highlight the unique aspects
of ultra-weak chemiluminescence in analysis and to pinpoint where real discoveries
have arisen from its use in chemistry, biology, medicine, environment, and forensic
science.

The book is aimed at researchers and undergraduates in chemistry, physics, and
biology. It describes particularly my own enthusiasm for studying ultra-weak chemi-
luminescence. We have deliberately repeated a few points in more than one chapter,
so that each chapter may be read independently. It is our wish to encourage more
people to discover more about this most exciting useful technique.

I would like to express my thanks to collaborators and colleagues too numerous
to mention and also to many of my postgraduates.

December 2021 Jin-Ming Lin
Professor of Chemistry

Tsinghua University

Beijing, China
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Chapter 1 ®)
Introduction of Ultra-Weak Geda

Chemiluminescence

Xiangnan Dou, Syed Niaz Ali Shah, and Jin-Ming Lin

Abstract This chapter gives an overview of the basic principle of chemilumines-
cence and ultra-weak chemiluminescence. The development of various ultra-weak
CL systems will be introduced. The ultra-weak chemiluminescence based on reac-
tive oxygen species will be focused in this chapter. Ultra-weak chemiluminescence
hinders its application in analytical chemistry due to its low luminous efficiency.
The roles of nanoparticles in enhancing these ultra-weak CL systems will also be
reviewed.

Keywords Chemiluminescence - Ultra-weak chemiluminescence - Principle *
Application

1.1 Introduction

Chemiluminescence (CL) is light emitted from a chemical reaction. The requirements
for chemiluminescence are (1) The chemical reaction must provide enough excita-
tion energy to enable the electron to transition from the ground state to the excited
state, and (2) The energy from the chemical reaction can be accepted by at least one
substance and generate an excited state; (3) the electronically excited products have
chemiluminescence quantum yield to release photon or transfer its energy to other
luminophores [1]. CL is typically observed during redox reaction processes. The
chemiluminescence quantum yield, ®¢, is determined by the efficiency of gener-
ating the excited state product and the efficiency of an emitted photon of the excited
state product. ®¢r, does not usually surpass 0.1-0.001% in most circumstances. Only
a few CL systems, such as the unique substituted oxiamide or dioxetane interme-
diate, may achieve a yield of 30% [2]. High quantum yields ranging from 1 to 100%
of luminescence emerges during oxidation of the luciferin, mediated by the enzyme
luciferase in living cells. Luciferin and luciferase are substrates and enzymes that
interact to produce visible light. It is the enzyme with a unique microenvironment and
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reactive properties that are frequently used as a reaction medium in bioluminescence.
The quantum yields of the excited state species and emission in bioluminescent emis-
sion based on an enzymatic reaction are quite high. This means that some ultra-weak
CL systems could be produced as CL reaction media, the quantum yield of CL may
be improved.

The CL technique has the advantage of having mild response conditions and being
simple to manage. CL provides several distinct advantages as an analytical method:

(1)  Unlike fluorescence and UV-visible analysis, CL does not require an external
light source, making it simple to integrate with other equipment like chro-
matography and capillary electrophoresis.

(2) The sensitivity of CL analysis is very high. CL excitation energy derives from
chemical reactions (mostly redox reactions). As a result, CL analysis lowers
the signal’s effect on the source stability by eliminating Rayleigh and Raman
scattering. A low level of noise and a high signal-to-noise ratio is achieved by
the CL method, which has a detection limit as low as attomole (10~'®) or even
zeptomole (10721).

(3) CL analysis may be used to detect substances involved in CL processes,
including CL substrates, catalysts, inhibitors, and sensitizers.

During the last 40 years, many analysts have become interested in CL analysis
because of its great sensitivity and ease of instrumentation. In contrast to the fluo-
rescence approach, the exciting light source for CL is not required. As a result, the
CL has found widespread application in clinical chemistry, biochemistry, and envi-
ronmental chemistry, etc. The most evident manifestation of the rapid development
is the large number of articles devoted solely to CL [3—10]. Because of its extraordi-
narily high sensitivity and other advantages, analytical methods comprising CL have
recently attracted a lot of interest in a variety of sectors. Luminol, lucigenin, and
oxalate esters are common CL systems [10, 11]. The CL method’s exceptional sensi-
tivity, however, presented a selectivity problem. Although various new CL systems
are being developed for the identification of analytes [12—15], most CL systems
could not be employed to directly determine the analytes. These limited CL systems
only meet the needs of researchers for practical application. It’s worth noting that the
scarcity of functional CL systems is a key roadblock to CL’s mainstream adoption.
The quest for a new CL system is critical for expanding the scope of CL methods.
Taking note of the fact that many redox reactions generate relatively faint light, the
efforts on finding new CL systems is the main focus. The introduction of sensitizers
or catalysts has already been shown to dramatically improve the CL properties of
such weak CL systems [16, 17].

Many analysts worked hard to increase the CL intensity as well as the selectivity.
Many new CL systems, both homogeneous and heterogeneous, have been created
because of their work.
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1.2 Principle of Chemiluminescence

CL can be produced by a chemical reaction that releases between 41 and 72 kcal per
mole energy on its way to the product [18, 19]. There are three primary phases in the
CL response. The first is the production of an intermediate that can react to provide
enough energy to emit a visible light photon. The development of an electrically
excited state is the next step. The CL reactions are distinguished from the rest of the
chemical reactions by this step. The excited state’s emission of light is the final stage
[19]. The molecule’s vibrational and rotational shifts are frequently accompanied
by the electronic transition. Transitions from 7 bonding to 7" anti-bonding orbital
(mr — ") or from a non-bonding to an anti-bonding orbital (n — ™) are the most
common in organic compounds. CL denotes the return of an electron to its ground
state accompanied by the emission of a photon. Excited molecules can also lose
energy through a variety of mechanisms including chemical processes, collisional
deactivation, internal conversion, and inter-system crossing. As a result, when these
radiationless processes compete with CL, they are considered undesirable from an
analytical perspective. The chemical interaction between the molecules A and B, as
well as the energy transfer during the reaction, is depicted in Fig. 1.1.

In the first step, the reaction of A and B forms an excited state compound (C*)
which has a quantum yield ®gx.

Energytransfer

A+ B EET ok (1.1)

We can see from Fig. 1.1 that the excited molecule (C*) can emit CL in two
different ways.

(1) In the first case, C” is a luminescence emitter that may be viewed through the
luminescence emission.

c* 2 ¢ + hv (Luminescence Emission from C*) (1.2)

C* .
Excited state
. TR
. C *energy : hV
v . 2
C Ground state F

Fig. 1.1 The basic principle of chemiluminescence
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(2)  When the excited molecule C* transferred its energy to the fluorescent
molecule (F), the emission was increased by a more sensitive fluorescence.
As aresult, F is referred to as a CL enhancer, and the process is referred to as
an enhancement CL reaction.

C*+F o + F* (Energy transfer) (1.3)
2 F + hv (Fluorescence Emission from F*) (1.4)

As soon as the CL reaction was initiated in the first instance. The quantum yield
(CL) is the fraction of molecules that produce a photon when they return to their
ground state. It is calculated as the product of two ratios:

DL = Pex - Pem (L.5)

Traditional CL systems often have very poor quantum yields, either because of
heat release or because of quenching from the surrounding environment. To avoid
this difficulty, it is recommended that a fluorescent chemical with a reasonably high
quantum yield be added to the reaction mixture to facilitate the transfer of energy to
the fluorescent species [18]. As its name implies, this type of CL system emits its
ultimate emission from an excited state created by direct oxidation of the excitation
step. It is referred to as the direct CL system. The indirect CL system, on the other
hand, is a CL system in which the final emission occurs indirectly because of energy
transfer from the first created excited state, as opposed to the direct CL system [19].
Recently, nanomaterials (NMs) have been widely used to increase the CL intensity
of classical systems, which is a significant advancement.

Inorganic reactions in CL systems produce weak CL emissions because of the
low quantum yield of the inorganic reactions. For analytical applications, then, it is
important to increase the CL intensity level. Compounds such as NMs, transition
elements, and/or reaction techniques such as catalytic and energy transfer processes
have been proposed to improve the CL signals of these compounds [20]. Currently,
there is a considerable deal of interest in CL signal enhancement [21]. The research
orientation in CL is partially devoted to the development of novel CL systems and
partly to the application of these systems to real samples, with the former being the
primary focus. This type of research can be primarily focused on discovering new
CL reagents, such as substrates, sensitizers, and catalysts [22].

In general, the CL reaction is a redox reaction [23], which involves the partic-
ipation of a variety of reactive oxygen species (ROS) [24, 25]. Hydroxyl radical
("OH), superoxide radical ("O, ™), and substrate radicals, as well as singlet oxygen
(10,), are all examples of ROS [24-26]. Increased ROS generation is a frequently
used technique for increasing the CL intensity of a system [27]. The peroxide-
induced CL systems have garnered considerable attention and are widely used in
a variety of fields. Hydrogen peroxide (H,0,), peroxymonocarbonate, peroxysul-
fite, and peroxynitrite are all examples of peroxides [28]. H,O; has a critical role



1 Introduction of Ultra-Weak Chemiluminescence 5

in the CL responses [23]. The breakdown of H,O, in a CL reaction generates reac-
tive oxygen species (ROS) [13, 29]. Many CL emissions from a system are possible
because of the system’s multiple CL paths. Multiple CL pathways can occur concur-
rently in the same system. The quenching of CL signals occurs when a CL pathway
is blocked. CL emission may have increased because of the closure of a less effi-
cient CL pathway [24]. To detect and track these radicals in a CL system, electron
paramagnetic resonance (EPR) and free radical scavengers are utilized.

1.3 Development of Ultra-Weak CL Systems

CL provides several advantages for analytical chemistry applications, including high
sensitivity, a broad linear range, simple and inexpensive apparatus, and minimal
background noise. However, many CL systems use certain conventional reagents,
including luminol, lucigenin, acridinium, AMPPD, and Ru(bpy);2*, the majority
of which are organic molecules. We have attempted to build various new CL
systems based on inorganic reactions throughout the last two decades, notwith-
standing the difficulty of directly detecting light emissions using CL approaches
due to the poor quantum yield. The book focuses on the construction of ultra-weak
CL systems using peroxymonocarbonate, peroxynitrous/peroxynitrite, peroxysulfite,
periodate, or hydrogen peroxide as starting materials. Additionally, it will address
ultra-weak CL that has been boosted or amplified by nanoparticles, quantum dots, or
layered double hydroxide (LDH), as well as aggregation-induced emission (AIE).

1.3.1 Hpydrogen Peroxide-Based Chemiluminescence

1.3.1.1 Fenton/Fenton like System

The Fenton reaction, which produces hydroxyl radicals, is commonly utilized in
the practice of scientific research as a source of radicals. It is the Fenton reaction
that produces the light radiation that may be measured by a contemporary lumi-
nometer. The metal (M)-catalyzed breakdown of H,O, results in the formation of
the "OH radical [30].

H,0, + M" — M"*! 4+ *OH + “OH (1.6)

Initially, the Fenton reaction resulted in the creation of reactive oxygen species
(ROS), which then resulted in the emission of CL. When the Fenton reagent is intro-
duced, a flash of light can be seen. The singlet oxygen ('0,) is the emissive species
that emits luminescence. The following is an example of the ROS production response
resulting from the Fenton reaction [31]. Lin et al. used CDs for the enhancement of
the Fenton system [32, 33].
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*OH + H,0, — HO, + H,0 (1.7)
*OH + *OH — 0,(*A,) + 0, + H,0 (1.8)
2HOS — 0,('A,) +H,0, + 0, (1.9)

1.3.1.2 Peroxynitrite (ONOO~) CL System

Peroxynitrite (ONOQO™) is a substantial nitric oxide derivative that has a wide range
of uses in several fields. Even though peroxynitrite has a half-life of 10-20 ms,
it is sufficiently stable to permeate biological membranes, diffuse one to two cell
diameters, and interact with many essential biomolecules [34].

The coupling of NO® and "O,~ radicals in biological systems is most likely the
source of ONOO™ (Eq. 1.10) [35]. Furthermore, ONOO™ can be produced by mixing
acidified H,O, with nitrite in real-time. Nitrite reacts with hydrogen peroxide in an
acidic medium to form ONOOH (Eq. 1.11), which is unstable and can be decomposed
into ONOO™. Weak chemiluminescence was observed during the decomposition of
ONOO™.

*0; + NO* — ONOO~ (1.10)
H,0, + HNO, — ONOOH + H,0 (1.11)
~OH + ONOOH — ONOO™ + H,0 (1.12)

Several studies described how fluorescent compounds and NMs such as CdTe
QDs, Mg—Al carbonate LDHs, CDs, and Au NPs improve the CL from ONOO~
[36-38]. Carbonate has been shown to react with ONOO™ to form the adduct
ONOOCO; ™, which decomposes fast into "NO, and the carbonate radical (CO3'"),
according to the literature. It is the conversion of the CO3"~ radical into CO; in its
excited form that causes the CL emission. CDs were shown to significantly increase
the CL from the peroxynitrous acid (ONOOH) and CO3%~ CL system described by
Lin et al. [39] (Fig. 1.2).

1.3.1.3 Peroxysulfite (HSO4~) CL System

Early in the twentieth century, the HO,—HSO3;~ CL phenomena were identified by
Stauff [40]. A peroxysulfite compound (HSO4~ or HOOSO, ™) is generated during
the interaction of HSO3~ with hydrogen peroxide. This compound is unstable and
can be converted into the radicals ‘SOz~ and ‘OH in the presence of H,O,. There
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/ Route 1
Q Co:.Q = L
ONOOH — | ONOO | —> ONOOCO;
o) 7 tue ®
[ mosuno. | |0 No| €O; CO; + NO;
® Excitation 3 %
Energy
transfer
@ 500 nm
Route 2
0/7 @ Electron-hole
annihilation
@ Hole injection CDs
omh @ v \
COn~ e 520 nm
\_ Electron injection Y

Fig. 1.2 Schematic of the CL process in the carbon nanodots—NaNO,;-H;0,—-Na,CO3 system

using a schematic diagram [39]

are many CL emitting molecules, such as SO,* and 10, that have been produced

through radical reactions [41, 42].

H,0, 4+ HSO; — HOOSO; + H,0
HOOSO; — *OH + *SO3
2HOS — '0; + H,0,

HSO; + *OH — *SO; + H,0
2°S0; — S,0%
$,0; — SO +S0;~

SO% — SO, + hv

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)
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Xue et al. investigated the influence of CDs on the H,O,—HSO;~ CL system and
discovered that they had an enhanced effect [43]. In the H,O,—-NaHSOs; system, the
CDs aided in the production of the emitter species SO,* and 'O, by facilitating the
creation of these species (Fig. 1.3a). The CL of the H,0,—NaHSO; system was also
improved using plasmonic luminous core—shell nanocomposites. According to [44],
the combination of chemically produced excited states with surface plasmons results
in an amplifying effect (Fig. 1.3b).

As a result of its high oxidation potential and proclivity to react through oxygen
transfer, peroxysulfite (HSO4™) is one of the most promising oxidants for organic
molecules in use today. Comparative to other common reagents such as peroxodisul-
phate and peroxomonophosphoric acid, it has also been shown to be a powerful
oxidizing agent. Chaps. 5 and 6 will discuss the CL of HSO,4~ in further detail.

A

@
@
B
- 'HOOS0, wo, 8 8— ‘0, tsl.m::llnm
—
- 88 o— m"&mm»;oom

L NP
2

Surface planmon

AITC s [T3vatal = o

Erdanced (L Gum—

Fig. 1.3 a The mechanism of the CL reaction in the HO,-NaHSO3 CDs system [43]; b
the enhancement of CL intensity from the H,O;—NaHSO;3; system by plasmonic luminous
nanocomposites [44]
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1.3.1.4 Peroxymonocarbonate CL System

Peroxymonocarbonate (HCO4 ™) has been reported as a product of the interaction
of hydrogen peroxide with bicarbonate since the 1980s. The breakdown of HCO4~
resulted in the formation of CL. Carbonate radical was created as a result of it. The
CL emitters includes singlet oxygen ('0,), singlet oxygen molecular pair [(O»),*],
and excited double (CO,),*.

HCO; + H,0, — HCO; + H,0 (1.20)
HCO, — *OH + *CO;y (1.21)

*CO; + H,0, — HCO; + HO} (1.22)
HOj — *0; + H' (1.23)

2HOS — H,0, +'0, (1.24)

4°0; + 4H,0 — (0y); + 4~ OH + 2H,0, (1.25)
2HCO3 — (CO,)3 + Hy0, (1.26)

Many articles are focused on improving the peroxymonocarbonate system’s ultra-
weak CL. Cu/Ni metal NPs were used to increase the ultra-weak CL utilizing surface
plasmons [45]. Protein-stabilized zinc/copper nanoclusters have been shown to
greatly increase the CL of peroxymonocarbonate [46]. The catalysis of Zn/Cu@BSA
nanoclusters and the metal surface plasmon-linked emission of excited (CO;),*
resulted in the enhanced CL.

1.3.1.5 Periodate CL System

The periodate produces soft oxidation products and has been used for the micro-
analysis of different compounds [18, 47]. The periodate reacts with H,O, in acidic,
neutral, and basic mediums to produce 'O, as an emissive species [48]. Various
researchers used different enhancers to amplify the CL intensity of this system [49].
Lin et al. [50] used sodium dodecylbenzene sulfonate (SDBS) modified layered
double hydroxides to enhance the CL intensity of the [0, ~—H, O, system (Fig. 1.4a).
Our group used nitrogen-doped CDs for the enhancement of this system [51, 52].
Shah et al. [53] reviewed the details on the improvement and application of the
periodate-peroxide CL system recently.
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Fig. 1.4 a The mechanism of CL enhancement by sodium dodecylbenzene sulfonate (SDBS)-
modified LDHs [50]. b Detailed about the improvement and application of the periodate-peroxide
CL system [53]

1.3.2 The Role of NPs in the CL System

Because of their possible application in CL, nanomaterials (NMs) with good optical
and electrical characteristics have gotten a lot of attention. Many studies have
attempted to employ nanoparticles (NPs) to boost CL in various ultra-weak CL
systems, including H,O,-NaHCO3;, H,0,-NalO4, H,0,-NaNO,, H,0,-NaClO,
H,0,-NaHSOs, and others [52, 54, 55]. NPs can directly participate in redox reac-
tions or operate as catalysts or energy acceptors in CL processes, to boost CL intensity.
The role of NPs in the CL system is summarized below.

1.3.2.1 Direct CL

Excitons being a bound state of the introduced electrons and holes in the conduction
and valence bands of the nanomaterials, respectively, is usually generated during
a CL reaction involving nanomaterials. The relaxation of excitons resulted in the
NPs-based CL. The CL system of CdTe QDs—calcein—K;Fe(CN)g was developed
by Zhang et al. [56], in which CdTe QDs directly participating in the reaction by
oxidized to excited CdTe QDs by K3Fe(CN)g. The excited CdTe QDs are capable of
transferring their energy to the calcein acceptor through a process known as energy
transfer.

K3Fe(CN)g + CdTeQDs — Ky Fe(CN)g + CdTeQDs* (1.27)
CdTeQDs* + Calcein — CdTeQDs + Calcein® (1.28)

Calcein® — Calcein + hv (1.29)
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Lin et al. discovered carbon dots could react with acidic KMnQO, and cerium (IV)
to emit CL [57]. Such oxidants could cause holes to form in the CDs. The injection
of holes into carbon dots by an oxidant increases the number of holes in the CDs and
speeds up electron—hole annihilation, resulting in energy release in the form of CL
emission.

Li et al. [58] discovered that CdTe/CdS/ZnS QDs exhibit novel CL performance
with KIOy4. The direct oxidation of CdTe/CdS/ZnS QDs by dissolved O, produced
a superoxide radical ("O;7), QD(e1s ) and QD(h;4,*) excitons were generated by
injecting electrons and holes from *O,~ and *OH radicals, respectively, resulting in
QDs* in the excited state.

QD + 0, — *0, + QD™ (1.30)

2°0;, +2H,0 — '0, + 27 OH + H,0, (1.31)
*0; + H,0; — “OH + *OH + O, (1.32)
QD +°0; — 0, +QD(e},,) (1.33)
QD + *OH — ~OH + QD(h,;) (1.34)
QD(e,,) + QD(4},,) — QD* (1.35)
QD* — QD + hv (1.36)

1.3.2.2 CL Catalyst

Many research groups have investigated the catalytic effect of NMs. The NMs-based
catalytic CL system was developed as an analytical chemical sensor. The catalytic
effect or enhancement of CL processes by NMs is attributed to the formation of
reactive oxygen radicals such as "OH radical, and O, radical, which are initiated
by catalysts or enhancers. The NMs, particularly those containing transition metals,
exhibit a significant catalytic outcome on H,O,-based CL systems, such as luminol—
H,0, and lucigenin—H,0,.

Furthermore, CL responses varied depending on the morphology and composition
of catalytic NMs. Take, for example, the work of Li et al. [59], who investigated the
CL response of triangular Au NPs in the luminol-H,O, system and contrasted it with
the reaction of spherical Au NPs. According to the researchers, when compared to
spherical Au NPs, triangular Au NPs exhibited much higher catalytic activity due to
a higher surface-to-volume ratio and a greater number of active surface sites. These
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triangular Au NPs exhibited improved activity in the formation of reactive oxygen
radicals and electron transferability on their surfaces. It has also been demonstrated
that the CL system of luminol-H,O, catalyzed by triangular Au NPs has excellent
analytical application for the detection of aminothiols.

Because of the redox feature of the distinct electron and hole states of QDs, they
can act as a catalyst in CL systems. With QDs, the injection of holes from a strong
oxidizer or electrons from a reducer can alter the valence and conduction bands of
the QDs. During the injection procedure, ROS such as ‘OH, "O,~ radicals will be
created. By radical reactions, these radical species can oxidize CL reagents, resulting
in increased CL, or generating CL emitters. L-cysteine capped Mn-doped ZnS QDs
have previously been shown to improve CL of the H,O,-NaClO system [60]. The
increased CL of NaClO-H,0O; is due to the sensitizer’s catalysis in creating reactive
intermediates as well as the electron-transfer mechanism [53].

The CL’s efficiencies were affected by the types of reactants and catalysts used.
Chen et al. [61] demonstrated improved CL of the H,O,—NaHCOj3 system with the
addition of CdTe QDs. The excited CdTe QDs were produced by combining the hole
and electron injected QDs, which cause the enhancement of CL. They investigated
the size effect of various catalyst types on the CL of the HyO,—NaHCO3 system.
CdTe QDs were compared to CdSe and CdS QDs with emission wavelengths of 549
and 607 nm, respectively. They discovered that CdTe QDs with a larger size than
CdSe and CdS quantum dots at the same concentration could significantly increase
CL intensity.

1.4 Conclusion

The purpose of this chapter is to introduce the basic principles of chemilumines-
cence and the development of ultra-weak CL systems, focusing on the CL from the
decomposition of peroxynitrite (ONOO™), peroxymonocarbonate (HCO, ™), perox-
ysulfite (HSO4 ™), and periodate (I047), as well as the application of NPs to develop
new reactive oxygen (ROS) CL systems and enhance the weak CL systems. More
information on the CL of these inorganic compounds can be found in Chaps. 2, 3, 4,
5,6,7,8,9, 10 and 11 of this book.
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Chapter 2 ®)
Ultra-Weak Chemiluminescence oo
from the Decomposition

of Peroxymonocarbonate

Hui Chen, Syed Niaz Ali Shah, and Jin-Ming Lin

Abstract In this chapter, we will discuss the preparation methods for peroxy-
monocarbonate ions (HCO4™). The reaction of bicarbonate with different perox-
ides especially with hydrogen peroxide to form HCO,~ at different pH solutions
will be studied. The data and results will be interpreted based on kinetic and spec-
troscopic evidence, that how HCO,~ ions were produced. Furthermore, the ultra-
weak chemiluminescence (CL) generated from the decomposition of HCO,~ will be
discussed in detail. We will also consider the enhancement of peroxymonocarbonate
ions containing CL systems with different enhancers, i.e., fluorescent compounds,
metallic complexes, nanoparticles, and other molecules added into the system. The
role of the generation of different free radicals and the CL mechanism revealed based
on the experimental results and literature proofs will be discussed.

Keywords Bicarbonate - Peroxymonocarbonate - Ultra-weak
chemiluminescence + Hydrogen peroxide - Mechanism

2.1 Introduction

As a buffer solution for the chemiluminescence (CL) medium, carbonate (CO327)
or bicarbonate (HCO3;™) has frequently been used. When CO;2~ coexisted with a
strong oxidizing agent in the basic solution, it was reported to be a luminous species.
Many studies have shown that CO3%~ or HCOs3 ™ not only acts as a buffer reagent
but also as a CL sensitizer [1-4].

In their examination of the oxidation of chemical warfare agents, Drago et al.
hypothesized that the HCO; ™ is an efficient activator for hydrogen peroxide (H,O,)
[5]. Using NMR evidence, they established the existence of peroxymonocarbonate
(HCO4™) ions generated by HCO; ™ reacting with H,O,. Richardson et al. explored
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the kinetics, equilibrium, and mechanism of HCO;~ activation of H,O, for sulfide
oxidation and discovered HCO,4 ™~ as a bicarbonate active species [6]. It was discov-
ered that when H,O, and HCO3; ™~ were combined at 25 °C in aqueous or ethanol/water
solutions at neutral pH, the HCO4~ formed in equilibrium with its reactants. An
anionic peracid, HCO,~ with no metal ions were shown to be a reasonably reactive
heterolytic oxidizing agent [7]. At 25 °C, the effective equilibrium constant K| = 27
+ 1, and the perceived equilibration rate constant was 2.4 £ 0.1 x 1073 s~!. The elec-
trode potential for the HCO,~/HCO3~ couple was 1.8 £ 0.1 V (vs normal hydrogen
electrode) and the half-life for production of HCO,~ in water: ethanol (1:1.76, v/v)
was roughly 300 s [6]. The HCO3; ~-peroxide system’s catalytic effectiveness possibly
will be increased by substituting a more soluble supply of NH;HCO; and ethanol
for HCO3™ and tert-butyl alcohol, respectively.

A probable CL mechanism, in which the CO32>~/HCO;~ were tackled by "0,
radicals, resulting in carbonate (CO;"~) radicals was proposed in our previous studies
[3, 4]. The excited triplet dimers of CO, molecules ((CO,),*) were formed when
CO3"~ recombined. When this unstable intermediate released its energy by decom-
posing to CO,, the CL was freed. Meanwhile, these findings led us to believe that
the active species HCO,~ exhibits CL properties comparable to peroxymonosulfate
(HSOs7), a CL analytical reagent that was utilized several years ago [8]. It has been
shown that HCO,4~, a CO,/ HCO3 ™~ derived oxidant, is a two-electron oxidant, unlike
the "CO;~ radical [9]. The HCO,4~ system’s components are low-cost and environ-
mentally benign. Since HCO,4~ is a strong oxidizing agent, it has been frequently
employed in a range of processes, including those involving methionine [10], alkenes
[7], and sulfide [6].

Toxic or environmentally hazardous byproducts were common drawbacks of
many CL systems used for analysis applications. The peroxymonocarbonate system,
also known as bicarbonate-activated peroxide, provided a straight forward, low-
cost, and comparatively non-toxic alternative to other oxidizing agents. Because the
HCO,4™ oxidizing agent was unstable and hydrolyzed promptly, producing H,O, and
HCO;, storing HCO,4~ ions was difficult. As a result, on-line HCO,~ preparation
was expected to be the preferred method in most applications.

In this chapter, we will introduce the HCO, ™ ion as an oxidizing agent in different
CL systems, which were exploited by different research groups recently. HCO4 ™ ions
were prepared on-line by introducing a continuous flowing stream with no gap in the
channel. Simultaneously, utilizing a peristaltic pump, it was simple to move along a
multichannel stream and regulate the flow rate for the proper on-line synthesis time.
Using NMR, we can confirm this active carbon—oxygen intermediate was formed
during the mixing of HCO; ™ and H,O,. The ultra-weak CL studied from the decom-
position of HCO4~ can be greatly enhanced by fluorescent compound [11], Eu(Il)
complex [12], NaYF,:Yb**/Er** nanoparticle [13], and potassium permanganate
[14]. The CL mechanism for the formation of !0, for HCO,~ was explored in
detail. The HCO4~ CL system is a simple, low-cost, and largely non-toxic substitute
for traditional oxidizing agents that could be employed in a moderate, neutral pH
environment.
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2.2 On-Line Preparation of Peroxymonocarbonate

Flow injection analysis (FIA) is a sort of analysis that can be done quickly and
continuously. Because storage of the unstable HCO,4~ is difficult, on-line HCO4~
generation is to be expected the best option. The system enables continuous flow
analysis to be accomplished quickly and easily by infusing into a carrier stream
and performing instant discrete sampling. Due to the turbulent nature of the contin-
uous flowing stream, distinct instant sampling results in geometrically well-defined
portions of sample solution within the flowing stream. The on-line mixing is more
successful when FIA presents a continuous flowing stream into the channel. Simul-
taneously, the peristaltic pump makes it simple to adjust the flow rate for the proper
on-line preparation time.

The HCO,4~ solution was made on the spot by combining HCO3 ™~ and hydrogen
peroxide in a three-way piece (Fig. 2.1). It comprises a two-line peristaltic pump. To
create on-line HCO4 ™ ions, H,O, in a 1:1.76 water: ethanol solution and HCO3; ™~ were
fed into the flow lines. The mixing time period, as well as the flow rates of HCO3™
and H,0,, are critical in the on-line generation of the HCO4~ solution. HCO4~ ions
were quantified using the intensity of CL emission. Too much or too little time did not
result in the generation of enough HCO,4 ™ ions to cause CL emission. The lifetime of
the active carbon—oxygen intermediates is also a crucial element in determining the
CL signal in flow injection CL emission since transient light emission is scrutinized.
The half-life of HCO4~ ion formation in water: ethanol (1:1.76, v/v) medium has
been reported to be around 300 s [6], indicating that the HCO,~ is comparatively
long-lasting in an organic solvent. The point of mixing was selected to be inside the
CL cell because the HCO,~ has such a short lifespan.

In the meantime, the quantities of mixing reagents (H,O, and HCO3; ™) could have
adirectimpact on on-line HCO,4 ™ ion preparation. Gaps in the flow line can be caused
by high H,O, concentrations. HCO4~ ions cannot be produced at very low H,O,
concentrations. The best possible concentration of H,O, was observed to be 2 mol/L.
Organic reagents such as acetone, acetonitrile, and ethanol, as well as carbonates like
ammonium bicarbonate, NaHCO3, potassium bicarbonate, Na,CO3, and K,COs,
were investigated. Table 2.1 summarizes the CL signals obtained in various mixing

P Sample

Flow
cell  Detector Recordor

|
. @;__y? 5

Fig. 2.1 Flow injection diagram for the HCO4~ CL system, R; ethanol, R, H>O» (in organic
cosolvent), R3 NH4HCO3. Copyright 2008, with permission from Elsevier Ref. [11]
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solutions. These solutions affected the CL intensity. The peak height and kinetic
profile for each mixing solution were considerably different when different carbonate
salts and organic solvents were used. The reaction was immediate when ethanol was
there in the CL system, and all CL signals were highly crisp. The CL intensity
was maximum when ethanol and ammonium bicarbonate were combined. It was
discovered that ethanol can create hydrogen bonds with HCO,~, causing HCO4~
to decompose quickly. Ammonium bicarbonate was employed instead of group 1
salts because of its reduced solubility in mixed solvents; the best concentration of
NH4HCOj; for on-line HCO,4~ production was 0.05 M. Additionally, the maximum
HCO,4~ was attained using a 35 cm mixing coil and a 1.1 mL min~' flow rate.
HCOj;~-peroxide in water/alcohol solvents was investigated by '*C-NMR using
99 percent '*C-enriched NaHCO3. The results of the '3C-NMR spectroscopy substan-
tially support the generation of HCO4 ™ ion in the on-line flow system (Fig. 2.2) [12].
For all studies, H,O, concentrations of nearly 2.0 M were used, with [H3CO;7 ] =
0.1 M. In addition to the bicarbonate peak at 163.6 ppm, a solitary extra peak at 161.7
ppm inferred as HCO4~ was detected. Investigation of the time-dependent peak in

} 17 min

\ 13 min

/ \ 9 min
\

H A g\ S5min

1 T T ||
162 160 58 156 PPM

Fig. 2.2 '3C-NMR spectra of NaH'3CO3 (0.05 M) in 1:1.76 (water ethanol, v/v) solution at 25 °C
with [HyO2] = 2 M. The times shown were for the acquisition to be completed from the time of
mixing. Copyright 2006, with permission from Wiley Ref. [12]



22 H. Chen et al.

the ethanol: water ratio was conducted. For up to 20 min, unstable peroxymonocar-
bonate ions can be found. As a result, online synthesis of HCO4~ reactive species
provides a trustworthy intermediate for further research.

2.3 CL Phenomenon from Peroxymonocarbonate
Decomposition

2.3.1 Singlet Oxygen Produced by Peroxymonocarbonate
Decomposition

It was confirmed that during its decomposition, HCO4~ produces reactive interme-
diates that cause CL emission. The singlet oxygen ('O, ) was initially considered
based on the CL spectrum and Adam and Mehta’s research [9]. The quenching
effect and the boosting effect were used to see if the HCO4™ reaction’s CL emission
is mediated by 'O, or not. NaN3, a recognized scavenger of singlet oxygen [15],
effectively suppressed the intense luminescence. It is well recognized that luminous
reagents such as lucigenin, luminol, and cypridina luciferin analog (CLA) may react
with reactive oxygen species (ROS) to produce sharp CL emissions. CLA has been
utilized to determine 'O, in particular as a CL probe [16]. These findings revealed
that these luminous reagents significantly increased CL intensity, particularly CLA.
The CL that was detected resulted from the production of 'O,. It is said that because
10, has larger energy than ground-state triplet O,, it can give up that energy through
luminescence [17]. Several CL investigations involving 'O, have been published in
the previous 30 years [18-21]. The CL wavelength of 'O, was measured at 476 nm
which could explain the production of the singlet oxygen species.

HCO,™ is an extremely active species. The homolysis of the O-O bond, according
to the estimates from the thermodynamic analysis was the activation step [22]. The
probable mechanism to produce active intermediates is described in Scheme 2.1.
The ammonium works as a Lewis acid in this reaction, stabilizing the carbonate
leaving part and facilitating the breaking of the O—-O bond. Because the ammonium
does not need to go through redox, the electron spin trapping (ESR)-active species
created as the reaction progresses must be mostly unrelated. Ammonium peroxy-
carbonate complexes are involved in all of the mechanistic routes that we believe
are most likely. Vibrational spectroscopy has been used to produce and analyze
peroxycarbonate complexes of rhodium [23], platinum [24], and manganese [13]. In
solution, the complexes are highly unstable. A perhydroxyl radical can cause radical
recombination.

H,0, + HCO; = H,0 + HCO; (2.1)

HOOCOO™ — COj; + -OH (2.2)
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H;0; + HCO3 ==H,0 + HCO4
(0]

/NN

— NH4+ H

NH,* +HCO,

(0]

H— NH," +CO;™ +-OH

Scheme 2.1 A potential mechanism for the effective intermediate formed by the reaction of
NH4HCO3 and H,O,

H,0, + CO; — HCO; + -HO, (2.3)

HO, - H* +0; (2.4)

It has been demonstrated that Reactions (2.1)—(2.4) [25] are merely the initial
stage in the process and that this stage is tailed by the interaction of the perhydroxyl
radical (HO,") with the ‘O, ™ and the interaction of two HO," radicals, respectively
[26]. The radicals created in this way may participate in the subsequent processes
that result in the creation of 'O, molecules. Increased yield of *O,~ radical and
generation of 'O, was observed as a result of an excess of H,O,. The existence of
10, was also investigated utilizing a variety of approaches, including the enhancing
and quenching CL methods [27-30], which were described below.

0, +OH —' 0, +O0H" (2.5)
HO, + 0; —' 0, + HO; (2.6)
HO, + HO, —' 0, + H,0, (2.7)

It was also demonstrated by the ESR spectrum that the creation of 'O, occurred as
a result of the decomposition of HCO,~. When 10, reacts with 2,2,6,6-tetramethyl-
4-piperidone (TEMP), a relatively stable nitroxide adduct with a distinct spectrum
is formed [31]. Because TEMP is soluble in alcohols, 'O, has a six-fold longer
lifespan in alcohol than in H,O. "OH radical’s interaction with TEMPO is inhibited.
The presence of singlet oxygen was not detected in the TEMP solution (background
solution). The ESR spectrum displays the specific signals of TEMPO after mixing
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it with bicarbonate and H,O,, indicating that 10, was generated from the HCO4~
reaction.

Other strong methods, such as chemical trapping and mass spectrometry measure-
ment, were used to validate the production of 'O,. The produced 'O, was chemically
trapped by 9,10-diphenylanthrancene (DPA) [32] and electrospray ionization mass
spectrometry was used to identify the consequent stable endoperoxide (DPAO,). In
electrospray ionization tandem MS, DPA and DPAO, were examined after the CL
reaction. DPA’s positive mode mass spectrum shows a significant [M]* ion at m/z =
330, which corresponds to molecular ion, and DPAO,’s spectrum shows a strong [M
+ H]" ion peak at m/z = 363, which corresponds to the positively charged molecular
ion. The 'O, derived from the H,0,/Cl10,~ and H,O,/molybdate (MoO,4 ™) systems
were also proven using a similar manner [26, 33]. These findings are consistent with
the current system. These results strongly suggest that ' O, was formed in the HCO,~
CL reaction, implying a possible !O,-reliant mechanism.

2.3.2 CL Energy Transfer from the Decomposition
of Peroxymonocarbonate

Chemiluminescence resonance energy transfer (CRET) is non-radiative energy trans-
mission from a CL donor to a fluorophore acceptor [34]. Luminescent substrates are
oxidized without the use of an excitation source, which increases sensitivity by
eliminating sample autofluorescence. For the sensitive recognition of biomolecules,
graphene [35], fluorescein isothiocyanate [36], and CdSe/ZnS QDs grounded CRET
systems have been investigated [37, 38]. Due to the difficulty in identifying an appli-
cable CL reaction or donor that can stimulate a fluorescent acceptor via energy
transfer, only a few studies on CRET have been reported to date.

2.3.2.1 CL Energy Transfer to Fluorescent Compounds

During the mixing of HCO3;~ and H,O; solutions in organic solutions, ultra-weak
CL can be seen. After a sufficient number of fluorescent organic molecules, for
instance, dichlorofluorescein (DCF), were added to the HCO4~ solution, a stout
CL was observed. Studies of the fluorescence, CL and UV-vis spectra, electron
spin resonance (ESR), mass spectra (MS), and comparisons with H,O,/hypochlorite
(C107) and H,0,/M00O4~ systems led to the discovery of the CL mechanism. The
peroxy O-O bond in the HO-OCOO is homolyzed unimolecularly, which starts
the process. The formation of *O,~ radical is thought to be the result of radical
bond rearrangement. !0, is produced when the superoxide ion interacts with the
perhydroxyl radical. As a result of the energy transfers from 'O, to DCF, an excited
energy acceptor (DCF*) was produced. Emission with a maximum wavelength of
509 nm was observed during the relaxation of the energy acceptor to its ground state.
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Kinetics of the CL Reaction of HCO4—Fluorescent Compounds

Preliminary tests using the batch approach revealed that when combining the HCO3 ™~
and H, O, solution in organic cosolvent (water: ethanol, 1:1.76, v/v), an ultra-weak
CL was found. When fluorescent organic molecules, such as 1.0 x 10~ M dichlo-
rofluorescein (DCF), were added into a mixed solution of H,O, (in water: ethanol,
1:1.76, v/v) and HCO;3~, stout CL emission was seen. The presence of H;O, was
crucial because no CL could be observed without it. From the equilibrium of H,O,
and HCO; ™ in an organic cosolvent, the HCO4~ was proposed as an oxidizing agent.
As aresult, HCO4~ was researched further as an oxidant. Other fluorescent organic
compounds were also tried to see if CL emission was conceivable. Nine different
fluorescent compounds were investigated for their effects on CL, as indicated in
Table 2.2. The DCF has the greatest consequence on CL strength. When other fluo-
rescent organic reagents were used as an enhancer, the CL emission was lower than
the DCF. Their molecular architectures were found to be incapable of accepting
the energy from the CL reaction. As a result, the HCO,~-DCF CL reaction was
chosen as a standard for studying the mechanism of HCO,4~ with fluorescent organic
compounds [11].

Mechanism of Fluorescent Compound Enhanced CL

To reveal the improved CL mechanism, the CL and fluorescence spectra were also
studied. In the DCF solution, there was one peak at 509 nm in fluorescence spectra.
The maximum wavelength (max = 509 nm) and peak intensity barely altered after
adding H, O, and bicarbonate to the solution. In addition, CL spectrain HCO4~-DCF
solution showed two peaks at 440—-490 and 490-550 nm in the CL spectra (Fig. 2.3).
The first peak observed at 440-490 nm matched the CL spectra of !0, (max = 476
nm) well [39]. It signifies that during the CL reaction, 'O, is responsible for the
emission. The second peak at 490-550 nm matched the fluorescence spectrum of
DCEF produced in this experiment (max = 509 nm). The CL peak detected at 509 nm
was confirmed to be due to excited DCF* [40]. The energy acceptor then relaxes to
the ground state, causing light emission (max = 509 nm). This also offered the CL
energy transfer mechanism. The excited energy acceptor (DCF*) is formed when
singlet oxygen transfers its energy to DCF.

When DCF was added to a mixture of TEMP, CO3>~, and hydrogen peroxide
in an ESR experiment, the signal strength was significantly reduced. Because the
energy of 'O, was switched to DCF, which can be explained by the decrease of 'O,
in the reaction. The 'O, was generated during the HCO,~ breakdown. The excited
energy acceptor (DCF*) was formed when 'O, transfered its energy to DCF. Light
is emitted when the energy acceptor relaxes to the ground state.
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Table 2.2 The effects of nine distinct fluorescent compounds (FOCs) on CL signal intensities in a

batch manner

FOC Structure Concentration (mol/L) | S/N | Signal shape
NO,
Nitroanthracene 1 x 107 25
Anthracene OOO 1 %107 35 ‘
g
DCF 1 %1073 1835 |
J "\¥
Eosin Y 1 %1073 20
Fluorescein 1 x 107 47
O COOCH,CH3
Rh6G " <0 e 1 x 1073 32 =
HLN\CHS 0 N . ™
RhB } o |1 x 1073 720 |- '

2.3.2.2 CL Energy Transfer to Lanthanide Complexes

(continued)

Eu(Il) complexes with diverse ligands have gotten a lot of attention because of their
distinctive luminescence features, such as lengthy luminescence decay time and
narrow emission peaks [41—43]. To explore the energy transfer pathway for HCO4~
ions, the Eu(I)-EDTA or Eu (I)-Dipicolinate complexes were used.
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Table 2.2 (continued)
FOC Structure Concentration (mol/L) | S/N | Signal shape

g
OONa

Uranine 1 x 1073 50

Nao™” O‘O -

v zauw

] COOH

Calcein ) R 1 x 105 1410 | *

O‘O ol

HO ° (Y

Copyright 2008, with permission from Elsevier Ref. [15]

Fig. 2.3 The CL spectrum 1(EM)
in a system of H,O, (water:

ethanol, 1:1.76,

v/v)-bicarbonate-DCF.

Copyright 2008, with 0.10
permission from Elsevier

Ref. [11]
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CL Kinetics of HCO4~-Eu(II)-EDTA Complex

The flow injection technique was used to investigate the on-line synthesis of HCO4~
in the existence of HCO;~ and different substrates. By infusing 150 L of Eu?* into
an EDTA stream and mixing it with HCO,4~, the CL signals were recorded, and the
CL peak height was measured. In an initial test, the influence of the order in which
the reagent solutions are mixed on the CL intensity was investigated using the batch
approach (Fig. 2.4). CL emission was mild when 100 pL of 2 M H, O, solution was
introduced into 100 pL of 0.05 M HCO;3~. The CL strength increased noticeably
when 100 wL of 0.01 mol/L Eu**-EDTA (metal:ligand = 1:3) solution was added
to 100 wL 2 M H,0,-0.05 M HCO;~ in water:ethanol (1:1.76 v/v) (Fig. 2.5). The
effects of Eu** and Zn?* on the CL signals were scrutinized. The CL signal was
unaffected by these two ions.
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Fig. 2.4 Tllustration of the

batch method for CL of
complex -

Fig. 2.5 Kinetics of
chemiluminescent reactions.
a HCO4~ CL system; b
HCO4~-Eu**-EDTA CL
system. Conditions 2 M 189 465
H,0,,0.05 M HCO3~, 0.01

M Eu?*, 0.03 M EDTA.
Copyright 2006, with
permission from Wiley Ref. 126 310
[12]
n sk 3
0.0 100.0 0.0 208

Mechanism of CL Reaction of HCO4~-Eu**-EDTA Complex

To determine the CL mechanism, UV-visible absorption spectra for Eu?* prior to
and after the CL reaction, as well as the CL spectra were recorded (Fig. 2.6A). The
absorption Eu?* in water showed two peaks at 248 and 318 nm, due to the 4f” —
4£%5d electronic transitions [44]. The Lambert—Beer law was satisfied by the Eu**
solutions in the 107*~10~2 M concentration range when measured at 248 nm. The
other constituents of the CL system analyzed, i.e., HCO3;~, H,O,, and HCO4~, did
not produce expressive signals at 248 nm, hence this wavelength was employed to
study Eu?* before and following the reaction. After the reaction, the peaks at 248
and 318 nm vanished from the absorption spectrum. Furthermore, the absorption
spectrum of the reaction did not superimpose on the absorption spectrum of Eu*.
Nonetheless, the two shapes were strikingly comparable. As a result of this, it was
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Fig. 2.6 a Absorption spectra of (a) Eu2*, (b) Eu?* after the CL reaction, and (c) Eu?*; concentration
of all reagents was 1 x 1073 M. b The CL spectra of the HCO4~—Eu**—~EDTA system. Copyright
2006, with permission from Wiley Ref. [12]

demonstrated that Eu?* has oxidized to Eu** following the HCO,~-Eu?*-EDTA CL
reaction. The excited product in the Ru?*/Ru’* with 2,2’-bipyridine redox system was
recognized as a metal to ligand charge transfer triplet [45], comparable to Eu**/Eu®*.
Elbanowsli [46] also discovered that the [Eu?*-N3]?* complex may take energy from
10, dimers with ease. As a result, it was concluded that singlet oxygen is produced
via the CL reaction of the HCO, —Eu?*—EDTA combination, which caused the CL
production. ESR spin trapping, CL, and an MS approach have all been used to show
that 'O, exists as an emissive species in this CL system.

For the detection of "0, radical and 'O,, the p-methoxyphenyl Cypridina
luciferin analog (MCLA) has been utilized as a CL probe [16]. MCLA considerably
increased the CL intensity in a CL reaction. Sodium azide, a singlet oxygen scav-
enger, was also confirmed to have a quenching impact on the CL (about 13-fold).
The presence of 'O, is preliminarily confirmed by these facts. The CL spectrum
of this system, as determined by cutoff filters, revealed two peaks in the 400-640
nm range (Fig. 2.6b). The second peak (615 nm) is typical of Eu**. It is possible to
conclude that the CL emission was caused by the Eu’*ion. Lanthanide ions, particu-
larly Eu?*, Eu?*, and Tb>*, have been shown to have intense luminescence and have
been utilized as luminescent probes, donors, and acceptors. The HCO4~ has high
activity as an active intermediate and easily oxidizes Eu** to Eu®*.

HCO, + Eu’* — COj + -OH + Eu*" (2.8)

In the presence of Eu’*, there was no CL, but introducing Eu?* to the system
resulted in a brilliant CL. This established that adding Eu®* to a solution comprising
HCO, " started the CL process. *OH radicals are also produced by the HCO,~-Eu?*
system. The CL system produces 'O, as a result of simultaneous HCO4~ breakdown
and radical recombination. Excited Eu** ions were produced a result of Eu** ion
oxidation by peroxymonocarbonate, which produces light at 615 nm when they
return to the ground state, corresponding to the transition >Dy-’F,. The stability of
the formed complex with the ligand and the hydration number determines the strength
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of lanthanide ion emission [47, 48]. CL emission increases significantly when Eu?*
and EDTA were present. The dominating band in the CL spectra was attributable
to Eu3*, with a maximum at around 615 nm [49], indicating that these ions are the
solitary cause of emission in the CL system investigated. Based on the findings, the
subsequent response mechanism (Reactions 2.9-2.12) was discovered.

0:('8,) +0:('Ag) > ('Y +02(PD]5) K=13x10°  29)

02(1 > ;) +05('Ag) + [Eu(Il) (EDTA) ]

~20,(*Y";) + [EuamEDTA)]” (2.10)
[Eu(I)(EDTA)*]” — [Eu(II)*(EDTA)|~ (2.11)
[Eu(Il)*(EDTA)]~ — [Eu(Il)(EDTA)]~ + hv (2.12)

The emission of excited carbonyl groups can be attributed to a low peak intensity
with a maximum emission at 500 nm [50, 51].

Energy Transfer to Eu(II)-Dipicolinate Complex

Because of the short lifetime and elevated activity of this active carbon—oxygen
intermediate, as well as the unique luminescence properties of Eu?* complexes, such
as a long luminescence decay time and narrow emission peaks, Eu** complexes
were predominantly well appropriate for an energy transfer study in the HCO4~
CL reaction. CL released during the oxidation of Eu’>* complexes with organic
ligands by H,O, was first studied in 1983 [49]. After the complexation of Eu?*, this
radical-mediated process produced excited Eu** ions, and the CL intensity amplified
considerably. Subsequently injecting Eu?* into the HCO4~-solution with a ligand,
an ultra-weak CL is seen in an on-line reaction. The CL was influenced by the type
of ligand used. We found that when dipicolinate was utilized as the ligand of Eu?*,
the CL intensity was the highest. The CL energy transfer reaction with HCO4~ as
the oxidizing agent was investigated, and the findings indicated that radical reac-
tions were the most important factor in the transfer of energy in the HCO,~ CL
system. Peroxymonocarbonate and the Eu**-dipicolinate complex were examined
for their energy transfer CL reaction. HCO4~ oxidizes Eu?* to Eu** while concur-
rently creating radicals, according to UV—visible absorption spectra, CL, ESR spin
trapping procedure, and mass spectrum tests. Singlet molecular oxygen was created
through bond rearrangement within radicals. The (Eu**-dipic) complex accepted the
energy originating from the '0,. Radiative deactivation of the excited (Eu**-*dipic)
ions resulted in the CL emission. The formation of ' O, in the reaction of HCO,~ with
the Eu?*/Eu**-dipicolinate complex suggests a ' O,-dependent process. CL emission
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occurs when 'O, transfers its excess energy to an acceptor (Eu**-dipic) (Reaction
2.13).

02(1 Z ;) +0,(' Ag) + [Eu’ * (dipic) ]~
= 205730 ) +[E’* dipio)']” (2.13)

Eu’* ions are the result of the oxidation of Eu?* ions by peroxymonocarbonate.
The Eu**-dipicolinate complex received energy from 'O, to form the excited Eu®*-
dipicolinate complex, which emits radiation with a wavelength of 615 nm due to the
transitions Dy -’F, when it returns to the ground state (Reactions 2.14-2.15) [49].

[Ev’* (dipic)*]” — [Bu’* “(dipic)]~ (2.14)

[Ev’**(dipic)]” — [Eu’* (dipic)] + hv (2.15)

2.3.2.3 CL Energy Transfer to NaYF4:Yb**/Er** NPs

CL has greatly increased in the HCO3; -NH4OH-H,0O, system when
NaYF,:Yb**/Er** (NYF:Yb/Er) NPs with branching structure was used. Ammonia
catalyzed the breakdown of HCO,4 ™, a result of the reaction between HCO3~ and
H,0,. It was discovered a CRET system using HCO,4~ ions and NYF:Yb/Er NPs as
the energy donor-acceptor pair. The improved CL was generated by the emission of
NYF:Yb/Er NPs excited by the HCO4~ decomposition energy.

Kinetic Aspect of HCO, —NaYF,:Yb**/Er** NPs

The light-generating reactions were done in batches, and the recognition was
done with a BPCL luminescence analyzer. The effects of adding NaYF4, HCO;™,
NYF:Yb/Er NPs, ammonium hydroxide, and H,O, in different order were investi-
gated. At a voltage of 1.2 kV, the CL strength was presented and integrated with a 0.1
s interval. When H, O, was introduced into HCO3 ™ using a microliter syringe, there
were two CL peaks observed. The CL count reached in 0.2 s to its first maximum value
of 225, and then swiftly decreased. After 60 s, the second-highest possible count of 30
was reached. The CL lasted approximately 90 s (Fig. 2.7a, Peak 1). It was discovered
that when H,O, was injected into NH;OH-HCO; ™ system, the kinetic curve recorded
one peak and the CL signals reached 223 counts. The light lasted around 103 s before
it was completely extinguished (Fig. 2.7a, Peak 2). NaHCO3;, NH,OH, and H, O, did
not reacted with NaYF, and NYF:Yb/Er NPs. An increased CL was produced when
NaYF, or NYF:Yb/Er NPs was mingled with HCO3™ first, then H,O, was added.
The light lasted approximately 64 and 40 s, respectively. NYF:Yb/Er NPs enhanced



32 H. Chen et al.

4000 100000

(a) 4 (b
1 2 3
2000 - 75000 -
‘E =
5
g 8
=
£ -
g 3
1000 - 3 25000 <
1 2
o IS L_ K b
7

T T T
1500 ] 300 600 80C

T
[} 500 1000
Time (s) Tire (s}

Fig. 2.7 Kinetic curves of CL systems. a HCO3 "—H,0O; (Peak 1), HCO3 "-NH4OH-H, O, (Peak
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NH4OH-NYF:Yb/Er NPs-H,0; (Peak 1), HCO3; "-NH4OH-NYF:Yb/Er NPs—Yb3+—H202 (Peak
2), HCO3~-NH4OH-NYF:Yb/Er NPs-Er**-H,0, (Peak 3). Reprinted with permission from Ref.
[13]. Copyright 2012 American Chemical Society

CL was roughly five times stronger than NaYF, NPs enhanced CL (Fig. 2.7a, Peaks
3 and 4). A considerable increase in CL was seen when NH,OH was injected into the
HCO; " -NYF:Yb/Er NPs first, and finally H,O, was added. CL intensity was 77,366
counts, which was 344 times that of the HCO3~—H, O, CL. The light lasted about 50ss,
showing a quick CL process (Fig. 2.7b). The CL of the HCO; ~-NH4OH-NYF: Yb/Er
NPs-H,0, system was unaffected by individual Yb** and Er** ions (Fig. 2.7b).

Mechanism of the Chemiluminescence

Emitting Species Studies

The effects of active oxygen radical scavengers on the CL of the HCO3;~-NH4OH-
NYF:Yb/Er NPs-H,O, (NNNH) system were examined to better understand the
mechanism of the system. The NBT method was widely utilized to identify ‘O,~
radicals [4]. NBT can be reduced to its deep-blue diformazan form by using ‘O,~
[52, 53]. The hue of the solution altered from yellow to blue after 1.0 x 107° M
NBT was added to the H,O,—HCO3; —-NH4OH-NYF:Yb/Er NPs system. The CL
intensity of this system was reduced by approximately 30 fold (Table 2.3). In this
case, it suggested that *O,~ radical was generated through the CL reaction. MCLA
interacted with O, ~ and ' O, to produce a high-octane dioxetanone intermediate that
emitted intense CL light at 465 nm [16, 54]. MCLA can increase the CL counts of the
NNNH system by around five times at a concentration of 1.0 x 10~7 M (Table 2.3).
It also establishes that *O,~ and 'O, exist in the CL system. DABCO is an effec-
tive 'O, quencher [55]. The deactivation of O, (12g+) by DABCO is primarily an
electronic-to-vibrational process [56]. As demonstrated in Table 2.3, the CL signals
of the NNNH system fall as the DABCO concentration rises, signifying that 'O, was
formed. 1O, is scavenged by sodium azide (NaN3) [15, 57]. The quenching impact
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Table 2.3 Radical scavengers’ effects on the CL of the NNNH system

Radical scavengers Radical Concentration (mol L~1) CL intensity (count)
H,0 77,366
NBT -0y~ 1.0 x 107° 2110
MCLA 0,7,10, 1.0 x 1077 386,675
DABCO 10, 1.0 x 1073 1102

5.0 x 1073 486

1.0 x 1072 158
NaNj3 10, 1.0 x 107 366
Thiourea -OH 1.0 x 107 1472
t-butanol -OH 0.01% (v/v) 1200
DMSO -OH 0.01% (vIv) 1653

Solution conditions were 0.2 M NaHCO3, 0.1 M H,O3 and 0.5 pg/mL NYF:Yb/Er NPs. The volume
of NYF:Yb/Er NPs and NH4OH was 50 pL and that of NaHCOs, H20», and radical scavenger was
100 pL, respectively

of 1.0 x 107> mol L~" NaNj3 confirmed the production of 'O, in the investigated
system (Table 2.3).

The radical scavengers i.e., thiourea, t-butanol, and DMSO are reported to be
active for "OH radical [58]. A considerable inhibition was seen when 1.0 x 107> M
thiourea was introduced to the NNNH system (about 50 times, Table 2.3). The CL
of the NNNH system can be strongly inhibited by t-butanol and DMSO at a volume
level of 0.01 percent (v/v) (Table 2.3). All of the preceding evidence suggests that
the CL reaction involves *OH radical.

Spin Trapping Studies

The presence of 'O, and "OH radicals was demonstrated using room-temperature
ESR spectroscopy. The TEMPO adduct can be formed when TEMP reacts with 1O, It
is a stable nitroxide radical with a distinctive spectrum [59—61]. The intensity change
in the specific signal of TEMPO and during the first 1 min of the reaction (Fig. 2.8a),
demonstrates the production of 'O, in the HCO3 —H,0,-NH,OH system. When
TEMP was added to the NNNH system, however, the EPR intensity of TEMPO was
enhanced roughly thrice. A distinct drop in intensity during the first minute of the
reaction was also observed, indicating that 'O, was being reduced in the NNNH
system (Fig. 2.8b). The breakdown of 'O, was caused by NYF:Yb/Er NPs.

ESR spectroscopy was utilized to detect “OH radical with DMPO. In the HCO;~-
NH4OH-H,0, CL system, Fig. 2.8c depicted the signal variation of the DMPO-OH
adduct during the initial time of the reaction. It proved that *OH radical formed in
the HCO;~-H,0,-NH4OH system. The ESR signal of DMPO-OH increased when
DMPO was added to the NNNH system (Fig. 2.8d). However, in the NNNH system,
the lifespan of *OH radical was shorter than in the HCO; ~— H,0,—NH4OH system.
Other radicals were also produced in the NNNH system, as seen by the overlapping
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Fig. 2.8 EPR spectra of *OH radical and !O5. a 105 and ¢ *OH in HCO3 ~-NH4OH-H, O, system;
b 10, and d *OH radical in NNNH system. Conditions 0.1 M H,O2, 0.05 M TEMP, 0.05 M DMPO,
0.2 M HCO37, 5.0 pmol/L NH4OH and 0.5 pg/mL NYF:Yb/Er NPs. Reprinted with permission
from Ref. [13]. Copyright 2012 American Chemical Society

EPR peak at 1 min of the reaction. These findings also suggest that “OH radicals be
present and that the reactivity of NYF:Yb/Er NPs on its lifetime impacts it.

Spectra of CL Systems

The CL spectra in the HCO3~-H,0,—NH4OH and NNNH systems were studied
with a fluorescence spectrometer to confirm the emitting species. A Hitachi F-7000
spectrophotometer was employed to measure the CL spectrum after the Xe lamp was
turned off with a flow analysis device. A CL detector, a flow cell put inside the cell
holder, and two peristaltic pumps were used as part of the setup. At room temperature,
all optical measurements were completed. During the CL spectrum monitoring, the
emission slit was expanded to a width of 20 nm. The CL spectrum of the HCO;™—
H,0,-NH,4OH system shows four peaks in the 300-700 nm range (Fig. 2.9a). The
decomposition of excited (CO,),* dimer corresponds to the peak at 441 nm [1, 62].
The generation of an oxygen molecular pair (O,),* resulted in peaks at 480 and 580
nm [39, 63]. The peak of 'O, emission was at 634 nm [64]. They have a lot of energy
and can use it to shed it through luminescence.
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Reprinted with permission from Ref. [13]. Copyright 2012 American Chemical Society

The CL spectra had peaked with maxima located at 456, 523, 544, and 653 nm
when NYF:Yb/Er NPs were injected into the HCO3 - H,O,—NH4OH flow system
(Fig. 2.9b). The excited state of NYF:Yb/Er NPs is most likely the CL’s emitting
species. The reaction of *CO; ™ radicals produces a peak at 456 nm [65]. The emission
peaks of NaYF4:Yb/Er NPs are identical at 523, 544, and 653 nm. In the CL spectrum
of the NNNH system, peaks at 580 and 634 nm from the emission of (O,),* and 'O,

vanished. It was hypothesized that the emission is depleted to activate the NYF: Yb/Er
NPs through energy transfer.

Mechanism of the CL Reaction

Based on the radical scavenger’s studies, EPR, and CL spectra of the NNNH CL
system, the mechanism was determined as given by the subsequent reactions. H,O,
reacts with HCO3~ to produce HCO4~ [6, 66]. In an aqueous solution, ammonia
ionizes as equilibrium Reaction 2.16, which is a Lewis acid aided O-O bond
breakage by stabilizing the CO32~ leaving group in the HCO4~ (Scheme 2.1) [11,
67]. Nuclear magnetic resonance and infrared spectra have demonstrated a compa-
rable mechanistic mechanism for the formation of platinum and rhodium peroxycar-
bonate complexes. The ammonium peroxycarbonate complexes break down readily
to produce *OH and *CO;~ radicals (Reaction 2.17) [68].

NH4OH = NH4+ + OH™ (2.16)
H
/.J)_f"g
-0 O0—OH o~ H.. 2.17
NH4+/ e N \(3=0—yNH3+'C03'+-OH ( )
H \H -~
| 0
0 A_/
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H, 0, reacts with *CO;3~ radicals to produce an *O,~ radical (Reactions 2.3-2.4).
The presence of OH™ ions in the equilibrium ammonia reaction sped up Reaction 7,
speeding up the generation of *O,~ radical with the neutralization of H* ions. As a
result, there is a higher production of 'O, and (O,),* (Reactions 2.5 and 2.18-2.19).

H* +OH = H,0 (2.18)

2.0 +2-05 +4H,0 — (02)5 + 2H,0, + 40H™ (2.19)

When "OH radicals combine with excess HCO3;~, HCO;"~ radicals are generated
(Reaction 2.20). The intermediate (CO;),* was formed via the recombination of
HCO;5"". They were unstable and degraded to CO, (Reactions 2.21-2.22), releasing
energy and generating light at 430-460 nm [69, 70].

.OH + HCO; — OH™ + -HCO; (2.20)
2-HCO; — (COy)% + H,0, 2.21)
(CO,)3 — 2CO, + hv (456 nm) (2.22)

Based on the CL spectrum of the NNNH system, it was hypothesized that the
excited NYF:Yb/Er NPs was formed. The FL spectra of NYF:Yb/Er NPs excited
with light of 441, 480, 580, and 634 nm, respectively, were studied to prove that
10,, (CO,),*, and (O,),* can excite NYF:Yb/Er NPs. When NYF:Yb/Er NPs were
stimulated with the light of 441 and 480 nm, significant emissions at 523, 544, and
653 nm were seen (Fig. 2.10a, b). At 580 and 634 nm, the upconversion emissions
of NYF:Yb/Er NPs were rather feeble (Fig. 2.10c, d). The NYF:Yb/Er NPs were
activated by energy transfer via the breakdown of HCO4 ™, according to these findings.
10, and (0,),* consumption was the most common. NYF:Yb/Er NPs receive only
a portion of the energy transferred by (CO;),* (Reactions 2.23-2.25).

(COy)3 4+ NaYF,: Yb*/Er*™ NP — NaYF,:Yb**/Er*™ NP* 4 2C0,  (2.23)
'0, + NaYFE;:Yb**/Er** NP — NaYF,:Yb**/Er*™ NP* + O, (2.24)

(02)3 + NaYF,: Yb**/Er*™ NP — NaYF,:Yb**/Er** NP* 4 20, (2.25)

The following is an explanation of the energy transfer mechanism. The energy
was absorbed by the Yb3* ion in the 2F5), ground state, which is then stimulated to
the 2Fs), level. The excited 2Fs, state of the Yb>* ion is resonant with the Er>* ion’s
excited *I;,/, state. By absorbing another photon from Yb** (?Fs,) the electrons of
Er* are first excited from the *I;s;, level to the *1;;, level by energy transfer, and
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Fig. 2.10 Fluorescence spectra of NYF:Yb/Er NPs excited at different wavelengths a 441 nm,
b 480 nm, ¢ 580 nm and d 634 nm. Reprinted with permission from Ref. [13]. Copyright 2012

American Chemical Society

subsequently to the “Fy,, level by absorbing another photon from the *I;s;, level
(Reactions 2.26-2.27).

Tisp2 (EP) + 2Fsp (YD) =4 11y (Er'T) + 2Fop (YD) (2.26)

411 1/2 (EI‘3+) + 2F5/2 (Yb3+) —)4 F7/2 (EI'3+) =+ 2F7/2 (Yb3+) (227)
The excited electrons on the *F/, level of Er** decay to the 2H, 152, *S3/, and *Fgpp

levels, respectively, by a nonradioactive mechanism. The >Hy,»/*S3/2/*Fopy 1151

transitions of Er’* ion provide the amazingly enhanced CL (Reactions 2.28-2.30).

2Hy1 p(ErT) — *Lis(Er*™) 4 hv (523 nm) (2.28)
4S3/2(Er*") — *115,2(Er'™) 4+ hv (544 nm) (2.29)
(2.30)

4F9/2 (EI'3+) — 4115/2(Er3+) + hv (653 nm)
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Fig. 2.11 Kinetic curves and CL spectra of NaHCO3-H,0,-NH4OH CL system with different
nanoparticles. a Kinetic curves of short nano rod-like NYF:Yb/Er NPs (Peak 1) and branched
NaYF4 NPs (Peak 2) in HCO3™-H,0,-NH4OH CL system and TEM image of the short nano
rod-like NYF:Yb/Er NPs (inset in a), and b CL spectra of nano rod-like NYF:Yb/Er NPs (Peak 1)
and branched NaYF4 NPs (Peak 2) in the CL system. The solution conditions were the same as
those in Figs. 2.7 and 2.9. Reprinted with permission from Ref. [13]. Copyright 2012 American
Chemical Society

In the ultraviolet—visible spectral band, lanthanide-doped NPs possess tiny absorp-
tion cross-sections. The CRET phenomenon, which was seen in NYF:Yb/Er NPs,
is particularly remarkable. It cannot be used as an acceptor in traditional energy
transfer experiments [71]. Though, in the NNNH CL system, the surface impact of
the branching structure of NYF:Yb/Er NPs was crucial for the radical reactions that
produced 10,, (CO,),*, and (O,),*. This reduces the distance between the donor
and the acceptor, allowing the mismatched energy levels to resonate at the same
frequency. By dividing the integral area of the NYF:Yb/Er NPs emission spectrum
by the integral area of the entire spectrum of the NNNH CL system, the CRET
efficiency was calculated to be around 57% [38]. The efficient CRET signal was
produced because NHj3 can constantly catalyze the HCO3™-H, 0O, CL reaction. The
CRET was made possible by the vicinity of the light source to the NPs and the
high quantum yield of NYF:Yb/Er NPs. In the NaHCO3;—-NH4OH-H,0O, environ-
ment, the CL of short nano rod-like NYF:Yb/Er NPs and branching NaYF4 NPs was
studied. It was also demonstrated that the efficient CRET between HCO,4~ donor
and NYF:Yb/Er NPs requires a branching structure of NYF:Yb/Er NPs. Both short
nano rod-like NYF:Yb/Er NPs and branching NaYF, NPs were unable to activate a
CRET progression in the control experiment (Fig. 2.11).

In the control experiment, the short nano rod-like NYF:Yb/Er NPs were injected
into HCO3~-NH4OH-H, O, CL system. The maximum value of CL intensity is much
lower than that of the CL system with the same concentration of branched NYF: Yb/Er
NPs, which was 169 (Fig. 2.11a, Peak 1). Besides, the CL spectrum shows only the
emission from the decomposition of HCO4~ without the characteristic emission of
nano rod-like NYF:Yb/Er NPs (Fig. 2.11b, Peak 1). This indicates that the nano
rod-like NYF:Yb/Er NPs were unable to initiate a CRET process. The CRET was
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Fig. 2.12 Schematic illustration of the CRET mechanism of NNNH system. Reprinted with
permission from Ref. [13]. Copyright 2012 American Chemical Society

well correlated to the branched structure of NPs which shorten the proximity between
emitters and NPs by special surface adsorption. That is critical for an efficient energy
transfer.

The CL of branched NaYF, NPs with branched NaYF,:Yb3*/Er** NPs in the
HCO3;7-H,0,-NH4OH system was also compared. The maximum CL intensity
of the system with branched NaYF4 NPs was only 1.3% of that with branched
NaYF,:Yb**/Er** NPs. Besides, the CL spectrum displayed only the emission of the
decomposition of HCO4~ without that of branched NaYF, NPs (Fig. 2.11a, Peak
2, and Fig. 2.11b, Peak 2). Results proved that branched NaYF, NPs cannot be an
acceptor for a CRET process in the CL system. The branched NaYF,:Yb**/Er** NPs
was a more suitable acceptor for CRET attributed to the dopant ions used as the
activator to generate efficient emissions. The mechanism of CRET is further shown
in Fig. 2.12.

2.4 KMnO4 Enhanced CL from the Decomposition
of Peroxymonocarbonate

Compared to acidic potassium permanganate, fewer studies have been conducted on
KMnOy CL in an alkaline medium. We found potassium permanganate can boost the
CL of the HCO3~-H,0, CL system. The CL process involving O, and CO, dimer
was studied using the consequences of various surfactants and radical scavengers. The
energy transfer process between rhodamine B or uranine and HCO; ~-H; 0,—KMnO,
system was investigated.
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2.4.1 Kinetics of the CL Reaction

The batch approach was used to carry out the light-producing reactions in the glass
cuvette. A BPCL luminescence analyzer was used for all detections. First, 50 nL.
of carbonate/bicarbonate solution was added to 50 pL of KMnQOy in a cuvette, and
then 100 pL of H,O, was infused. At —1.2 kV, the CL intensity was recorded and
integrated for 0.1 s intervals.

The light emission was affected by the mixing order of the reagent solutions,
resulting in distinct kinetic properties. The reaction of NaHCO3, H,O,, and KMnOy4
was used to make it in a batch technique. The three distinct mixing orders were
compared (Table 2.4). Only a mild and rapid CL emission was seen after injecting
KMnOy solution into H,O, solution. When HCO; ™~ solution was injected into this
mixed solution, a brighter glow appeared within 1 s and lasted for around 15 s
until being completely quenched. Two peaks were found in the CL profile. When
HCO;3~ solution was introduced to H,O, solution initially, a weak and sluggish CL
was noted. A substantial emission was seen after inserting KMnOy solution into the
mixed solution, and the CL signal returned to baseline after about 25 s. There was

Table 2.4 The effect of reagent mixing order on batch CL intensity

Reagent First Intensity | Second Intensity | Profile
injection (count) injection (count)
NaHCO,
H>O» KMnOy4 32 NaHCO3 | 227 e
B
Sl
LY | N N
"
H,O, NaHCO3; |53 KMnOy4 161 e
PO |
W :x'\
HO,
NaHCO3 | KMnO4 3 H,O, 1988 ||
wawo |
l illlk___

NaHCO3 1.0 M; H,O; 0.5 M; KMnO4 1 mM; injection volume 100 pL
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no light when KMnQO,4 was introduced to HCO3 ™ solution. The injection of H,O,
into the mixed HCO3;™-KMnOyj solution produced the most CL emission. There was
only one CL peak found. Within 2 s, the CL intensity peaked at 1988, lasted around
24 s, and then quickly faded. In this experiment, the following mixing order was
employed (Table 2.4).

2.4.2 Free Radicals and Emitting Species Studies

The consequences of various radical scavengers on the CL intensity of the HCO3;™—
H,0,-KMnOy system were used to further investigate the CL system’s mechanism.

2.4.2.1 °0O,~ Radical Detection

NBT is frequently utilized for the recognition of *O,~ radicals because it can be
reduced by ‘O, to its deep-blue diformazan form [4, 52]. There was no color change
when NBT was added to HCO;~ or KMnO,4. When 1.0 x 10> M NBT was mixed
with an HCO3~—H;0,—KMnOjy solution, the color changed from yellow to blue. The
peak at 259 nm vanished after injecting NBT into an HCO;~-H;0,-KMnO4 mixed
solution. The presence of ‘O, ~ radicals in the mixing solution was deduced using an
assistant detection method. NBT can either increase or decrease the intensity of CL
because it produces ROS in reversible reactions [53].

Cytochrome c is also a unique compound for the detection of *O,~ radical [72,
73]. It can be reduced by the radical ion (O, ™) to switch its color from red to colorless
in an aqueous solution, with maximum absorption at 410 nm. Cytochrome ¢ did not
respond with either HCO3 ™~ or H,O,. However, after adding it to the HCO3; ~-H,O,—
KMnOy solution in the reaction cuvette, the color changed to colorless. When 1.0
x 1078 mol/L of cytochrome ¢ was injected into an HCO;~-H,0,-KMnQO4 mixed
solution, the CL intensity increased by about two fold. The absorption at 410 nm was
hastily reduced. These results demonstrated that “O,~ radical was generated during
the CL progression.

By producing a high-octane dioxetanone intermediate, MCLA can react with ROS
and generate intense CL light at 465 nm [16]. It has been used to determine *O,~
radical and 'O, using a CL probe [54]. MCLA increased CL intensity by 1.6 times
in the HCO3;~™-H,0,-KMnOy, system at a concentration of 1.0 x 10~° M, and the
peak of 465 nm vanished. It was also demonstrated that 'O, and O, radical were
produced and took part in the CL reaction.

2.4.2.2 10, Detection

To further define the formation of 'O, in this CL reaction, researchers employed 1,4-
diazabicyclo [2]octane (DABCO), deuterium oxide (D,0), and CCly. DABCO was
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previously identified as a 'O, quencher [55]. The process is primarily an electronic-
to-vibrational (e—v) one [56]. Electronic-to-vibrational energy transfer is a typical
deactivation mean of O, (lzg+) and O, (lAg), in which the electronic excitation
energy of the O, molecule is converted into vibrational energy of O, and quencher,
and occurs in any di- or polyatomic collider in the gas or liquid phase [74]. With
the addition of DABCO, the CL intensity of the HCO3;~-H;0,—KMnO, system was
reduced.

By comparing D,0 and CCl4—H,O0, the creation of 10, was proven. 10, has a
tenfold longer lifespan in D,O than it does in H,O [75]. Because of the differential
in O-D, C—Cl, and O-H vibrations in the solvent, the lifespan in CCly is 59 ms but
only 3.1 s in H,O [18]. HCO3~-H,0,-KMnQ, reactions in D,0, CCly, and H,O
environments had varied CL profiles. The CL signals in D, O and CCly solutions had
a larger peak height than those in H,O. These findings demonstrated that 'O, was
formed in the course of the reactions.

The physical quencher for 'O, is sodium azide (NaN3) [15, 57]. The generation
of 10, was also demonstrated through a study of the quenching influence. The CL
reaction was efficiently suppressed by NaN3, suggesting that ' O, was intricate in the
CL reaction.

2.4.2.3 °*OH Radical Detection

One of the most powerful oxidizers is the *OH radical, which can be effectively
scavenged by thiourea [58]. At a concentration of 1.0 x 10~® M thiourea in the CL
system, it displayed considerable inhibition. With higher thiourea concentrations,
the quenching effect became stronger. It was established that the reaction produced
‘OH radical.

To further describe the production of “OH radical, tert-butanol and dimethyl
sulphoxide (DMSO) [76] was hosted in the CL system. T-butanol has a reaction
constant of 6108 M.s~! when reacting with hydroxyl radicals [77]. T-butanol or
DMSO at a concentration of 0.01% (v/v) reduced the CL intensity substantially. The
reduction in the CL intensity of the system indicates the production of *OH radical,
according to the data.

Ascorbic acid, as a traditional reducing agent, can be dehydrogenated by ROS to
create dehydroascorbic acid [78], which has high reducibility. By reacting with O,
in the solution and generating diketogulonic acid, it can further reduce CL intensity.
When 1.0 x 10~ M ascorbic acid was administered, the CL intensity was substan-
tially reduced. The CL system was shown to be a radical reaction, according to the
results.

2.4.2.4 ESR Spin Trapping Study

The free radical intermediates were detected using ESR spectroscopy. 'O, has a
specific target molecule called TEMPO. It can create the adduct-TEMPO by reacting
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with 'O,. The stable nitroxide radical TEMPO has a distinct spectrum [79-81]. In the
HCO;3;7-H;0,-KMnO, CL system, the particular signal of TEMPO was observed,
indicating the production of 'O, (Fig. 2.13a).

‘OH radical was detected using ESR spectroscopy. The specific target molecule
of "OH [59] was 5,5-dimethyl-1-pyrroline N-oxide (DMPO). The creation of *OH
radical in the HCO3;~-H,0,-KMnQO, CL system was proven by the specific signal
of the formation of DMPO-OH adduct (Fig. 2.13b).

2.4.3 Mechanism of the CL System

The CL spectrum was obtained to better understand the CL mechanism. Ten narrow
band interference filters (400—640 nm) were used to obtain the CL spectrum informa-
tion (Fig. 2.14a). Between the cuvette and the PMT, they were placed. With varying
wavelengths, the CL signals were measured. The CL spectra had a maximum at 440
nm, according to the results. The breakdown of the excited (CO,),* dimer [82] could
account for the peak at 440 nm. The EHMO method calculated that the breakdown
energy of the (CO;), dimer was 132 kcal mol/L. It was sufficient to induce emission
at wavelengths greater than 220 nm [62]. The emission of 'O, results in emission at
634 nm [64], which has higher energy than ground state O, and can lose it through
Iuminescence.

The CL mechanism of the HCO3;™-H,0,—-KMnO, system was studied using
rhodamine B (RhB) and uranine (UN). All of them increased the CL’s intensity.
The CL spectra of the HCO3~-H,0,—KMnO4—RhB or UN system revealed that
RhB and UN were fluorescent substances, having emission wavelengths of 580 and
510 nm, respectively (Fig. 2.14b). When CL spectra were compared to FL spectra
of RhB and UN, new luminants of the CL reaction were identified as RhB or UN
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because their peak fluorescence wavelengths were identical. When the excited RhB
or UN returned to the ground state, some of the energy of (CO,),* and 'O, was
transferred to these fluorescent substances, and fresh CL was created.

UV-Vis absorption spectroscopy was used to differentiate the change in fluo-
rescent substance before and after the CL reaction to further confirm the emission
species. The characteristic absorbance of RhB (553 nm) or UN (492 nm) was still
present in the visible area of UV-vis spectra taken immediately after the reaction,
whereas that of KMnO, had vanished. As a result, it was proven that the HCO;™—
H,0,-KMnO,—RhB or UN system did not react with RhB or UN. After absorbing
energy, they were stimulated to the excited state (RhB* or UN*). The CL was brought
back to the ground state by RhB* or UN*, which aided the energy transfer process.

We discovered that infusing KMnOy into an HCO3™-H,0; mixed solution in
the absence or presence of RhB or UN merely changed the fluorescence emission
intensity, not the fluorescence spectra (max 580 nm, max 510 nm). In both the
presence and absence of RhB or UN, the oxidation products were the same. In the
HCO3;7-H,0,—KMnOy system, oxidation products were the emitters. When RhB
or UN was administered, the emitter transferred energy to the fluorescent substance,
and the fluorescent substance became emitters. CL was produced by them. Based on
these findings, Table 2.5 summarizes the mechanism of the CL reaction accelerated
by RhB or UN.

2.5 Conclusions

The use of bicarbonate ions as an effective hydrogen peroxide activator was recom-
mended for “green” processing. The production of HCO,4 ™ as the oxidant was corrob-
orated by spectroscopic evidence. Ultra-weak CL produced from the decomposi-
tion of HCO4~ was observed. When adding fluorescent compound, Eu(II) complex,
NaYF,:Yb**/Er** NPs, KMnOy, or eosin Y-sensitized Au NPs into the system, the
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Table 2.5 Chemiluminescence reactions for HCO3 ~—H>0,—KMnOy system

CL system Mechanism

NaHCO3-H;0,-KMnOy4 HCO; + H;0, = HCO, + HyO (1)

HCO, — -CO3 +-OH (2)

H;0; + -CO; — HCO; +HO;- (3)

HO;- — HT +-0; (4)

-0, +-OH —! 0, + OH™ (5)

10, =3 05 + hv (6)

MnOj +-0; — MnO2~ + -0 (7)

‘02 +:02 — (O2); (8)

2.0, +2-0; +4H20 — (02); +2H>0, +40H™ (9)
(02)5 — 20, + hv (10)

-OH + HCO; — OH™ + -HCO;s (11)

2-HCO3; — (COy); +Hy0, (12)

(COz); — 2CO7 + hv (13)

(02)5 + Rhodamine B — Rhodamine B * +20; (14)
Rhodamine B« — Rhodamine B + Av (15)

(02)5 + Uranine — Uranine * 420, (16)
Uraninex — Uranine + hv (17)

CL emission was greatly improved. More applications of HCO4~ as a possibly
beneficial analytical reagent might be possible as a result of these new phenomena.

The CL mechanism for HCO,~ was thoroughly explored. The unimolecular
homolysis of the peroxo O-O bond started a mechanism reaction. The bond rear-
rangement within radicals is thought to produce “O,~. 'O, was formed by the reac-
tion of the "0, ~ radical with the HO,". The energy of 'O, can be transmitted to
fluorescent compounds and the Eu(Il) complex, forming an excited energy acceptor.
The energy acceptor then relaxes to the ground state, resulting in light emission. A
catalytic procedure was used to produce CL from the breakdown of HCO,4~ boosted
by KMI’IO4.

Because of its critical role as ROS in biological systems, the HCO,4™ is also of
interest. Its oxidation system is simple, low-cost, and low-toxicity compared to other
oxidizing agents and peroxyacids, and it can be utilized in a range of oxidation
reactions that require a moderate, neutral pH.
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Chapter 3 ®)
Ultra-Weak Chemiluminescence oo
from Decomposition

of Peroxynitrous/Peroxynitrite

Hui Chen and Jin-Ming Lin

Abstract Peroxynitrite (ONOO™) has been ionized from peroxynitrous acid
(ONOOH) over basic solution, and ONOOH was aroused as the final product of those
responses between nitrite furthermore hydrogen peroxide with the cooperation of an
acidic impetus. The higher the concentration of nitrite, the higher intensity of chemi-
luminescence (CL) signal with the participation of a suitable surfactant (at thickness
over its owing CMC) and/or a sensitizer. For instance, uranine and fluorescein all
belonging to fluorescent compounds, have been shown to be powerful sensitizers (due
to the rapid energy being transferred from singlet oxygen to fluorescent substances).
We can use these properties to set out the nitrite in natural water samples. Bilirubin
and its conjugate have the function to maximize CL emission of 'O, during the
decomposition of ONOO™ to a micellar media that really is suitable. For the first
and only time, the possibility from utilizing this exhibit CL framework for those
delicate and particular mensuration of aggregate bilirubin substance clinched along-
side mankind’s serum was developed. We also found the supplanting from NaOH
by Na,CO3; markedly improved the CL power owning of the decay of ONOO™, and
carbonate plays the role of a catalyst in the process. We also studied the CL property
of carbon dots which is in the presence of peroxynitrous acid will be expected of the
radiative recombination from claiming hole-injected and electron-injected carbon
dots. This research provided us with new viewpoints of carbon dots.
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3.1 Introduction

Peroxynitrite (ONOO™) as well as its corresponding peroxynitrous acid (ONOOH),
play an increasingly important position in researching pathological conditions as
dangerous side agents [1-3]. Peroxynitrous can generate peroxynitrite in NaOH
solution and owing to the reaction of nitrite with hydrogen peroxide that has already
been acidified, the peroxynitrous acid would be created. ONOO™ will be a moderately
sort of stable particle for basic result (pKa about 6. 8); however, when protonated
to yield ONOOH, however, it promptly due to the following factors to make nitric
corrosive or disintegrates along those unstable O—O links with a half-life for less than
1 s encountered with decay. In physiological pH and 37 °C, we observed chemilu-
minescence (CL) when the decomposition of peroxynitrite into NO- occurs. Under
an appropriate surfactant (at awareness above its CMC) and a sensitizer, we also
observed singlet oxygen (!0») (the proposed CL emitter) [4, 5].

There are many methods in various literature reports about the synthesis of
ONOO™ [6, 7]. However, thanks to the off-line technique, ONOO generated may
contain breakdown products according to literature. It is more complicate and diffi-
cult for the research results to interpret. Therefore, it is so important to synthe-
size ONOO™ on-line. Saha et al. [8] proved an approach for synthesizing ONOO™
directly, including the blending from claiming that in a modest flow system, acidi-
fied hydrogen peroxide with nitrite changes ONOOH into ONOO™ under necessary
conditions. However, the synthesized ONOO™ need a chance to be held at —20 °C
for resulting examinations. Through the above performance research, we synthe-
sized ONOOH on-line furthermore at the same time investigated its CL decom-
position system with bilirubin, carbonate, and carbon dots solution. We manufac-
tured ONOOH in actual environments and assessed its CL destruction mechanism
involving bilirubin, carbonate, and carbon dots concentrations using only a range of
methodologies.

As we all know that, carbonate is a large proportion of components in a physiolog-
ical circumstance, whose total concentration is pretty nearly 25 mmol L= [9]. In the
introduction of carbonate liquor, ONOO™~develops unstable [10, 11]. However, there
is still a controversy about the mechanisms of ONOO- with carbonate fluid reaction
[12-16]. Radi et al. [12], as well, for example, proposed that it may be through the
formation of ONOOCO,~ intermediate. The reaction involving bicarbonate as well
as ONOO- actually occurs. Hurst and co-worker [15] suggested that ONOOCO, ™
is formed as an important product throughout the reaction of ONOO™ with CO,,
rather than the reaction of ONOOH with bicarbonate. As a result, it may be critical
to identify out just how ONOO responds with carbonate solution.

Chemiluminescence (CL) has gained popularity in recent years as a promising
method. In terms of detection practical limitations and instrument relative simplicity,
it has numerous significant advantages in terms of speed of analysis, reproducibility,
and linear dynamic range [17], so it is often to be used in clinical laboratories on
something like a constant schedule. Nitrite is and one of the widespread emis-
sion of harmful elements [18, 19]. Even if there is nitrite inside the water, it
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can react with secondary and generate carcinogenic N-nitrosamines. Finally, this
substance can seriously harm your health [20]. Secondly, while nitrite could tran-
sition oxyhaemoglobin to methemoglobin, it impedes transport of oxygen inside
the bloodstream. Thus, whether in environment or human bodies, a straightforward,
sympathetic, and detailed method for determination of nitrite is extremely important.
Mikuska et al. [21] accounted for the determination from nitrite, dependent upon the
mechanism using alkaline hydrogen peroxide for nitrite to form peroxynitrous acid
[22-24], with resulting response with alkaline luminol that is to say the light emitter.
We developed a flow-injection CL method for the determination of nitrite without
any special CL reagent, e.g., luminol and lucigenin. This special method is realized
through the decomposition of the peroxynitrite to structure NO~ ion, furthermore,
singlet oxygen (!0,) which is the light-emitting species. The detection limit (S/N
= 3)is 5.0 x 1078 mol L' and the relative standard deviation for nine repeated
measurements of 1.0 x 107% mol L~! nitrite was 4.3%. The selectivity is better
owing to the selective reaction of peroxynitrite.

In healthy biological individuals, the unconjugated form of bilirubin comprises
approximately most of it (more than 95%), and total bilirubin concentrations in blood
normally range between 3.5 and 10 mg L~! [25]. If the concentration of bilirubin
in the human serum or plasma is not within the normal range usually reveals the
presence of a few disorders regarding the liver, extending from neonatal jaundice
to infectious hepatitis [26]. Measurement of bilirubin plays an important role in
diagnosing including several issues. In many medical research units around the world,
the most commonly used and widely used the method used to determine bilirubin is
dependent on the existence of an accelerator. However, these ways take a long time
and the sensitivity is very low. The use of a flow-injection CL system to assess nitrite
was accurately described owing to the rapid decomposition of ONOO™ into NO~
and singlet oxygen (' O,) (the proposed CL emitter) in a suitable condition where are
surfactants (concentration higher than its CMC) and sensitizers (uranium) suitable
for reaction in the system. We found bilirubin and its conjugate could enhance CL
emission intensity significantly which formed by a nitrite hydrogen peroxide effect
proceeds in a micellar solution environment. It was commonly used to predict the total
bilirubin levels of human serum with high selectivity, good recovery and precision,
and wide linear dynamic range [5].

3.2 On-Line Preparation of Peroxynitrous and Nitrite
Determination

Acidic medium will promote the response between nitrite and hydrogen peroxide
and the final product is peroxynitrite, a compound that becomes very unstable in an
acidic environment. The reaction is quenched into peroxynitrite. With peroxynitrite
destruction, the feeble signal of chloride ion was captured. This CL system was
created as conjunction of a flow-injection methodology for monitoring nitrite values.
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The strength of chloride ion with the increase of nitrite concentration whose intensity
in the range from 1.0 x 1077 t0 5.0 x 107> mol L.

3.2.1 On-Line Preparation of Peroxynitrous

As shown in Fig. 3.1, The carrier stream was injected with 50 pL nitrite stock solu-
tions or a sample solution. and mixed with the carrier stream by an injector and mixed
with H,0,-HCI soluion through a three-way piece. It is necessary to use a 20 cm
mixing coil for effective sample blending of H,O,—HCI solution. A cation-exchange
column located after the loop valve was used for proper pre-treatment of samples.
Finally, the sample-H,O,—HCI solution and NaOH-EDAB-uranine solution was
thoroughly mixed and placed in a spiral flow CL cell with a photomultiplier tube.
Record the CL signal keenly with a portable recorder.

CL s described as that of the emission of a photon from a species in an electromag-
netic excited state during or after a chemical reaction. Therefore, in the CL reaction,
itis crucial to adjust the appropriate combining order of the reagent solution. Because
there is it may not be possible to observe or capture only weak light if the mixing
orders is unsuitable. For the highest CL signal, we adopted batch method to measure
various mixing orders. The results indicated that if we injected 100 wL appropriate
amount of NaOH solution into H,O,—H,O-NO, ™ solution, CL phenomenon would
not happen. The replacement of all H,O with 0.06 mol L~! HCl solution there was a
weak CL emission. This occurrence revealed that in the experimental reaction system
of NO,~ with H,O,, the involvement of acidic catalysts is only one element, after
that, you must first add the NaOH solution if we want to generate CL signal. If NaOH

R,

Py
R:
R,\ PJ

Fig. 3.1 Diffusion chemiluminescence system graphical diagram. Py and P, peristaltic pumps;
M, blending coil (20 cm long); S, 50 ml sample injector; C, 5.0 mm i.d. 3.0 cm length column
filled with Dowex 50 W X4 resin; F, flow cell; Ry, carrier (water) at 1.8 ml min~!; Ry, carrier
(water) at 1.8 ml/min; R3, carrier (water) at 1.8 ml min~!; Ry, carrier (water) at 1.8, 0.01 mol L}
H,0,-0.06 mol L™! HCl solution at 1.8 mL/min; R3, 0.006 M EDAB-0.001 mol L™! uranine in
0.15 mol L~ NaOH solution at 2.5 ml/min. Copyright 2002, with permission from Elsevier [4]
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solution is added first and then HCI solution is added, the receiving instrument will
not record the signal of CL. Therefore, it is obviously important that the order inside
which NaOH and HCI solutions are joined in the NO,—H,0O, system. NaOH must
be finally added to the solution system, and the order of addition must be considered
from the point of view of the flow system.

CL’s sensitivity does have to be strengthened. Through some controllable
measures, surfactants and promoters are also necessary to improve the strength of the
reaction. We studied three major compositions of EDAB and uranine with NaOH.
We can find that the CL intensity would not be massively increased if EDAB and
uranine just were not added to the basic solution together. The strongest CL emission
would appear if such a NaOH-EDAB-uranine blending solution was poured into an
H,0,-HCI-NO; system.

Finally, effect of mixing time on the reaction intensity of H,O, and HCI solutions
after mixing was studied. Everyone knows that H,O, is a relatively stable material
in acidic medium. Our experimental results showed that it would stay stable for at
least 3 h if 0.01 mol L=! H,0, and 0.06 mol L~! HCI were mixed. Control the
mixing time from 10 s to 180 min the CL intensity was almost the same. Therefore,
to further simplify the flow system to obtain a simpler and more stable flow system,
the H,O,—HCl solution was added ahead of time and supplied from line R, (Fig. 3.1).

3.2.2 Effect of Reagents on the CL Generated
Jrom the Decomposition of Peroxynitrous

Mixtures produce peroxynitrite acid, this process requires acid as catalyst. Therefore,
we cannot see any CL phenomenon in alkaline or neutral solutions. Four phenomenon
HCI, H,SOy4, H3PO,4, and HNO3 were compared. These four different acids could be
employed as an effective catalyst for the NO,™—H, O, catalytic reaction, but on the
other hand, HCI can catalyze the strongest CL signal. The reason is presumably that
CI™ ion takes part in the reaction of HO, and HNO, (Reactions 3.1-3.3). When the
concentration of HCI solution is 0.06 M, the strength reflected by CL signal is the
strongest. This concentration is the optimum concentration in the subsequent test.

H+ + HN02 d H2N02 (31)
H,NO, + CI- — NOCI + H,O (3.2)
NOCI + H,0, — HOONO + H* + CI™ (3.3)

It is well understood that an arranged surfactant micelle can be utilized as a
reaction medium to dramatically increase CL intensity. Critical micelle concentra-
tion (CMC) that is a certain minimum concentration. Micelles are manufactured as
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amphiphilic surfactant molecules interact effectively in aqueous system. There is
one big difference between local microenvironment in micellar media with that in a
media that is homogeneous. Currently, the system is set up in such a way that owing
to the generation of singlet oxygen is the key to the CL. Therefore, the amount of
singlet oxygen produced has a significant impact on the efficiency. In order to inves-
tigate the contribution of different surfactants, they were given to the nitrite—H,O,
system. In the data shown in Table 3.1, there is the optimum level of concentration
of each surfactant. Anionic and the concentration of non-ionic surfactants are not
directly related to the CL intensity. The experimental results can be analyzed that
among the eight cationic surfactants, the performance of EDAB is the best, The CL
signal provided can be enhanced by 14 times. And we tested his optimal concentra-
tion. The CL intensity is straightforwardly relative to focus of EDAB in the range
of 0.001-0.006 mol L~!. Referring to the solubility of EDAB in water, we choose
0.006 M EDAB concentration as the most suitable concentration.

CL is usually improved by releasing power from just an excitation step to a delib-
erately added fluorescent compound. In this work, we compared eight fluorescent
compounds to enhance the reaction intensity in CL analysis. The results were shown
in Table 3.2. Fluorescein can be apparently found, eosin Y and uranine both have
obviously enhanced ability for the determination of nitrite. Uranine, notably, can
boost the system’s CL capacity by nine times.Therefore, uranine can be used as an
enhancer for strengthening weak CL. At a uranine concentration of 0.001 mol L™!,
the CL intensity was maximum. The CL signal was significantly lowered when
uranine concentrations passed 0.001 mol L', the reason may be the excess uranium

Table 3.1 Surfactants’ impact on CL strength

Surfactant Concentration (mM) | Relative intensity?®
None 1.0
Cetyltrimethylammonium bromide (CTAB) 5.0 (0.9) 12.4
myristyltrimethylammonium bromide (MTAB) 7.0 (3.5) 11.0
Didodecyldimethylammonium bromide (DDDAB) | 4.0 (0.18) 1.0
Octadecyldimethylammonium chloride (OTAC) 5.0 12.6
Ethyldimethylcetylammonium bromide (EDAB) 6.0 14.0
Dodecyltrimethylammonium bromide (DTAB) 18.0 6.0
Dioctadecyldimethylammonium chloride (DODAC) | 1.0 1.0
Didodecyldimethylammonium bromide (DODAB) | 1.0 1.0
Sodium dodecyl sulfate (SDS) 10.0 (8.0) 1.0
Triton X-100 0.1% (v/v) 1.0
Tween 0.1% (v/v) 1.0

Copyright 2002, with permission from Elsevier [4]

The values in parentheses are the critical micelle concentration (CMC)
4 Normalized with respect to the signal in the absence of surfactant
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Table 3.2 .Sensi.t izer's Fluorescent compound (1.0 mM) Relative CL intensity?

impact on intensity values
None 1.0
Uranine 9.0
Eosin Y 6.2
Fluorescein 4.4
Riboflavine 1.0
8-Hydroxyquinoline 1.0
Rhodamine B 1.0
Acridine 1.0
Brilliant Sulfoflavine 1.0

Copyright 2002, with permission from Elsevier [4]
4 Normalized with respect to the signal in the absence of enhancer

can absorb yellow emitted light. 0.001 mol L~! uranium is selected for the analysis
process.

3.2.3 Quantity of Nitrite in Liquid by Using Peroxynitrite

Based on the above research, the standard curve is obtained for nitrite determination,
Y =7.0 x 106X + 2.77. The relative CL strength is Y, and the nitrite concentration is
X. In the range of concentration of 1.0 x 107-5.0 x 10~ mol L~! nitrite, a suitable
calibration graph was linear. The detection limit (S/N = 3) for nitrite was 5.0 x
108 mol L=, 0.9995 was the reliability analysis. The population standard deviation
was 4.3%.

The effects among many water interferences on the measurement of 1.0 X
10°® mol L~! nitrite were tested. The tolerance limit is ==5% of the peak height
error. Except I™ ion, the existence of anionic ions has little effect on the strength
of chloride ions. They can coexist with nitrite in solution with high concentrations.
Many cationic ions, particularly cobalt (I) and chromium (III) would be lost without
the employment of a cation-exchange column (III), are seriously disturbed. So rather
than nitrite solution, a strong CL signal will still appear when you inject 1.0 x
1078 mol L~ cobalt (IT) or chromium (III) into the flow system. CL emission from
H,0, breakdown driven by transition metals possibly explains this phenomenon.
Therefore, the degree of this reaction might potentially be turned into a CL method.
Dowex 50 W X4 resin cation-exchange column is installed behind the injector. The
interference of cations on the experimental results can be removed relatively cleanly.
The determination of a 10~ mol L~" nitrite solution is unaffected by quantities of
these cationic ions less than 10~ mol L~".

The proposed method is used to find out how much nitrite there is in tap water
and well water relatively accurately. The technique was being used to figure out
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the nitrite concentration in tap water and well waters. Well water is directly potable
water from underground without pre-treatment The pore size of the newly collected
sample is 0.45 pm membrane filter, stored in the refrigerator at a temperature of
about 4 °C, and analyzed according to the recommended procedure within 4 h after
collection. The cationic ions exchange column with glass wool at both ends elimi-
nates interference of cations. Determination consistent with the results obtained by
standard spectrophotometry [27], The sample promoting recovery from 94 to 106%.
In Beijing’s Haidian District, tap water seems to have a greater nitrite ratio than well
water at that time.

3.3 Bilirubin-Enhanced Peroxynitrite CL by Energy
Transfer

3.3.1 Mechanism of Bilirubin and Peroxynitrite

The on-line reaction of concentrated hydrochloric acid hydrogen peroxide with nitrite
and peroxynitrite (ONOO) in a fluid flow from ONOOH in NaOH solution formed
peroxynitrous acid (ONOOH). Weak chemiluminescence (CL) emission signals were
captured while singlet oxygen ('0,) is formed during the destruction of ONOO™. In
a suitable micellar medium, bilirubin and its conjugates can enhance the CL emission
of '0,. The ability of determining total bilirubin in human serum in a sensitive and
selective manner by the existing CL system was proved for the first time, and the
data were statistically compared to that same certified value. The present method
has been greatly improved in overcoming the problem of bis(2,4,6-trichlorophenyl)
oxalate CL highly insolubility.

The result was shown in Fig. 3.2, Dispense 50 pL of a mixed solution of NaOH,
surfactant, and bilirubin into the carrier stream (water) and mix with ONOOH. It was
manufactured in actual environments in a spiral diffusion CL cell by the combination
of nitrite and acidified hydrogen peroxide. This flow cell was installed in a straight

Fig. 3.2 Flow-injection 2.0ml/min
chemiluminescence system ]
schematic diagram. HCI-H,0y
Peristaltic pumps Py and P5; Py

S stands for NO, ——
NaOH/CTAB/bilirubin; KR -

stands for knotted reactor

(10 cm); F stands for flow

cell; W stands for waste. .
Copyright 2003, with 2.5ml/min
permission from Elsevier [5]

H,0——P,
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line with the photomultiplier tube of the luminometer, and the CL signal is captured
by recorder. A 10 cm knotting reactor was used to mix nitrite and H,O,/HCI solution
more fully installed in a straight line with the photomultiplier tube of the lumi-
nometer’s photomultiplier tube. Recorder was being used to gather the CL signals
(Shimadzu, Kyoto, Japan). A 10 cm knotted reactor was used to enhance the blending
of nitrite and H,O,/HCI solution.

Many studies have confirmed that the decomposition of ONOO™ produces 'O, , the
state in which molecular oxygen is excited. Two quenchers of 'O,, 1,4-diazabicyclo
[2,2,2,2,] octane (DABCO), and NaNj [28], were used. The result of our study
indicated in the presence of some substances (DABCO, NaNj3), the CL strength of
bilirubin with ONOO™involved on-line interaction of nitrite with acidified hydrogen
peroxide. Also, with the increase of concentration, CL emission decreased. The
analysis of experimental phenomena shows that 'O, had played a major role in
the process of chemiexcitation. Some oxidants can convert bilirubin into biliverdin
[29]. On top of that, ONOO is a potent oxidant. This result can be attributed to the
oxidation of bilirubin to biliverdin by ONOO™. Figure 3.3 showed the CL spectrum
of ONOO™ reaction with bilirubin. It is worth noting that the CL spectrum of the CL
reactivity is comparable to the bilirubin fluorescence spectra of bilirubin explored
by scholars [30, 31], indicating that the CL emission could have been the result
of electrons radiating with the first singlet excited electronic state to the bilirubin
ground state. It can be seen from the storage analysis diagram that the CL maximum
wavelength of bilirubin is around 530 nm, which is recorded for the fluorescence
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Fig. 3.3 The (a) peroxynitrite/bilirubin response and (b) blank CL spectrum. H,O», HCI, nitrite,
NaOH, and CTAB made up the blank solution. HyO;, HCI, nitrite, NaOH, and CTAB concentrations
were 0.03, 0.1, 0.01, 0.12, and 0.01 mol L1, respectively. It was decided to implement the flow-
injection method. HyO,/HCI and nitrite solution flow rates were 2.0 ml min~!. The flow rate of the
NaOH/CTAB/bilirubin mixing solutions was 2.5 ml min~'. The excitation light was turned off, and
the emission slit was widened to its widest setting of 20 nm. The sample solution for calculating
the CL spectrum of bilirubin was 1.0 mg L~! bilirubin standard solution. Copyright 2003, with
permission from Elsevier [5]
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maxima of bilirubin bonded to micelles. The difference in fluorescence maxima is
attributed to the different settings in which bilirubin is conformed or ionized. [32].

3.3.2 Determination of Total Bilirubin in Human Serum
by Chemiluminescence

The decomposition of ONOO™ into NO™ and singlet oxygen has been known as the
ONOO decomposition reaction. It is the process of excitation of CL phenomenon
(recommended chloride ion as emitter). Bilirubin and its conjugates can be used
as enhancers to enhance nitrite-hydrogen peroxide reaction, so as to enhance CL
emission. In order to determine the optimum conditions for bilirubin, flow-injection
analysis was used to measure the peak height of CL signal to noise (S/N). The
reaction of nitrite and hydrogen peroxide to produce ONOOH requires acid as catalyst
based on previous experimental data conclusions. The concentration of NaOH has a
significant influence on the CL strength. In the absence of sodium hydroxide (NaOH),
our CL device did not obtain the CL signal. A concentration of 0.12 mol L~! NaOH
was used as one of the best conditions for FIA-CL.

Micelles affected the single-molecule chemistry and photophysics by the way of
changing microviscosity, local pH, polarity, reaction pathway, or rate of the solution
system. In addition, micelles as reaction medium can improve the CL intensity.
In this work, the effects of three different types of micelles on ONOO in aqueous
solution were studied. Their ability to produce the highest CL strength when detecting
bilirubin compared with bilirubin. The results showed that the anionic and non-ionic
surfactants had no impact on CL intensity, consequently. It can be concluded that
some cationic surfactants, such as CTAB and EDAB, are effective at increasing CL
intensity. CTAB, in contrast, can augment the CL effectiveness of the management
system by around 54 times, and the CL intensity increases nearly linearly as the
CTAB concentration is low from 0.002 to 0.01 mol L™', but remains essentially
constant once the CTAB levels exceed 0.01 mol L~!. Therefore, the concentration
is 0.01 mol-L~!. Considering the solubility of CTAB in water, CTAB is selected as
the best condition.

Under ideal experimental circumstances, the calibration curves were found to be
linear from 13 to 110 p.g-L~" and 10-95 g L~! for bilirubin and bilirubin ditaurite,
respectively. The detection limits for bilirubin and its conjugate (S/N = 3) were
determined to be 10 ng mL~' and 8 ng-mL~!, respectively, which are nearly five
times lower than the detection limits for bilirubin in aqueous medium based on redox
reactions reported by FIA-CL [33]. A continuous stream of bilirubin at 30 g L™!
mean= standard of bilirubin (R.S.D.) has been detected constantly.

The impacts of typical, as well as the selectivity of the developed approach for
the detection of total bilirubin were investigated. The amounts of these interference
species added to 50 pg L~ bilirubin were indicative of the dilute concentrations
with the NaOH/CTAB mixing solution. The findings of this experimental approach
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reveal that the CL signal is stable at this moment, confirming the great selectivity of
this method for bilirubin measurement.

We used this test method to establish its applicability and reliability of bilirubin
and its conjugate, for instance. The total bilirubin content of certified reference human
serum samples prepared using the current approach and a well clinical method were
compared to assess the analytical advantage of the proposed methodology [34].
Again, for determination of total bilirubin contents in normal serum samples, the
results of the two methods were very similar. Furthermore, bilirubin recovery rates
in spiked serum samples ranged from 95 to 108%.

3.4 Chemiluminescence from Carbonate
and Peroxynitrous Acid

Mixing acidified hydrogen peroxide and nitrite in a solution system, a weak chemi-
luminescent (CL) signal can be captured due to the generation of singlet oxygen
(0,) generated when ONOOH reacted with NaOH mixed solution, while Na,COj3
replaced NaOH to significantly enhance the CL intensity. Carbonate species were
regenerated as a result of the reaction, demonstrating that carbonate was being used
as a catalyst [35]. Based on the studies of CL and fluorescence spectra, it is proposed
that the reaction between carbonate and ONOOH may affect the reaction mecha-
nism of CL. In conclusion, ONOOH quenching reaction can occur and ONOO™ can
be formed in basic media and very unstable in acidic solutions. Some scholars have
proposed that the ONOO™ reaction with excessive HCO3 ~culminated in bicarbonate
ion radicals (HCOse¢) via one-electron transfer. HCO3® recombination can produce
excited triplet dimers of two CO, molecules [(CO,),] immediately. The nature of this
intermediate is very unstable. When it is decomposed into CO,, the energy is released
through CL emission. The addition of uranine to a hydroxide solution increases the
CL signal, which is caused by transferring energy from a moderately excited triplet
dimer of two CO, molecules to uranine, resulting in two CL peaks.

3.4.1 Kinetics of the CL Reaction of Carbonate
and Peroxynitrous Acid

In order to make the captured CL intensity high enough, the different mixing
sequences of reagents were measured. Experiments showed that 100 nL of H,O
is injected into H,O,—HCI-NO, ™ solution, it will not produce CL phenomenon. On
the other hand, replacing H,O with NaOH solution will produce weak CL emission.
On the other hand, replacing H,O with NaOH solution would produce weak CL
emission. This phenomenon is attributed to the production of 'O, (a well-known CL
emitter). The addition of Na,CO; resulted in a significant increase in the CL intensity.
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The addition of Na,COs—uranine mixing solution into HyO,—HCI-NO, ™~ solution
provided the strongest CL emission. Therefore, carbonate has a great influence on
CL signal. A number of CL analyses have indeed been performed in the carbonate
solution system in our previous works [34-36]. In order to explain the chemilu-
minescence mechanism of the current system more systematically, the following
experiments were carried out.

If the aqueous solution contains a certain amount of carbonate, at the mixing
interface, small volumes are frequently formed. To examine the effects of CO, and
O, on the CL signal, all solutions were degassed for 10 to 15 min with bubbling
N, gas. O, was introduced into Na,CO; solution and bubbled together for nearly
10 min, the CL intensity remained relatively constant, indicating that the existence
of O, has no effect on CL. The time of introducing CO, into the degassed Na,COj3
solution is 1 to 10 min, and the CL intensity decreased gradually. This phenomenon
indicated a decrease of pH values (12.2-9.9), resulting in bubbling CO,.

To determine the emission species, we also measured CL and fluorescent spectra
which are shown in Fig. 3.4a, and it can be seen intuitively that the wavelength of
443 nm is the maximum value of CL spectrum. Many studies have shown that singlet
oxygen (0,) is a light-emitting species. It is known that there are several maxima in
the emission spectra of 10,, i.e., 1269, 762, 634, and 381 nm [37]. Throughout this
work, DABCO and NaNj3 have been shown to have no effect on CL intensity, which
indicates that there is no correlation between the occurrence of CL at '0,. At the
same time, many scholars have concluded that carbonate is a substance that can emit
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Fig. 3.4 CL spectra in NapCO3 (a) and NayCO3—uranine (b) solutions of both the H,O,-HCl-
NO; reaction. H,O,, HCI, NO;, Na,CO3, and uranine concentrations were 0.02, 0.1, 0.1, 0.4, and
5 x 1077 mol L'!, respectively. It was decided to implement the flow-injection method. HoO>-HCl
solution and NO;, ™~ solution had flow rates of 3.0 ml/min. The flow rate of the Na,CO3 solution
was 3.5 mL/min. The emission slit width was set to 20 nm and the excitation light was immediately
turned off. Copyright 2004, with Elsevier’s authorization [34]
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light [38], we also recorded the CL emission band at 436—446 nm, which leads to
a reduction in carbon dioxide emissions. Therefore, the CL observed in the present
system may also be related to the formation of (CO;),* in this reaction. The result was
shown in Fig. 3.4b when uranine solution was added into H,O,—~HCI-NO,-Na,;COj3
flow system, the CL spectrum had two peaks and the maximum located at 443 and
534 nm, respectively. Importantly, the first CL peak (443 nm) was the same as that
obtained from the reactions of the H, O,—~HCI-NO,-Na,CO; solutions (Fig. 3.4a).

However, after the addition of uranine, 443 nm in the spectrum was reduced.
The concentration of uranine was lowered to 5 x 10~/ mol L~! with 0.4 mol L~!
carbonate solution in order to concurrently record two CL peaks with maximum
locations at 443 and 534 nm in the same spectral picture, respectively. It is found
that the CL peak at 534 nm comes from uranine, this phenomenon may be caused
by the chemical reaction between triplet dimer (CO;)*; and uranium, that is, the
chemical excitation of uranium. The fluorescence spectra of uranine in Na,COj;
solution were also recorded. The fluorescent maximum wavelength of uranine in
Na,COj5 solution was 534 nm, which was the same as the CL emission maximum of
uranine in the spectrum. The fluorescent maximum was located at 534 nm whenever
uranine—Na; COj solution was introduced to H,O,—HCI-NO,~ solution (Fig. 3.5),
and the fluorescent intensity of uranine was maintained unaltered. This phenomenon
shows that uranium is only a sensitizer. They are not consumed in the reaction as
reactants while (CO,)*, was a CL emitter.

Figure 3.6 shows the UV absorption of peroxynitrous acid produced by the reac-
tion of nitrite and H, O,/HCI, they reacted rapidly. Due to the isomerization of perox-
ynitrous acid to form nitrate (solid line), there is an absorption peak at 301 nm.
However, a new band appeared at 354 nm due to recombination between *NO; radi-
cals to generate nitrite, but really the classic nitrate band at 301 nm remained. It
shows that only nitrate (solid line) is the product of spontaneous decomposition of

Fig. 3.5 Fluorescent §34nm
spectrum of uranine in
H202—HC1—N02—N32C03
solution. The concentration
of uranine was 1.0 x

1073 mol L~!. All other
conditions were the same as
in Fig. 3.3. Copyright 2004,
with permission from
Elsevier [34]
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Fig. 3.6 Absorption spectra of peroxynitrous acid from the reaction of nitrite and HyO,-HCl in
the absence (solid line) and presence (dashed line) of Na;CO3 solution. The concentrations of NO»,
H,0,, HCI, and Na;CO3 were 0.6, 0.7, 0.6, and 1.0 mol L, respectively. The volume of each
solution was 1.0 mL. Copyright 2004, with permission from Elsevier [34]

peroxynitrite and it reacted with carbonate solution (dotted line) to produce nitrite
and nitrate at the same time.

3.4.2 Mechanism for the CL Reaction of Carbonate
and Peroxynitrous Acid

The carbonate-catalyzed ONOO™ chemiluminescence mechanism from our above
observations, it can be inferred that the chemical decomposition is as follows. Nitrite
reacts with acidified H,O, to form HOONO (Reaction 3.4), which is an unstable
molecule in acidic solution and can be transformed into ONOO in basic solution via
a chemical reaction as a product of CO3%~ to HCO;~ protonation(Reactions 3.5 and
3.6):

H,0, + HNO, — HOONO + H,0 (3.4)
CO3™ + H,0 = HCO; + OH™ (3.5)
ONOOH + OH~ — ONOO~ + H,0 (3.6)

As we all know that the one-electron standard redox potentials of ONOO™/*NO,
and HCO3+/HCO3~ couples are similar. Therefore, when ONOO™ reacts with excess
HCO;~ thermodynamically, ONOO’s one-electron oxidation of HCO3™ releases
bicarbonate radicals (HCOs3¢) according to Reaction 3.7.
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ONOO™ + HCO; + H" — HCO; - +-NO, + OH~ 3.7)

The experimental data of spectrophotometry show that nitrite and nitrate are
produced by the polymerization of *‘NO, radicals in aqueous solution (Reaction
3.8):

NO, + -NO, + H,0 — NO; + NOj + 2H" (3.8)

The excited triplet dimers [(CO,)*;] of two CO, molecules can be directly
produced by the recombination of HCO3* (Reaction 3.9)[39]:

2HCOS — (COy)3 + H,0, (3.9)

The energy is released when this unstable intermediate breaks down to COs,.
(Reaction 3.10):

(COz)5 — 2CO; + hv (Amax = 443nm) (3.10)

Dissolved CO; and carbonate can reach rapid equilibrium in the solution system
and as a consequence, during the ONOOH—carbonate interaction, carbonate was
regenerated, suggesting that carbonate species functions as an effective catalyst.

The extended Hiickel molecular orbital (EHMO) method had been used to
compute the decomposed energy of (CO;)*;, when we observed that it was
132 kecal mol~! [40].

(CO,),+ + uranine — 2CO, + uranine* (3.11)

uranine®* — uranine + Av(A = 534 nm) (3.12)

Since part of the energy from the excited triplet dimer of two CO, molecules is
transferred to uranium (Reactions 3.11 and 3.12), the CL wavelength of 534 nm can
be regarded as the result of intermolecular energy transfer (Fig. 3.4b) (Reactions
3.11 and 3.12). Therefore, the CL spectrum of H,O,—HCI-NO,—Na,CO3 uranine
solutions shows two bands.

3.5 Conclusion

In conclusion, the chemiluminescence produced by the decomposition of peroxyni-
trous was studied. ONOOH was used to build ONOO™ in an alkaline solution. For
the measurement of nitrite, an innovative flow-injection CL method was devised.
It is based on the conversion of nitrite to nitric oxide by reaction. We also proved
that in the presence of carbonate, the decomposition of peroxynitrite will produce
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an unstable substance —excited triplet dimmers of two CO, molecules [(CO;)*,],
which realized energy when decomposed into CO;. In alkaline solution, the gener-
ated CO, can quickly reach equilibrium with carbonate in the system, so carbonate
is regenerated through ONOOH chemical reaction with carbonate. Carbonate is an
indispensable catalyst in the reaction. The CL behavior and the mechanism of carbon
dots have been studied in detail, which will give us further insight into the properties
of carbon dots. Furthermore, the application of CL in other fields is also promising.
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Chapter 4 ®
Ultra-Weak Chemiluminescence System oo
of Reactive Nitrogen Species

Zhen Lin and Jin-Ming Lin

Abstract Reactive nitrogen species are a class of reactive molecules with oxidant.
The chapter introduced some reactive nitrogen species, containing nitrogen dioxide,
nitric oxide, peroxynitrous acid, and peroxynitrite. The chemiluminescence proper-
ties of the reactive nitrogen species have been reviewed and their applications have
been mentioned.

Keywords Reactive nitrogen species * Nitrogen dioxide - Nitric oxide -
Peroxynitrous acid + Peroxynitrite -+ Chemiluminescence

4.1 Introduction

Reactive nitrogen species are a class of molecules with oxidant. Reactive nitrogen
species contained nitric oxide (NO), dinitrogen trioxide (N,O3), nitrogen dioxide
(NOy), peroxynitrous acid (ONOOH), peroxynitrite (ONOO™) as well as other types
of chemically nitrogen-contained reactive-free radicals.

NO as a free radical, is the most famous reactive nitrogen species, which acts as an
important intermediate in many chemical reactions. In vivo, NO is cellular signaling
molecule participating in many physiological processes. For example, NO diffuses
freely across cell membranes to relax smooth muscle cells and to dilate the blood
vessels. NO is also involved in the modulation of nerve cells and defense functions of
immune system. Discovery of key roles of NO led to Nobel Prize-winning research
in related areas and NO was proclaimed as “Molecule of the Year” in 1992 [1]. Due
to its short lifetime and its high oxidant ability, its formation and decomposition
mechanism have aroused great attention.

In vivo, NO is synthesized within cells by NO synthase from arginine with the aid
of oxygen and NADPH. NO synthase converts L-arginine to L-citrullin (Fig. 4.1). NO
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L-arginine -
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NG NO —3 ONOO"™ —3 ONOOH
0, CO,
citrulline -
NO, ONOOCO; —» -CO; + NO,

Fig. 4.1 Reactions leading to the generation of NO and related reactive nitrogen species [2, 5]

is highly reactive and easily oxidized to NO,. NO reacted with superoxide to produce
ONOO™ [2]. ONOO™ is not a radical but an oxidant and nitrating agent. ONOO~
can damage various molecules in cells, including amino acid, DNA, lipid as well as
proteins. It should be noted that the reactions of ONOO™ with these substrates cannot
compete with the reaction of ONOO~ with CO, under physiological conditions
because of the rapid reaction between ONOO™ and CO, (K =3 x 10*M~!s71). The
product of the reaction is ONOOCO, ™ [3, 4], which then decomposes to carbonate
radical (-CO37) and NO; (as shown in Fig. 4.1) [5]. From this route, CO, modulates
the reactivity of ONOO™ [6, 7].

The conjugate acid of ONOO™ is ONOOH, which is areactive nitrogen-containing
species and has a half-life lower than 1 s. ONOOH may directly oxidize the
substrates. ONOOH may also decompose into reactive species with high activity
which subsequently oxidize the substrates [8].

Most reactive nitrogen species owned short life and easily interacted with other
compounds. Chemiluminescence (CL) produced light through a chemical reaction.
Excited species with short lifetime are generated and deactivated to their ground
state with light-emitting. Hence, CL is a satisfactory tool for the investigation of the
reactive nitrogen species. To our best known, the CL phenomena happened between
some reactive nitrogen species, which gave us new insight into these species. The
chapter reviews the CL characteristics of the reactive nitrogen species and introduces
some important applications of the CL phenomena.

4.2 CL from the Reaction Between NO and O3

NO, as arelatively unstable molecular, could react with the ozone to produce oxygen
and NO,, with the emission of light [9]. The intensity of the CL is proportional to the
concentration of NO, if the volume of the sample gas and excess ozone are controlled,
which could be developed as a real-time determination method for gaseous NO.

NO + O3 = Oy + NOy* — NO, + light 4.1)



4 Ultra-Weak Chemiluminescence System of Reactive ... 71

Biological NO is easy to be oxidized to NO,~ or NO3; ™. In this case, NO can be
determined indirectly through NO,~ or NO3;~. NO3™ could be reduced by nitrate
reductase to NO, ™, which is further reduced to NO by reaction with iodide under
acidic conditions. Both NO,~ and NO3~ can also be reduced to NO with acidic
vanadium (IIT) [10]. Under the catalysis of metal, other oxides of nitrogen (NO,
NO,, NO3z, HNOj3, N,Os5, CH;COO,NO,) can also be converted to NO and were
detected by the CL method [11, 12]. Hence, the total amount of nitrogen [13] was
detected by the CL method.

Based on the CL reaction between NO and ozone, a CL detector is developed
for nitrogen-contained compounds determination. In recent years, some researchers
considered that CL nitrogen detector is a very promising alternative to traditional
detectors (mass spectrometry, flame ionization detector, and nitrogen phosphorus
detector) for specific organic nitrogen compounds. It is because that the CL reaction
between the NO and O3 enabled the detection of the nitrogen species selectively.

Particularly, with the help of well-known separation methods, such as capillary
electrophoretic system [14, 15], gas chromatography [16—18], and ion chromatog-
raphy [19], the CL nitrogen detector can be applied to various complex samples.
Sokolowski et al. [14] connected the capillary electrophoretic system to a CL
nitrogen detector via a pneumatic nebulizer interface. Organic nitrogen compounds
are combusted at high temperature to nitrogen oxide, which is oxidized by excess
ozone to excited state NO,*. The CL emission passed through a high-pass optical
fiber was detected by a photomultiplier. Mohammad et al. [15] also used capil-
lary electrophoresis-CL nitrogen detector system to detect p-aminosalicylic acid and
L-phenylalanine.

CAHyN, + (x + 1/4y + 1/22)0; — zNO 4 xCO, +y/2 H,0[14]  (4.2)

Ozel et al. [16] developed a nitrogen CL detector for a gas chromatography
to determine organic nitrogen. The gas chromatography is highly selective, sensi-
tive, and has well response to individual organic compounds. The pyrolyzer in the
system converts the analytes in the gas chromatograph column effluent into the
corresponding CL species. With the use of proper sample pre-treatment technology,
such as solid-phase extraction, the interferences are eliminated and the method
could be used for the detection of organic nitrogen in complex atmospheric aerosol
samples. Gas chromatography with a nitrogen CL detection system could determine
six specific mutagenic and carcinogenic nitrosamines in grilled lamb and vegeta-
bles [17]. Lucy et al. [19] combined CL nitrogen detection with ion chromatog-
raphy for the detection of nitrogen-containing ions, including nitrite, nitrate, cyanide,
tetradecyltrimethylammonium, and ammonium with equimolar response.

It should be mentioned that the relationship between the structure of compounds
and the CL response is the main concern for the nitrogen CL detection system.
Yan et al. [20] used the CL nitrogen detector for the high-throughput screening
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technologies. The compound structure dependence of this detector was investigated
and demonstrated that compounds with adjacent nitrogen atoms connected by a
double bond had a response of 0.5/nitrogen atom. Structurally similar calibration
compounds are suggested to be used in this type of analysis.

4.3 CL Induced by ONOOH

ONOOH, as a kind of nitrogen-containing hydroperoxide is a strong acid. Its pKa is
6.5-6.8. The formation of ONOOH by NaNO, and H,0O, in acid medium has been
ascertained. Its decomposition mechanism is controversial. One view is concerned
about whether the formation of 'O, from the decomposition of ONOOH. The other
opposing view is focusing on its homolysis pathway.

Khan et al. [21] synthesized ONOO™ by mixing NO and -O,~ at pH 13, after
protonation of ONOO™ at 7.0 to ONOOH. ONOOH decomposed into 'O, and HNO.
The generation of 'O, was confirmed by electron paramagnetic resonance with 9,
10-diphenylanthracene (DPA) as the trapping reagent. HNO loses protons and forms
the nitroxyl anion (NO™). Nitrosylhemoglobin (HbNO) in methemoglobin (MetHb)
solution trapped NO~. Furthermore, Khan et al. [22]confirmed the presence of 'O,
by light emission located at 1280 nm in ONOOH system. However, Martinez et al.
[23] investigated the radials in MetHb and hydrogen peroxide (H,O,)-free ONOO™
system by UV-visible and electron paramagnetic resonance(EPR) experiments. They
claimed that contamination with H,O, gave rise to ferryl hemoglobin and no light
emitted from 'O, at 1270 nm. The !0, was produced from the reaction between
excess H,O, and ONOOH rather than from the decomposition of ONOO™.

Thermochemical estimation, spin method including EPR and chemically induced
dynamic nuclear polarization (CIDNP) [24] claimed the homolysis of ONOOH to
generate -OH and -NO, radicals. However, the yield of the radicals could not be
quantified, which reduced its convincing and the non-radical decomposition could
not be fully excluded. The newly investigation claimed that ONOOH homolysis
along the O—O bond to generate a geminate pair of -OH and -NO, radicals. Roughly,
30% of the geminate pair diffuses out of the solvent cage to generate free radicals
and the remainder collapses to nitric acid [25].

The CL characteristic of ONOOH has obtained great attention nowadays. Star-
odubtseva et al. [26] reported the CL emission from the acid solution of NaNO,
and H,O,. The production of cis-ONOOH, tran-ONOOH, activated ONOOH
(ONOOH¥*). ONOOH* rearranged to HNO;3; with energy releasing in the form of
CL emission.

ONOOH acted as not only an oxidant, but also a peroxidizing reagent, which
reacted with many compounds to generate CL emission. Liang et al. [27] reported
that chloroquine interacted with ONOOH in sulfuric acid medium with CL emis-
sion, which intensity was in proportion with the concentration of chloroquine and
the method could be developed as determination method for chloroquine. In the
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system, ONOOH turned chloroquine to 4-quinolinone in excited states and 4-
hydroxyquinoline. Both two products contributed to the CL emission. Liang’s group
[28] further found that tryptophan in pharmaceutical preparations and human serum
reacted with ONOOH and decomposed to dioxetane, which is the CL emitter. The
above CL system could be applied to tryptophan detection. The same group also found
that berberine [29] and fluoroquinolones [30], including ciprofloxacin, norfloxacin,
and ofloxacin, were oxidized by ONOOH to produce CL. Pipemidic acid [31] could
accept the energy transferred from excited state ONOOH.

4.4 CL from ONOO™

In vivo, ONOO™ is formed from NO and-O,~ in a diffused-controlled process. In
the laboratory, ONOO™ can be obtained from many pathways, such as nitrosation
of H,O, by S-nitrosothiols (RSNO) [32, 33], the ozonation of azide [34], or the
decomposition of 3-morpholinosydnonimine (SIN-1). Mostly, ONOO™ is prepared
by rapid mixing of H,O, with HNO, in mildly acid conditions. Alkaline solution
was added following to convert ONOOH to ONOO™.

4.4.1 CL from ONOO™ and H;0;

It has been reported that ONOO™ reacts with H,O, to release 10, [35]. The transition
of the oxygen in excited states to the triplet oxygen in ground state is accompanied
by the CL emission. A liquid nitrogen-cooled germanium diode confirmed the CL
emission in 1270 nm resulting from the production of 'O,. The research illustrated
the cytotoxicity mediated by ONOO™ and H,O,. Alvarez et al. [36] also claimed
that the reaction between ONOO™ and H,0, produced oxygen and slowed down
the decomposition of the ONOO™. They proposed that, at acidic pH, an activated
intermediate of ONOOH was responsible for H,O, oxidation. At alkaline solution,
a stabilizing complex between H,O, and trans-ONOO™ was involved.

4.4.2 CL from ONOO~ Decomposition

Our group [37] reported for the first time that CL emission had been observed
during ONOO~ decomposition. The production of 'O, during the decomposition of
ONOO™ caused the CL. Fluorescence compounds, such as fluorescein, acted as the
energy acceptor of '0,. Ethyldimethylcetylammonium bromide greatly enhanced
the CL emission, based on which, a method for nitrite detection had been devel-
oped. According to the similar CL reaction, Wang et al. [38] established a sequential
injection CL system for the detection of trace amounts of nitrite in water samples.
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We further found that bilirubin and its conjugate could enhance the CL emission
during the process of ONOO™ decomposition. Bilirubin and its decomposed product
were supposed as the energy acceptors and became the CL emitter. The CL system
could be developed for bilirubin content detection [39]. Besides bilirubin and its
conjugate, Sharov et al. found coumarin 525 and chlorophyll-a strongly enhanced
the CL from the ONOO™. An electronically excited intermediate of ONOO™ was
produced with a certain yield [40].

Some nitrogen-contained compounds could also be indirectly determined by
the ONOO™ CL system. Wang et al. [41] used trichanolamine (TEA) solution to
absorb NO, in air.NO, was then converted into nitrite, which reacted with H,O, to
form ONOOH. The alkaline solution changed ONOOH to ONOO™~ accompanied
with CL emission. Wang et al. [42] further found that cetyltrimethyl ammonium
bromide(CTAB) could enhance the CL system.

4.4.3 CL from the Reaction Between ONOO~ and CO;

The concentrations of CO, are relatively high in vivo (interstitial fluids
(30 mmol-L~") and intracellular (12 mmol-L~"))). Lymar and Hurst firstly reported
that ONOO~™ reacted rapidly with CO, (K =3 x 10* M~! s7!) to form ONOOCO,~
[3]. Hence, the reaction of ONOO™ with CO, should be the predominant pathway
for ONOO™ in vivo.

The decomposition mechanism for ONOOCO; ™ has gained great attention. Meli
et al. [43, 44] reported that the reaction of ONOO™ with CO, in alkaline solution
form a transient maximum absorption at 640 nm and attributed the absorption to
ONOOCO; ™. The result from Denicola et al. group [45] also claimed that ONOO™
rapidly reacted with carbon dioxide to yield ONOOCO,~. ONOOCO;~ could take
part in nitration and oxidation processes. While Goldstein et al. argued with this
conclusion. They used cutoff filters to exclude the absorption at 640 nm. Alternatively,
the -CO;~ with a maximum of 600 nm had been observed. The absorption reported
at 640 nm was interfered by NO or ferrocyanide, which indicated that ONOOCO, ™~
did not accumulate and the reaction of ONOO™ and CO, formed 33% -CO3~ and
NO, [46].

Our group [47] observed the CL from the reaction between ONOO~ and CO,
locating at 416—460 nm. which was assigned to the CO; in excited state ((CO;)*).
Uranine could enhance the CL emission and act as the energy acceptor [48]. Yang
et al. [49] observed the weak CL emission from the mixing of ONOO™ with dihy-
dralazine sulfate (DHZS). Carbonate had positive influence on the CL emission. It
was postulated that the -CO3~ generated from the decomposition of ONOOCO,™
acted as a potent one-electron oxidant and performed a one-electron oxidation of
DHZS to produce electronically excited phthalate that gave out CL emission.
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4.4.4 CL from ONOO™ Oxidation

ONOO™ could oxidize single molecular, amino acids, proteins, lipid as well as
intact cells to generate CL. Massari et al. [55] reported nucleophilic addition of
ONOO™ to glyoxal in normally aerated phosphate buffer produced 'O, (! Ag) with
light emission at 1270 nm. Furthermore, CL intensity was increased in D,O and
suppressed by ' O, quencher (NaN3, L-His). The chemical trapping product of the ' O,
by anthracene-9, 9, 10-endoperoxide derivative, 10-divinylsulfonate, was detected
by HPLC/MS/MS. The above results all confirmed the generation of 'O, in ONOO~
-glyoxal system. ONOO™ is also reported to promote the aerobic oxidation of 3-
methyl-2,4-pentanedione (MP) and isobutanal (IBAL) in phosphate buffer ( pH 7.2)
[56]. ONOO™ is the oxidizing agent. Triplet acetone is formed in the oxidation
process and acts as the energy donor accounting for the CL emission.

Bovine serum albumin (BSA), especially fatty acid-containing BSA reacts with
ONOO™ to produce CL emission [57]. Most of the light is ranging from 500 to
600 nm, which is similar to tryptophan and tyrosine in excited state. The same
research group [58] further found that tryptophan was the amino acid which emitted
the most light during oxidation. Hence, it can be induced that tryptophan is one amino
acid responsible for the CL emission during protein oxidation.

Pholasin is a monomeric glycoprotein and has been used as an indicator for moni-
toring the loss of plasma antioxidants. Koppenol [59] studied its CL with ONOO~
and investigated the effects of O,, CO,, and some antioxidants on the CL to illus-
trate the CL mechanism. A first oxidation product or the reversible formation of a
protein-ONOO™ intermediate may be involved in the CL reaction.

ONOO™ affects series of biological functions through lipid peroxidation [60,
61]. Miyamoto et al. [62] investigated the CL interaction between ONOO™ and
lipid hydroperoxide. Linoleid acid hydroperoxide (LAOOH) or '80-labeled LAOOH
(LA'8O'80H) was used as the model. Chemical trapping technologies, HPLC/MS
analysis, and spectral measurements were all employed to confirm the potential CL
emission species. ' O, was supposed for the CL emitting. The OH- and CO;~ formed
from ONOO™ related species oxidized the LAOOH to LAOO- (Reactions 4.3—4.5),
the self-reaction of which generated predominantly O, (' Ag) [63] (Reactions 4.6
and 4.7).

ONOO~ + CO, — [ONOOCO; | — CO;™ + -NO, (4.3)
LAOOH + -OH — LAOO - +H,0 (4.4)
LAOOH + -CO;” — LAOO-: + CO}™ + H* (4.5)

2LAOO- — LAOOOOLA — LAO + LAOH + 0,('Ag) (4.6)
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LAOx 4+ 0, — LAO + 0, (' Ag) “.7)

Besides proteins and lipid, CL from the ONOO™ in cell has also been investigated.
In cells, ONOO™ was formed through the reaction between NO and-O, ™. Groot et al.
[64] observed the NO and-O,~ induced luminol CL in rate kupffer cells and found
that the CL was doubled by the addition of L-arginine and significantly reduced by
inhibitors of L-arginine-dependent NO formation. The discovery raised our concern
with the NO-related CL determination in cells or proteins [65].

4.4.5 Nanoparticle-Based CL from ONOOH and ONOO~
System

Nanometer-sized particles have attracted great attention, due to their special physical
and chemical characteristics, such as quantum size effect and high surface energy,
which are different from bulk materials. The application of nanoparticles in CL
research is a hot topic in the present years. Nanoparticles in CL system could act as
the catalyst that accelerated the CL reaction, as the energy acceptor that enhanced the
CL intensity, or as luminophore that participated in the CL reaction. Nanoparticles
improved the sensitivity and extended the application of CL in related areas.

Gold nanoparticles are a class of nanoparticles that are widely explored in CL
systems. To prevent the aggregation problem of gold nanoparticles, Lu et al. [66]
capped the gold nanoparticles with non-ionic fluorosurfactant (FSN) molecules. The
FSN capped gold nanoparticles exhibited enhanced effect on the carbonate and
ONOOH CL system. From the CL spectra, it could be induced that FSN capped
gold nanoparticles increased the production of carbon dioxide dimer ((CO,),*) in
excited states, whose CL emission band located ranging from 430 to 450 nm and
acted as the CL emitter in the CL system.

Besides gold nanoparticles, CdTe as one kind of semiconductor nanocrystals
also exhibited a significant sensitized effect on CL from ONOOH-Na,CO; system
[67]. The main CL emission overlapped with the FL spectrum of CdTe nanopar-
ticles, which suggested that the CdTe nanoparticles acted as the energy acceptor
receiving the energy from (CO;),*. The energy releasing from the excited state of
CdTe nanoparticles to their basic state caused the CL emission.

Although semiconductor nanocrystals, such as CdTe, have excellent CL-enhanced
properties, their toxicity has been the focus of the attention. The exploring of the
new and benign nanoparticles with the similar characteristic has been the main chal-
lenging. Photoluminescent carbon dots were of particular interest due to their excel-
lent optical properties and low toxicity. We first found the CL-enhanced properties in
ONOOH system [68]. ONOOH that formed by on-line mixing of NO, ™ and acidified
H,0; could directly induce the CL from the carbon dots. The CL intensity exhibited
linearly with nitrite concentration in certain range, which was developed as a deter-
mination method for nitrite in river water, pond water, and pure milk. The radiative
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electron—hole annihilation between hole-injected and electron-injected carbon dots
caused the CL emission, which extended the range the nanoparticles that could be
applied in the CL system.

Carbon dots could also enhance the CL from NaNO,—H,0,-Na;COj3 system [69].
(CO,)," is suggested to donate its energy to carbon dots. Carbon dots in excited state
were formed and released their energy to ground state with CL emission The carbon
dots-NaNO,-H,0,—Na, COj3 system has been developed for nitrite sensing and used
for nitrite detection in tap water.

ONOO™ can be concentrated onto the Mg—Al—carbonate layered double hydrox-
ides (Mg—AI-CO; LDHs) surface by electrostatic attraction. Hence, Mg—Al-COj3
LDHs catalyze the CL emission from ONOOH. The inhibition of ascorbic acid
on the CL system enabled the determination for ascorbic acid ranging from 5.0 to
5000 nmol L~'. This method could be used for ascorbic acid detection in commercial
liquid fruit juices [70]. The proposed LDHs-catalyzed ONOO™ extended the range
of the material that could be utilized in CL field.

4.5 The Application of the CL from Nitrogen Species

4.5.1 Determination of Some Nitrogen-Contained
Compounds in Different Matrix [71]

Considering the importance of reactive nitrogen species in various physiological
and pathological events, their determination and their relationship with biological
events are of remarkable interest. A new generation of fluorescent probes that are
specific and sensitive for their respective reactive nitrogen species have been used. For
example, some organic or metal-based probes could interact with oxidized NO [55].
ONOO™ could oxidize fuorogenic probes [72], such as 4, 5-diaminofluorescein diac-
etate (DAF-2DA), dihydrodichlorofluorescein (DCFH), and dihydrorhodamine-123
(DHR-123) to fluorescent dye. The increase in fluorescence response has been widely
employed to monitor ONOO™. Li et al. [73] used ONOO™ to oxidize colorless o-
phenylenediamin to produce a colored product. There is a linear relationship between
the absorbance and the concentration of ONOO™ in a certain range. However, the
synthesis of the probe is the main difficulty of the method. The sensitivity and the
interference from the matrix are the main problems of the fluorescence method [74].
Huang et al. [75] developed a novel CL method by using folic acid as the CL probe,
which was oxidized by the ONOO™ to generate CL emission. The CL intensity was
in proportion to the concentration of ONOO™ in a certain range with satisfied recov-
eries. Compared with the fluorescent probe, folic acid as the CL probe not only has
a low detection limit but also owns high stability as is easily prepared.

Besides this, the CL reaction between NO, and luminol can be developed for the
detection nitric dioxide in gaseline. ONOO™-luminol CL system could be used for
the direct detection of reactive nitrogen species in experimental autoimmune uveitis
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[76]. The CL reaction between NO and O3 can be not only applied to the detection of
NO in gas phase, but also for the determination of NO in vivo [77]. Fluorescein could
enhance the CL from Na,SO3;-ONOO™ system [78]. Furthermore, the CL intensity
of the reaction was linear with the concentration of ONOQO™. Based on this, a flow
injection CL method for ONOO™ detection had been developed.

4.5.2 Evaluation of the Oxidation Stress in Cells or Organs

Traditionally, the methods for detecting oxidative stress are through measuring end
product of tissue injury. However, there are many intermediates in these reactions
could not be detected with the present method. CL, as a useful tool, could monitor the
electronically excited species through their light-emitting and evaluate the oxidation
stress in cells or organs as noninvasive technique without adding reagents that could
interfere with the process. Yao [79] has established a flow injection CL method to
investigate the possible mechanism for NO and oxidative stress-induced pathophys-
iological variance in acute myocardial infarction development. ONOO™-induced
oxidative stress has been investigated in red blood cells by luminol-dependent CL
[80]. Addition of ONOO™ obviously increased the CL emission, while glutathione
ethyl ester, an antioxidant, partially reduced the CL intensity.

4.5.3 Investigation of the Mediators of Some Diseases

The nitrogen species-related CL method could be used to investigate the mediators of
some diseases [81]. Tecder-Unal et al. [82] employed ONOO™-induced CL system,
to study the effect of ONOO™ (both endogenous and exogenous) on the reperfusion
arrhythmias in anaesthetized rats, and illustrated that ONOO™ was the key factor.
Haklar et al. [83]detected changes in NO and other ROS by measuring CL and
to investigate the role of L-arginine and some related species in a rate mesenteric
ischaemia—reperfusion model. Braga et al. [84] also used the ONOO™-based CL
system to study the influences of budesonide on -O,~, NO, and ONOO™ production
during the respiratory burst of human neutrophils.

Potdar et al. [85] developed an integrated CL and computational approach to gain
a quantitative understanding of the interactions of some nitrogen species in high
glucose-exposed endothelial cells using a CL analyzer. The research is significant
for the understanding of the endothelial cell (EC) dysfunction and illustrating the
mediators of many diabetes-related pathogenesis. Gross et al. [86] directly charac-
terized the NO production in human macrophagic cells phagocytizing opsonized
zymosan. The result revealed that inducible NO synthase (iNOS) activity is involved
in CL emission.
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Chapter 5 ®)
Ultra-Weak Chemiluminescence St
from Decomposition

of Peroxomonosulfate

Hui Chen and Jin-Ming Lin

Abstract Whether or not molecular mass aliphatic dicarboxylic acids have an influ-
ence on the HSOs —Co** chemiluminescence (CL) system has been considered.
Aliphatic dicarboxylic acids were found to have a positive impact on the CL attached
to HSO5~—Co?* system. In addition, CL intensities improved steadily as the chain
length of dicarboxylic acid carbon increased. The mechanism of CL showed that the
presence of peroxo-diacide should be beneficial to the improvement of CL, which
finally degraded into dicarboxylic acid and original oxygen. In the peroxomono-
sulphate system, the CL phenomena of lanthanide ions (Ln) and their coordinated
complexes have been observed, as well as the energy transfer mechanism in this
process have been studied. When Eu(III) or Tb(III) was mixed into the peroxomono-
sulfate solution system, a strong, crisp CL signal appeared. Because of the 2,6-
pyridinedicarboxylic acid (DPA) ligand and hexadecyltrimethyllammonium chlo-
ride micelles, the strength of CL was significantly improved. Singlet oxygen was
produced through decomposition of peroxymonosulfate catalyzed by Ln (III) ion.
The lanthanide ions were the luminescence transmitter, which had an energy transfer.

Keywords Chemiluminescence + Peroxomonosulfate - Dicarboxylic acids -
Cobalt (IT) - Singlet oxygen * Peroxodiacide  Flow-injection analysis

5.1 Introduction

Peroxymonosulphurous acid (H,SOs, PMS, Caro’s acid) is a stronger oxidant than
peroxydiacid (H,S,0Og) and may be thought of as a hydrogen peroxide replacement in
which one of the hydrogen atoms is replaced by a sulfur oxygen anion group. When
the temperature is 15 °C, the first-order ionization constant (chemical kinetics) is less
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than zero, the second-order ionization constant (chemical kinetics) is equal t0 9.88 £+
0.1, and the electrode potential E = 1.82 V versus HSO4~, PMS is very easy to react.
When the PH of aqueous solution is around 7, PMS decomposes rapidly, resulting in
many inorganic reagents being easily oxidized and most organic compounds being
attacked [1, 2]. Therefore, the Baeyer—Villiger reaction often uses PMS as a powerful
inorganic acid and a more strong oxidant to convert ketones into esters. The inorganic
salt of PMS, potassium peroxomonosulfate (KHSOs), is an inexpensive and readily
accessible potassium carotate. The product of 86% hydrogen peroxide reaction with
concentrated sulfuric acid is neutralized with K,CO; to obtain KHSOs, which is a
triple salt potassium peroxomonosulphate (2KHSO5*KHSO4°K,SO4) [3]. In many
oxidation reactions, KHSOs can also act as an oxidant, such as the oxidation of
alcohols, ketones, carboxylic acids, olefins, phenols, amines, and sulfides [4]. HSOs ™~
decomposes rather fast in a pH = pKa, [5] solution to produce singlet oxygen. In the
chemiluminescence (CL) of singlet oxygen(' O,), this requirement mentioned above
is critical. On the contrary, HSOs ™ is stable in acidic or alkaline solutions.

It was created as a prospective CL analytical technique based on the CL
phenomena in transition metal-catalyzed decompositions of peroxymonosulfate ion
and sensitized by fluorescent organic chemicals. This technique can be used to deter-
mine transition metals, such as cobalt (II), iron (II), and vanadium (IV) ions, as
well as fluorescent organic compounds such as dansyl amino acids, fluorescent dyes,
and polycyclic aromatic hydrocarbons. This CL approach was used in liquid chro-
matography for post-column detection and has been integrated with high-sensitivity
molecular imprinting [6—8]. In addition, it is also used to determine the folic acid in
its urine metabolism and the humic in native water [9, 10].

Low CL emission was seen in the existence of trace quantities of transition metal
ions like Co (IT) and Fe (II) when HSOs- interacted with the transition metal ions
[8]. Co (II) was shown to be the best transition metal ion for activating PMS to
produce radicals such as SO5~, SO4~ and -OH. These radicals were previously
identified by radiolysis using optical pulses, which is important in CL reactions [11].
Hydrocarbons, such as low molecular weight aliphatic monocarboxylic acids (formic,
acetic, propionic, butyric, and valerian), have considerably promoted CL emissions
from HSOs~—Co?*, as shown in our early research. [3]. Lanthanide-sensitized lumi-
nescence features a significant Stokes shift, narrow emission bands of 1-20 nm
half-width, and a long emission lifetime, which makes it ideal for time-resolved
luminescence experiments without interference [12].

In this study [13, 14], the CL phenomena of low molecular weight aliphatic
dicarboxylic acids in the HSOs~—Co?* system were researched, and then the CL
phenomena of Eu(Il) and Eu(Il)-EDTA in the peroxymonocrbonate system were
investigated.
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5.2 Enhanced CL of Peroxomonosulfate-Cobalt
(II)-Dicarboxylic Acids System

5.2.1 Dynamic Profile of Peroxomonosulfate-Cobalt (1I) CL

The HSOs™—Co**- dicarboxylic acids CL system’s chemiluminescent dynamic
profile was reported (Fig. 5.1). The HSOs~—Co**—CL signal was defined as a bench-
mark CL intensity because no other reagents were used. When CoSO, was introduced
into the HSOjs solution, little luminescence was produced, as displayed by the CL’s
kinetic curve. A high CL was reported when low molecular weight aliphatic dicar-
boxylic acid was added to the HSO5~/Co** solution combination. From Fig. 5.1, the
maximal intensity of the complete CL was determined to be about 2 s, suggesting
that the reaction of HSOs~ with Co?* was a rapid CL process. The duration of the CL
signals, on the other hand, was greatly extended, reaching six times the 50 s duration
of the blank signal, and the CL intensity was also considerably boosted, going from
one hundred and eighteen to around twelve hundred counts.
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Fig. 5.1 CL profiles for KHSOs5, CoSOy4, and aliphatic dicarboxylic acids in a dynamic state.
KHSOs, CoSOy4, and dicarboxylic acids had concentrations of 1.0 x 1072, 1.0 x1072 and 1.0 x
1073 mol L™, respectively. KHSOs, CoSOy4, and dicarboxylic acids were all administered in 50 pL
volumes. Copyright 2010, with permission from Wiley [13]



86 H. Chen and J.-M. Lin

5.2.2 Flow-Injection CL of Peroxomonosulfate-Cobalt (II)

5.2.2.1 Design of Flow-Injection CL System

A reasonable incorporating method (i.e., incorporating order and incorporating time
interval) of reagents, as well as the speeds of the CL reaction, should be used, as
they were critical for the design of the flow-injection CL system and, as a result,
had a significant impact on the CL intensity. Distinct CL strengths are influenced
by different mixing paths and CL reaction paces in general. On the means of irra-
tional mixture or the speeds of CL reaction, an intensity of CL zero or extremely
low is occasionally observed. Because the light emission from the CL reaction is
very transient, the velocity of the CL reaction was a significant factor in determining
the sensitivity of the CL flow-injection system. In batches, the intensity-time profile
of this CL system was evaluated to find the intensity of the CL with the highest
sensitivity. The CL reaction of HSOs~ and Co?* solution was found to be extremely
rapid, with the CL intensity peaks two seconds after the reaction begins and decays
to datum line after five seconds. Additional research found that the reagents should
be combined in the following order: first, KHSOs should be mixed with CoSO4
solution, and then the sample should be placed in the flow CL cell. As exhibited in
Fig. 5.2, the experimental requirements for the HSO5~ —Co?* CL system have been
optimized. Various mixing tube lengths were used to determine the CL intensity.
The results demonstrated that as the length of the mixing tuberose, the CI intensity
reduced considerably (Fig. 5.2A). This was most likely owing to the catalytic break-
down of peroxymonosulfate, which necessitated a maximum length reduction of the
mixing tube. Finally, the mixing tube was built to contain a solution of peroxymono-
sulphate and cobalt (II) at the CL cell’s intake. The influence of flow rate on each
stream was investigated between 0.1 and 1.5 mL min~!, with the selected succinic
acid concentration set to 1.0 x 107® mol L™!; the result is shown in Fig. 5.2B. The
HSOs~—Co?* CL system’s experimental needs have been optimized, as illustrated
in Fig. 5.2. Different mixing tube lengths were used to measure CL intensity. The
CI intensity reduced considerably as the mixing tube length grew, according to the
findings (Fig. 5.2A). It was most likely caused by the catalytic breakdown of perox-
ymonosulfate, which meant severing as much of the mixing tube as possible. Lastly,
at the CL cell’s input, the mixing tube was constructed using peroxymonosulphate
and cobalt (II). The influence of velocity rate was investigated for each stream within
the area of 0.1-1.5 mL min~!, with the succinic acid that has been chosen at 1.0 x
1075 mol/L; the results are given in Fig. 5.2B.

Increased outflows of KHSOs and CoSOy from 0.1 to 0.6 mL min~"' resulted in an
increase in CL intensity. CL intensity steadily decreased within a range of not more
than 0.6 mL/min. The best of the flows studied, the load-carrying flow rate, followed
a similar trend at 0.6 ml/min. As a consequence, the optimum throughput of the
HSOs5~/Co** CL system for all flows was 0.6 mL-min~!. The effects of KHSOs and
CoS0O, concentrations ranging from 5.0 x 107#~1.0 x 1072 mol L~! were investi-
gated (results were shown in Fig. 5.2c, d). When KHSOs5 and CoSOy4 concentrations
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Fig. 5.2 Experiment conditions are being tweaked. a The effect of mixing tube length on KHSOs
and CoSO4 concentrations: 1.0 x 1072 mol L~! KHSOs and 1.0 x 10~2 mol L~ CoSQj. b Flow
rate effect: 5.0 x 1073 mol L~! KHSOs and CoSOy, 1.0 x 10~* mol L ™! succinic acid; Line 1, flow
rate effect of KHSO5 and CoSQOy, 1.0 mL min~! carrier stream; Line 2, flow rate effect of KHSOs
and CoSOy, 1.0 mL min~! carrier stream (c¢) Effect of KHSOs concentration: 1.0 x 10™* mol L~!
succinic acid, 1.0 x 1072 mol-L~!CoSOy4; KHSOs and CoSQy flow rates, 0.6 mL-min~!. d Effect
of CoSOy4 concentration: 1.0 x 10~ mol L™! succinic acid, 4.0 x 102 mol L~! KHSOs; flow
rates of KHSOs and CoSOy4 are 0.6 mL min~!. Copyright 2010, with permission from Wiley [13]

were raised from 5.0 x 107* mol L' to 6.0 x 10~* mol-L~!, the CL intensity
grew consistently; however, when the concentrations were increased above 6.0 x
1073 mol L~!, the CL intensity gradually decreased. In the case of KHSOs and
CoSO0y, a final concentration of 6.0 x 103 mol L~! was selected.

5.2.2.2 Flow-Injection CL Under the Optimum Conditions

Oxalic acid, malonic acid, succinic acid, glutinic acid, hexane diacid, and pimelic
acid were all studied with the use of the FIA method. Figure 5.3 depicts the CL
system’s FIA CL signals after being supplied with aliphatic dicarboxylic acids under
ideal conditions. Aliphatic dicarboxylic acid CL intensities increased as the carbon
chain length increased in the HSOs~—Co?* system.
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Fig. 5.3 CL signals for oxalic acid (a), malonic acid (b), succinic acid (c), glutaric acid (d),
hexane diacid (e), and pimelic acid (f). KHSOs5, CoSO4, and aliphatic dicarboxylic acids were used
at concentrations of 6 x 1073,6.0 x 1073 and 1.0 x 10~* mol L~ !, respectively. KHSOs solution,
CoSOy4 solution, and carrier (water) all flowed at 0.6 mL/min. Copyright 2010, with permission
from Wiley [13]

5.2.2.3 Effects of Organic Solvents

A number of organic solvents such surfactant micelles and water-miscible organic
solvents, have abolished CL signals from the HSOs~—Co?* system, as we previously
reported [8]. Certain organic solvents were investigated in the current investigation
(Fig. 5.4). Methanol demonstrated the most inhibitory effects on the CL system of
HSO5~-Co?* dicarboxylic acids of all the solvents tested. Methanol’s suppressive
profile in the CL system after addition of hexane diacid was shown in Fig. 5.4a. With
seven dicarboxylic acids added, Fig. 5.4b depicted all of the suppressive influences
of methanol on the CL system (effects data of other solvents on the CL system not
shown). As demonstrated in Fig. 5.4c, the CL signals of the HSOs~—Co?* system
were not considerably altered when low polar solvents (n-hexane and chloroform)
were added; however, when solvents with dielectric constants more than 20 were
introduced, the CL intensity decreased dramatically.
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Fig. 5.4 Effect of organic solvent. a CL profiles in batch studies: 0, 0.04, 0.08, 0.12, 0.2 and 0.4%
Methanol (V/V), 1 x 1072 mol L~! KHSOs, 1 x 1072 mol L~! CoSO4 and 1 x 10~ mol L~!
hexane diacid. b Effect of methanol concentration: 1 x 10~2 mol-L~! KHSOs, 1 x 1072 mol-L~!
CoSO4, 1 x 1073 mol-L™! dicarboxylic acid. ¢ Line 1: effects of organic solvents with different
polarities, 1 x 1072 mol-L~! KHSOs, 1 x 1072 mol L~! CoSOy4, 1 x 10~3 mol L~! dicarboxylic

acid; Line 2: viscosities of variant organic solvents. Copyright 2010, with permission from Wiley
[13]

5.2.2.4 Quenching Effect on the CL System

The mechanism of HSOs ™ interacting with Co?* has been widely researched. Simple
oxygen ('0,), an excited state of molecular oxygen, is commonly accepted to play
an important part in CL processes. In the presence of traces of Co?*, pure oxygen
was created during the breakdown of HSOs~. The known extinction of 10,, NaNj3,
was utilized to confirm the function of !O,. The effective CL quench effect of NaN;
is shown in Fig. 5.5. In the disintegration of HSOs ™, the presence of 'O, was clearly
demonstrated. To validate the generation of 10, in this CL reaction, the CL spectra
and the electron spin resonance (ESR) spin-trapping method were used.
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Fig. 5.5 Effect of NaN3 on the CL signals. Batch method: 50 wL of 1.0 x 10~2 mol L~! KHSOs
solution was injected into 50pL of 1.0 x 10~2 mol L™ CoSQy4 solution containing NaN3. Copyright
2010, with permission from Wiley [13]

5.2.3 Proposed CL Mechanism

The exact TEMPO signals produced by the TEMP reaction with a single oxygen were
shown in Fig. 5.6. Spectrum No. 2 demonstrated the formation of singlet oxygen in
the KHSOs—-CoSO,4 CL system, whereas spectrum No. 3 and No. 4 showed the
suppressing effect of 0.1 and 0.02% (V/V) methanol, respectively, and spectrum
No.5 revealed the CL system boosting impact of 1.0 x 10~ mol L~! hexane diacid.
The findings strongly suggest that during CL reactions, pure oxygen was created.

Many transition metal ions have been shown to perform a catalytic role in a variety
of chemical processes [15]. Co (II) was the best catalyst for peroxymonosulfate
among these transitional metallic ions [11]. There was also a report on the catalytic
yield of Co (II) for the breakdown of peroxymonosulfate [16, 17].

The effects of several organic solvents were explored to acquire a better under-
standing of the CL mechanism of the HSOs~-Co**-dicarboxylic acid system. The
outcomes are depicted in Fig. 5.4. Previously, it was found that the aqueous-phase
OH attack on one of the H-atoms attached to the carbon atom of methanol was domi-
nating (with a yield of 93%, Reaction 5.1) [18]. One of the results of this radical
reaction was an organic radical, which was rapidly oxidized by O, to form hydrox-
ymethyl peroxy radical (Reaction 5.2). The action of the peroxy radical was more
ambiguous. A slow unimolecular decomposition resulting in formaldehyde had been
observed (Reaction 5.3) [19]. Following that, ongoing reactions (Reactions 5.4 and
5.5) produced O,, which eventually reacted with the hydroxymethyl radical (Reac-
tion 5.2). Because the hydroxyl radical was a major contributor to CL emission
(Reactions 5.12 and 5.15), the CL signals of the HSOs™—Co?* system would be
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Fig. 5.6 ESR spectra of singlet oxygen by reaction of TEMP with the CL system. Spectrum 1,
blank (H>0); spectrum 2, KHSO5—-CoSO4 CL system; spectrum 3, 0.1% (V/V) methanol added
in KHSOs5—Co0SO4 CL system; spectrum 4, 0.02% (V/V) methanol added in KHSO5—-CoSO4 CL
system and spectrum 5, 1 x 10~ mol-L~! hexane diacid added in KHSO5-CoSOy4 CL system.
Conditions: receiver gain = 8.00e + 04; Modulation amplitude = 1.04G; Sweep width = 100.00G;
Microwave frequency = 9.7500 GHz. Copyright 2010, with permission from Wiley [13]

reduced by methanol’s consumption of hydroxyl radicals. Furthermore, with more
methanol added, the suppression would be more severe.

CH;0H + -OH — -CH,OH + H,0 .1)
.CH,OH + 0, — -OOCH,0H (5.2)
.O0CH,0H — HCHO + -HO, (5.3)

‘OH, + -OH, — H,0, + 0, (5.4)
2H,0, — 2H,0 + O, (5.5)

The CL signal in the HSOs~—Co?* CL system was greatly improved by the addi-
tion of dicarboxylic acid, as shown in Fig. 5.4. According to reports, the aliphatic acid
could combine with hydrogen peroxide to form a peroxo-diacid in an equilibrium
mechanism. (Reaction 5.6) [20].
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COOH

- __ C(0)00H

CHn 42 H,0,=== (CH,)n +2H0 6
COOH C(O)OOH

HSOs5~ could potentially act as an oxidant, supplying hydroxyl radicals in the
same way that hydrogen peroxide (Reactions 5.7 and 5.8) did [4].

HSO; — SO, +-OH (5.7)

H,0, — -OH + -OH (5.8)

Asaresult, HSOs ™ might oxidize dicarboxylic acid to peroxo-diacid, a changeable
and easily decomposable compound [21]. Despite the fact that peroxy-formic acid
might be degraded in two ways (Reactions 5.9 and 5.10), there were no visible carbon
dioxide peaks in the CL spectra to confirm carbon dioxide production [3].

0 0
HgOOH————*HgOH-koz e

(5.10)

O
HElOOH Co, + H,O

In a nutshell, the extinguishing impact of NaN3 on O, (Fig. 5.6), the ESR spectra
of TEMPO (Fig. 5.6) and the distinctive peaks of oxygen in the CL spectra all
demonstrated that oxygen was generated in the CL reaction.

Methanol absorbed the hydroxyl radical that would have quenched the CL reaction
in Reaction 5.1 when it was introduced to the CL system. However, the quench
was not complete due to the presence of the SOs'~ radical. The combination of
HSOs~ with Co (II) produced the SOs'~ radical (Reactions 5.13, 5.14, and 5.15).
Meanwhile, in Reactions 5.12-5.15, the hydroxyl radical may be involved in the
formation of the SOs"~ radical, which aided in the development of peroxo-diacid.
HSOs57, like Co (II) in the CL reactions, was important in the training of the SO5"~
radical. HSOs~ oxidized Co** to produce SO4"~ radical and Co**, as indicated in
Reaction 5.11, since the oxidation potential of peroxomonosulfate (1.82 V) was
slightly greater than that of Co** (Ec,>*/co?* = 1.802 V) [8]. Co (I), as one of the
effective metal ion-catalysts [22], was simulated again through the interaction of
HSOs~ and Co** (Reaction 5.13). Dicarboxylic acids can be easily oxidized by the
SOs°~ radical to create peroxo-diacid (Reaction 5.16). The peroxo-diacid behaved
identically to formic acid (Reaction 5.9), i.e., it decomposed simultaneously into the
original dicarboxylic acid and singlet oxygen (Reaction 5.17). Then a singlet oxygen
molecule pair, (10,),”, was formed with a higher energy than the triple oxygen in its
ground state [23,24]. ('0,)," declined fast to O, inroughly 1 x 108 s, with transition
from an enthusiastic to a grounded energy state. The CL signal was created by the
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CL emission from the decay, which exhibited VIS emission bands of 545, 580, 634,
and 703 nm. (Reaction 5.18) [25].

As shown in the CL dynamic profiles (Fig. 5.3), the duration of CL strengthened
by increasing the length of the carbon chain. The improvement in CL, to a certain
extent, was strongly associated with the carbon numbers of the dicarboxylic acid.
As reported, the CL intensity of the HSOs-Co?*-dicarboxylic acid system was
determined by the decomposition rate of the dicarboxylic acid. On the other hand, the
rate of decomposition of dicarboxylic acid was accelerated by increasing the length of
the carbon chain [25]. Consequently, the intensity of the CL rose in lockstep with the
length of the carbon chain. Based on the preceding explanation, the CL mechanism
of the HSOs~—Co?*-dicarboxylic acid system may be summarized as illustrated
in Reactions (5.11-5.18): CL duration was increased by lengthening the carbon
chain, as seen by the CL dynamic profiles (Fig. 5.2). To a degree, the dicarboxylic
acid’s carbon numbers were substantially linked to the improvement in CL. The rate
of dicarboxylic acid breakdown determined the CL intensity of the HSOs~—Co**-
dicarboxylic acid system, as previously reported. Meanwhile, extending the carbon
chain length accelerated the decomposition of dicarboxylic acid [25]. As a result, as
the carbon chain length rose, the CL intensity increased as well. Figure 4 shows the
results. According to the explanation above, the CL mechanism of the HSO5~-Co**-
dicarboxylic acid system can be characterized as the following Reaction (5.11-5.18):

HSO; +Co** — SO, +Co’" +OH~ (5.11)
HSO; +Co*" — SO +Co** 4 -OH (5.12)
HSO; + Co’" — HSOs + Co*" (5.13)
HSO; +S0, — SO; +HSO; (5.14)
HSOS + - OH — SO +H,0 (5.15)

COOH __C(0)00H
(CH)n 4 450, + 2H,0 —=3|(CH,)n +4 HSO, (n=0,3,4,5)

COOH N C(0)OOH
(5.16)

C(O)OOH
_~Ll0) __COoH s
(CH)n — (CH,)n +'0, (n=0,345) :

C(O)OOH COOH
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'0, +10, — (10,); — 20, + hv (5.18)

5.3 Lanthanide Ions-Enhanced Peroxomonosulfate CL
by Energy Transfer

5.3.1 Batch and Flow-Injection Chemiluminescence
of Peroxomonosulfate

Even though they are luminous, lanthanide ions are easily bridged by nonradiative
processes when the energy difference between the lowest outgoing state and the
ground manifold is minimal. With energy differences of roughly 12150, 32000, and
14800 cm ™!, respectively, Eu(IIl), Gd(III), and Tb(III) are the best ions [26, 27]. In
the peroxymonosulfate (PMS) system, the dynamic profile of chemiluminescence
(CL) of typical lanthanide ions, Eu(IIl), Gd(III), and Tb(III), is illustrated in Fig. 5.7.
The kinetic curve indicated very sharp and powerful CL signals when the Ln (III)
solutions were added to the PMS solution. Unlike the former, even at high concentra-
tions, the Gd(III) signal was feeble. The BPCL photomultiplier detects wavelengths
between 400 and 650 nm. Tb(III) has the highest CL intensity because its structured
luminescence is virtually visible (highest energy band, 490 nm; highest intensity
band, 545 nm) [28, 29]. Gd(III) has a major emission band of around 310 nm that
derives from °P;, — 85,5, resulting in essentially little CL signal in the PMS system.
Because of its improved repeatability, the flow-injection chemiluminescence (FI-CL)
system was created based on the results of batch CL. Flow rates of 1.5 mL min~! for
carrier stream and 0.5 mL min ~! for 0.02 mol L~! peroxymonosulfate solution were

Fig. 5.7 Lanthanide ion 1600
chemiluminescence profiles —— PMS+10”mol L Gd
in a batch system. 50pL - 1 —— PMS+10”mol L Eu
Ln(III) solution was mixed g 1200 A PMS+10>mol L' Tb
into 0.02 mol-L~! PMS 3
solution of the same volume. 9/
In the figure, the Ln(III) é" 800 4
concentrations are listed. a
Copyright 2009, with 3
permission from Wiley [14] 8=
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O

0 ) T L T
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chosen as the FI-CL optimal conditions based on CL intensity for 5.0 mmol-L~!
Eu(III) or 1.0 mmol-L~! Tb(III).

5.3.2 CL Enhancement by Ligands and Surfactants

Although lanthanide ions generate very feeble luminescence, in complexes with
encapsulating ligands, a powerful luminescence of the ion may be achieved by
the "antenna effect," which is characterized as a light conversion process including
different absorbing (ligand) and emitting (metal ion) components [30-32]. The high
coordination number is caused by the ionic nature of the lanthanide-ligand interac-
tion, which is produced by the screening of 4f orbitals and the element’s compara-
tively large radius. Although lanthanide ions can only generate mild luminescence,
the "antenna effect" allows for intense luminescence of the ions in the complex of
lanthanide ions and encapsulating ligands. The antenna effect is a term that refers
to the process of light conversion that involves absorption, energy transmission,
and emission. This process entails some absorption (ligand) and emission (metal
ion) components. In complexes including both lanthanide ions and their enclosing
ligands, the "antenna effect," which is characterized as a light conversion process
comprising an absorption-energy transfer-emission sequence, may create a strong
luminescence of the ion [30-32].

Table 5.1 exhibited the influence of batch chemiluminescent ligands on the CL
intensity of lanthanide ions in the current system.

In the PMS system, almost all lanthanide coordinate complexes produced greater
CL signals than their ions in the selected aromatic and aliphatic ligands, and the
chemiluminescence of Ln(IIl)-2,6-pyridinedicarboxylic acid (DPA) complexes was
greatest. From Fig. 5.8, when the molar ratio of Ln(Ill) to DPA was 1:1, the CL
emission was at its highest. The stability of the compound produced with the ligand

Table 5.1 Effect of different ligands on the CL signals (count) in batch experiments (n = 2)

Ligand PMS + Eu-ligand® PMS + Tb-ligand
No ligand 16 £3 75£6
2,6-Pyridinedicarboxylic acid 114 £ 21 922 £+ 137
Phthalic acid 30+4 191 £ 31
Ethylenediamine 30£8 99 £ 16
Citric acid 42+6 112 £3
EDTA 41+7 224 £43

Copyright 2009, with permission from Wiley [14]

2The concentrations of PMS, Ln(III), and ligand were 0.01, 1.0 x 10, and 1.0 x 10~ mol-.L™!,
respectively, in the reaction mixtures. Fifty microliters of Ln(IlI)-ligand mixing solution were
injected into a volume of HSOs™ solution equal to that of the mixing solution
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Fig. 5.8 Various DPA to
Ln(IIT) ratios have different
effects on CL intensity in the
FI-CL system. PMS, Eu(IIl),
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and the hydration number of the lanthanide ion influenced the intensity of coordinated
lanthanide CL emission [33].

Surfactant molecules with hydrophobic tails and hydrophilic head groups tend
to dynamically interact in aqueous solution to produce micelles when the surfactant
concentration exceeds their critical concentration of micelles. Micelles have been
shown to alter the chemistry and photophysics of molecules by changing microvis-
cosity, local pH, polarity, reaction route or pace, and so on. [34, 35]. Micelle as a
reaction medium may boost the severity of CL in some CL systems because the local
microenvironment in micellar settings differs dramatically from that in homogeneous
environments [36].

Various surfactants were introduced to the reaction system, including cationic,
anionic, and non-ionic ones, to study how they affected the CL intensity. It was
necessary to prepare each concentration of surfactants at a level above the micelle
critical concentration. Only the CL signals of Ln(IIl) coordinate complexes were
effectively enhanced by CTAC micelles, while the CL signals of Ln(IIT) were not
enhanced, as shown in Table 5.2. A study was conducted to determine the effect of
CTAC concentration on relative CL intensity. The concentrations of CTAC used were
from 0.0008 to 0.005 mol-L~'. The CL intensity increased with increasing CTAC
concentration from 0.0008 to 0.003 mol-L~!, as seen in Fig. 5.9, but remained rather
steady at concentrations greater than 0.003 mol-L~".

The fluorescence lifetimes of lanthanide ions, their coordinate complexes, and
complexes in CTAC micelles were determined using a time-resolved fluorescence
spectrometer, as shown in Table 5.3. DPA and CTAC micelles enhance the fluores-
cence lifetimes of Ln(III) and their coordinate complexes, while also increasing the
luminescence intensity of Ln(III) and their coordinate complexes.

As demonstrated in Table 5.4, further surprising findings may be obtained by
evaluating the data in Tables 5.1, 5.4 and 5.3. The CL intensity ratio of Eu(IlI)-DPA
to Eu(IIl) in the PMS system is less than that of Tb, and the same is true for Ln(III)-
DPA to Ln(III), but in the PMS system CL intensity ratio of Eu(IlI)-DPA/CTAC
to Eu(IIl)-DPA is much greater than that of Tb, and Ln(IIT)-DPA/CTAC to Ln(III)-
DPA also have the same characteristics. The findings explain why the enhancement
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Table 5.2 In batch tests, the effect of various surfactants on CL signals (Count) (n = 2)
Surfactant® | Conc. (mol L=!) | PMS + Eu® | PMS + Eu-DPA | PMS + Tb | PMS + Tb-DPA
Without 0 14+4 68 +8 65 +2 406 £ 56

SDS 0.05 ND 30+3 ND ND

SDBS 0.005 ND ND ND ND

Tween 85 1% (vIv) 12+1 13+4 11+£5 63 +21

Triton X-100 | 1% (v/v) ND 11£3 ND 204+ 6

CTAC 0.005 15+4 1856 + 93 1942 2284 + 264
CTOH 0.005 1242 48 +2 17 +2 3447

Copyright 2009, with permission from Wiley [14]
4SDS, Sodium dodecyl sulfate; SDBS, Sodium dodecylbenzenesulfonate; CTAC, Hexade-
cyltrimethylammonium chloride; CTOH, Hexadecyltrimethylammonium hydroxide

bpMs, Ln(III), and DPA were used at concentrations of 0.01, 1.0 x 104, and 1.0 x 10# mol L™ !,
respectively. Injection of 50 WL of Ln(IIl)-ligand in surfactant solution into the same volume of

HSOs5 ™ solution was performed

Fig. 5.9 The FI-CL
system’s CL intensity is
affected by the
concentrations of CTAC. The
PMS concentration was
0.02 mol-L~!, and the
Ln(IIT) and DPA
concentrations were shown
in the figure. Copyright
2009, with permission from
Wiley [14]

Table 5.3 The fluorescence
lifetimes of lanthanide ions,
their coordinate complexes,
and the complexes in CTAC
micelles have been measured
in this study
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Concentration of CTAC (10’3 mol L’l)
Reagent TEy (MS) T (MS)
Ln(III) 0.093 0.219
Ln(IIT)-DPA 0.202 0.731
Ln(IIT)-DPA/CTAC 4.619 0.943

Copyright 2009, with permission from Wiley [14]

CTAC, Ln(III), and DPA were used at concentrations of 0.003, 5.0
x 107 and 5.0 x 107 mol-L ™!, respectively. Excitation wave-
length: 285 nm (Eu, * 300 nm), 270 nm (Tb); emission wavelength,
616 nm (Eu, * 614 nm), 490 nm (Tb); fit parameters: Fit = A +

Bexp(-t/1)
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Rucressence Hietmes ang c1, _CLintensity ato Eu T

enhancement CLLn-pPA/CLLn 7.125 12.29
TLn-DPA/TLn 2.172 3.338
CLLn-pPA/CTAC/CLLA-DPA 27.29 5.626
TLn-DPA/CTAC/ TLn-DPA 22.86 1.290

Copyright 2009, with permission from Wiley [14]

of DPA on Eu(Ill) CL is greater than that of Tb(III), whereas the enhancement of
CTAC micelles on Tb(IIT) coordinate complexes CL is more than that of Eu(IIT). The
fluorescence lifetimes of Ln(I1I) in the media are related to the degree of improvement
in DPA and CTAC on Ln(III) CL.

5.3.3 Chemiluminescence and Energy Transfer Mechanism

In a batch experiment, Table 5.5 demonstrates the effect of the 10, quenchers
1,4-diazabicyclo[2.2.2]octane (DABCO) and sodium azide (NaNj3) [24, 37] on the
CL signal. With increasing concentrations of DABCO and NaN3, PMS/Eu(IIl) and
PMS/Tb(I1I) signals were all decreased. When the concentration of (NaN3) exceeded
0.01 mol-L~!, the CL signal disappeared. The excited state of molecular oxygen was
called singlet oxygen and may be the cause of the CL seen in the system.

The spin-trapping approach using electron spin resonance added to the evidence
for the formation of 'O, in the system. According to Reaction 5.19, when 10, reacts
with 2,2,6,6-tetramethyl-4-piperidone (TEMP), 2,2,6,6-tetramethyl-4-piperidone-
N-oxide (TEMPO) is formed, which is a stable nitroxide radical with a distinctive
spectrum [38, 39].

Table 5.5 Effect of singlet oxygen quenchers on the CL signal (count) in batch experiments (n =
2)

Quencher Conc. ( mol-L~1) PMS? + 102 mol-L~! Eu PMS + 1073 mol-L~! Tb
Without 0 649 + 19 1538 + 73

DABCO 1074 514+ 15 1194 £ 213

DABCO 1073 440 + 87 830 + 55

DABCO 1072 M 193 £ 30 282+ 16

NaN; 1074 M 287 + 21 946 + 28

NaN; 1073 M 36+ 6 104 +9

NaNj 1072 M ND ND

Copyright 2009, with permission from Wiley [14]
2PMS has a content of 0.02 mol L~!. Each reagent contains 50 L
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[¢]
10,
>55< >f‘j< (5.19)
N N

TEMP

TEMPO

2,2,6,6-Tetramethyl-4-piperidone was dissolved in ethanol at acceptable concen-
trations because TEMP is soluble in alcohols, the lifespan of 10, is enhanced sixfold
when compared to H,O, and an interaction between -OH and TEMPO is reduced
[33, 40]. The TEMPO signals were detected in the PMS/Eu(IIl) and PMS/Tb(III)
systems by measuring the resulting hyperfine coupling constants, despite the fact
that no signal was detected in the TEMP background, as shown in Fig. 5.10. During
the PMS/Ln(IIT) CL procedure, the generation of 'O, also benefited from electron
spin resonance data.

Numerous studies have shown that a transition metal with a different valence (Eu
or Tb in our work) promoted activating the PMS through Reactions (5.20-5.22),
resulting in the generation of various radicals such as SOs~, SO, and -OH [22, 41,
42].

HSO; + M — MO+ 4 SO; + OH~ (5.20)
HSO; +M™ — MO+ 4 5042‘— + .0H (5.21)
—— TEMP
—— PMS/Ew/TEMP

PMS/Tb/TEMP

Intensity

—

3440 3460 3480 3500 3520 3540
Field(G)

Fig. 5.10 ESR spectra of TEMP adduct with 'O, produced in the PMS/Ln(Ill) system. PMS,
Ln(III), and TEMP concentrations were 0.005, 0.0025 and 0.05 mol-L~!. Experimental condition:
Microwave frequency of 9.764 GHz; microwave power of 5.048 mW; field modulation amplitude of
0.0001; field modulation frequency of 100 kHz; receiver gain of 40. Copyright 2009, with permission
from Wiley [14]
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HSO; +M™D* — SO + M"™" + H' +e” (5.22)

Following Reactions 5.14, 5.15, and 5.23 [17, 23], singlet oxygen will produce
higher energy than ground state triplet oxygen.

HSO; +SO; — SO; +HSO; (5.14)
HSO; + - OH — SO5 +H,0 (5.15)
2505 + H,0 — 2HSO; + 1.5'0, (5.23)

Researchers examined Ln(IIl) fluorescence spectra in different media with CL
spectra in peroxymonosulfate systems in order to compare emitting species and
better understand the mechanism throughout the CL process. Line-like emission
bands were maintained even if the FL intensity of Ln(III) changed in various media
because the outer 5525p6 filled subshells shielded 4f electrons from interactions, as
demonstrated in Fig. 5.11a, b. In the coordination complex between Eu(IlI)-DPA
and micelles system, Dy — ’F; of Eu(IlI) is responsible for the strong fluorescence
emission band of 595 nm, and °Dy — ’F, of Eu(IIl) is responsible for the strong
fluorescence emission band of 617 nm, respectively. Dy — "Fg (490 nm), ' Dy —
"F5 (545 nm), Dy — 'F4 (585 nm), and °D; — "F3 (623 nm) are displayed in
the visible spectrum and belong to Tb(III)-DPA and the coordinate complexes in
micelles emission, both correspond to the Tb(III) transition from the 5Dy state. The
most visible lines were discovered at wavelengths of 490 and 545 nm [43, 45].

Sharp filters were used to measure the chemiluminescence spectra of the current
system, as illustrated in Figs. 5.11b and 5.12b. In the PMS system, at about 620 nm,
the CL strong maximum spectra of the Eu(IIl), Eu(IIl)-DPA, and the coordination

250 4_a— PMS+10°M Eu B
—e— PMS+10”M Eu-DPA
200 4 PMS+CTAC-5x10"M Eu-DPA

1204 Ex ) A ——10°M Eu Em
——10°M Eu-DPA

100 ~ CTAC-5x10°M Eu-DPA

80 150 -

60 -
100 4

FL intensity

40 4
50 -

20 \ }\& y
0 ]r ‘/\Q‘ 0 4 e—nn-n—o ;{l/.

T T T T T T

Relative CL intensity (Count)

T
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Fig. 5.11 The FL (a) and CL (b) spectra of Eu(IIl) are compared in various media. On the fluo-
rescence equipment, the excitation and emission slits are 2.5 nm wide, and the scanning speed is
300 nm-min~". Eu(IIT) and DPA concentrations are presented in the figures, as are PMS and CTAC
concentrations of 0.02 and 0.003 mol-L~! (M), respectively. Copyright 2009, with permission from
Wiley [14]
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Fig. 5.12 The FL (a) and CL (b) spectra of Tb(III) in different mediums are compared. The Tb(III)
and DPA concentrations were listed in the figures. Copyright 2009, with permission from Wiley
[14]

complexes in micelles were seen, which corresponded to the conversion Dy — "F,
of Eu(IIl). Tb(III), Tb(IIT)-DPA, and the coordinate complexes in micelles in the PMS
system had CL strong maximum spectra at ~490 nm and ~550 nm, which could be
due to°Dy — "Fg and ’D4 — "Fs transition of Tb(III).In the fluorescence and chemi-
luminescence emission processes, the above tests indicated that lanthanide trivalent
ions were the only luminescence emitters. Lanthanide trivalent ions were excited
to the 5D state by absorption of energy from singlet oxygen in the PMS/Ln(III) CL
system, and then produced characteristic emission by returning the ground manifold,
as described in Reactions (5.24 and 5.25) [36, 46]:

10, + F)Ln(11l) — (°D)Ln(Ill) + O, (5.24)

(D)Ln(1) — ("F)Ln(IIl) + hvp, (5.25)

However, as compared to the low CL intensity, the aforesaid energy transfer was
relatively inefficient. Ligands may receive energy from singlet oxygen through the
antenna effect and excite the Ln(III) through intramolecular energy transfer in the
coordinate complexes, resulting in a significant increase in CL, as seen in following
Reactions (5.26-5.29):

'0, + "F)Ln(Il))-DPA — ("F)Ln(III)-DPA* 4+ O, (5.26)
('F)Ln(1l1)-DPA* — (°D)Ln(I1l)-DPA (5.27)
(D)Ln(II)-DPA — ("F)Ln(Il1)-DPA + hvy, (5.28)

(D)Ln(II)-DPA + quencher — (’F)Ln(III)-DPA (5.29)
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CTAC micelles have a beneficial effect on the fluorescence lifetimes of Ln(III)
and their coordinate complexes in the PMS/Ln(IIT)-DPA/CTAC CL system, which
improves the CL intensity of Ln(III) and their coordinate complexes. Through the
report, it can be speculated that the reason why micelles can increase the CL strength
in the system is that it can increase the efficiency of intermolecular energy transfer
[46], eliminate the quenching effect of water [ 14], and increase the lifetime of singlet
oxygen (approximately water Ten times) [40, 47].

5.4 Conclusions

The research on CL mechanism of KHSOs system is very valuable. Aliphatic dicar-
boxylic acids are beneficial to enhance the CL signal in the KHSO5-CoSOy, system,
such as oxalic acid, malonic acid, succinic acid, glutaric acid, adipic acid, and pimelic
acid. The production of peroxo-diacid may help increase the CL phenomenon of
dicarboxylic acid. Dicarboxylic acid was previously in an unstable excited state
and eventually decomposed into dicarboxylic acid and singlet oxygen. In addition,
according to the evaluation of the decomposition rate, the strength of CL increases
with the increase of the carbon chain length, and the two show a stable positive
correlation. When the dimer ('0,)," produced by singlet oxygen decays into triplet
oxygen (a ground state substance), the CL emission is recorded. in this process.
It was found that methanol can scavenge hydroxyl radicals in the KHSOs-CoSQO4
system, thereby effectively limiting CL emissions. In the study to explore the CL
phenomenon of Ln(III) and the enhancement of DPA and CTAC micelles, batch and
flow-injection CL methods were used, and it was found that the fluorescence lifetime
of Ln(III) in different media affects its enhancement degree. The CL phenomenon
found in the system may be due to the comparison of fluorescence and CL spectra,
which led to the production of singlet oxygen and the energy transfer process.
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Chapter 6 ®)
Ultra-Weak Chemiluminescence oo
from Reaction of Sulfite and Hydrogen
Peroxide

Hui Chen and Jin-Ming Lin

Abstract The chemiluminescence (CL) response combining hydrogen peroxide
(H>0,) as well as sodium bisulfite (NaHSO3) was investigated. In this CL system, The
significant facilitators were the hydroxyl radical (-OH) and the sulfite radical (-SO3 ™).
The inhibitory efficiency effects of radical scavengers such as thiourea, chloride ion,
nitro blue formazan chloride (NBT), and 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
have indeed been validated. Single oxygen ('O,) and agitated sulfur dioxide (SO, *)
emitted species associated with the NaHSO3;—H,0, CL system. Alcoholic solvent,
particularly n-butanol, has increased ultra-weak CL emission over 40 times. The
strong stimulating effect of alcohol solvent is due to the establishment of solvent
tank in the system, which can speed up the reaction on the one hand and protect
the classification of quenching with water on the other hand. The discharge of ultra-
low CL was also increased 70 times by 10 pmol benzo[a]pyrene-7, 10-quinone (7,
10-BaPQ). Radical collectors and the electron spin resonance (ESR) profile were
being used to evaluate the NaHSO3-7, 10-BaPQ-H,0; system intermediates. In the
NaHSOs3-7, 10-BaPQ-H,0, system, hydroxyl radicals (-OH), superoxide anionic
radicals (-O,7), as well as sulfite radicals (-SO37) were synthesized. On the basis
of this mechanism, a highly sensitive manner for deciding 7, 10-BaPQ was first
proposed. Carbon nanodots were upgraded in this ultra-low CL reaction of hydrogen
peroxide and sodium thiosulfate, and the mechanism was better understood in detail.
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6.1 Introduction

The oxidation of sulfite (SO3%~) has been investigated for more than 50 years [1-4].
Hydrogen peroxide (H,0,) is a powerful oxidant capable of converting SO3>~ to
lead to SO42. Sulfite oxidation, according to Hoffman, occurs due to its rapid nucle-
ophilic shift of HSO3~ by H,0,, at which time peroxomonosulfurous acid was likely
framed in 1975. Peroxomonosulfurous acid goes through a speed rearrangement to
produce S04% ion [5, 6]. In particular, Halperin et al. revealed S0;%~ oxidation
with H,O, through the use of the peroxomonosulfurous acid intermediates. They
studied the marked H,O, response and concluded each H,O, particle transfers two
oxygen atoms to the S052% ion [7, 8] On the contrary, The radical oxidation of S052-
by H,0, was predicted by multiple organizations. In the SO32~—H,0, reaction,
radical sulfite (-SO3%7) and radical hydroxyl (-OH) were cultivated. Electronic spin
resonance (ESR) spectra identified the radicals -SO3; ~ and -OH. The mechanism of
S052~ oxidized by H,O; is unknown at this point.

In 1975, Stauff and colleagues observed an ultra-low CL emission while 8032‘
was oxidized with H,O,. And then, multiple types of CL systems gathered from
S0O;% oxidation have been corroborated [13—16]. They maintained that oxidation
of SO3%~ yielded the -SO3 ~ radical, which was then dimerized to actually produce
the S,04>~ ion in most situations. The emitter was stimulated sulfur dioxide (SO,*),
which was framed by the breakdown of the S,0¢>~ ion. CL emissions derived from
oxidation of SO32~ were very low-lying as a consequence of the low-lying quantum
efficiency of SO, * emissions. SO, * emission wavelength measurement is extremely
difficult.

Surfactant nanoemulsions have always been implemented to enhance the CL emis-
sion [19—21]. Emitting species and radicals may be sheltered by micelles surfac-
tants. But besides that, reactantions were captivated to the surface of microemulsions,
contributing to increased reactant concentrations on the surface. The CL intensity
remains constant as the concentrations of reactants climb, which is really just another
strong motivation to strengthen CL strength. While compared to pure water, a number
of reagents were more soluble in microcapsules [22].

In our research [23], we successfully identified that singlet oxygen ('O,) was
cultivated and during oxidation of SO3 - by H,O,. Two distinct 10, scavengers can
emit 'O, over more than a number of years (DABCO and NaN3). Apart from that,
0, has also been tracked down by ESR spectrum. S032~—H,O0, reacted radically,
as evidenced by the increasing ascorbic acid refrain. The reaction of SO32~—H,0,
yielded radicals like as -OH, -SO3;~, and -O, ~. To encourage the creation of radicals,
various forms of extreme criticism have been employed. The CL emission derived
from SO32~—H,0, was very feeble. We keep under observation that the emission
of ultra-low CL was increased by 40-fold by n-butanol. An alcoholic solvent with
a carbon number of 1-5 has been compared. CL intensity was found to increase
as carbon numbers increased. The reinforcement effect may be the same as that
of surfacing micelles. In pure water, n-butanol can develop surfactant micelles that
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resemble solvent cages, which protect radicals while also releasing species in the CL
reaction.

For the first time, the ultra-weak CL reaction process on the influence of carbon
nanotubes was evaluated by applying hydrogen peroxide and sodium bisulfite. The
intensity of H,O,—HSO3;— CL emissions were found to be significantly improved by
carbon nanodots. The CL intensity was multiplied by about 60. Positively charged
carbon nanodots (CD**) and negatively charged carbon nanodots (CD*~) are anni-
hilated by electron transfer, resulting in delighted state carbon nanodots (CD*).
To investigate intermediates, circumferential scavengers such as nitro blue tetra-
zolium chloride (NBT), sodium azide, thiourea, 5,5-dimethyl-1-pyrroline N-oxide,
and ascorbic acid had been used. The inter-median radicals produced at the same
time as the CL reaction. For the production of CD** and CD" ~, radicals such as
hydroxide (-OH), sulfate anionic radical (SO4 ™), superoxide anionic radical (-0?),
and sulfur trioxide anionic radical (-SO3;~) were noteworthy. The results of the CL
emission spectra, absorption spectra, and electron spin resonance (ESR) spectra were
being used to estimate the mechanism for continued to improve CL.

Polycyclic aromatic hydrocarbon (PAH) is a major series of environmentally
harmful organic compounds, which are formed by the burning of fossil fuels, industry
waste, automobile exhausts, and tobacco smoke [24—27]. The downfall PAH degrada-
tion yields hydroxylated PAHs, nito-PAHs, and PAH quinones, among several other
chemical pollutants [28-31]. PAH quinones are a category of hazardous compounds
that yields reactive oxygen species (ROS) whenever they move forwards through
their redox period in the female body [32-34]. Adverse health effects such as aging,
cancer, and inflammation have all been linked to ROS production [35, 36]. Apart
from that, PAHS quinones can form covalent enzyme complexes with proteins with
the enzyme’s functional groups, attempting to destroy the enzyme’s activity [37, 38].
Therefore, a conscious and reliable approach for the assurance of quinone PAHs in
the environment is required. Four- and five-cycle PAH quinones just are not measur-
able while also LC-MS/MS. PAH and subsequent behind were mainly evaluated
using HPLC with brightness. Sad to say, PAH quinones have no shadow properties.
Thus, derivatization is demanded for HPLC-fluorescence determination. Chemilu-
minescence is an authoritative method by reason of excitation light is not neces-
sary in relation to fluorescence. Low baseline signal of chemiluminescence results in
higher awareness. To complete PAH compounds with high acuity and understanding,
HPLC with peroxyoxalate or luminol CL system with online post-column ultraviolet
irradiation was being used [39]. But exacting conditions make the approaches not
appear to be pertinent for environmental fragments. In our work [40], this NaHSO3;—
H,0O, CL system had been used to strengthen an ultra-sensitive CL. methodology
to investigate 7, 10-BaPQ. Although 7, 10-BaPQ showed no brilliance discharge, a
strong CL emission was realized when H,O, was infused into NaHSO3-7, 10-BaPQ
mixture solutions. 7, 10-BaPQ can be disclosed with no bypass or reduction of this
approach. The proposed method is straightforward and saves time in comparison to
other reports. The level of 7, 10-BaPQ concentrations was more easily spotted. For
only the first time, the prospective method has been successfully applied to recognize
the concentrations of 7, 10-BaPQ in atmospheric pollutants.
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6.2 Chemiluminescent Study of Sulfite-Hydrogen Peroxide
System

NaHSO; was oxidized by H,O, through peroxomonosulfurous acid intermediate,
which then broke down to produce -OH and -SO;~ radicals. 'O, was also spouting
species besides SO,". The CL emission took away NaHSO3—H,0, reaction can be
greatly increased by alcoholic solvent (exclusively n-butanol) enormously. When n-
butanol was arranged in 50% methanol or 50% ethanol, the stimulant force was no
longer present. The fact determined the construction of solvent cage in pure water,
which can protect the spouting species taken away from quenching by water.

6.2.1 Kinetic of Sulfite-Hydrogen Peroxide System

In a3 mL quartz glass cuvette, the CL kinetics contour was required using that UPLC
ultra-weak chemiluminescence analyzer (Institute of Biophysics, Chinese Academy
of Science, Beijing, China) (Fig. 6.1a). The great voltage was 1.2 kV. On a PC that has
a data-acquisition interface, the item was listed. The BPCL program would be used
for data collection and processing. The CL emission spectrum has been estimated in
the same apparatus with the addition of some cut-off filters before PMT.

We utilized a high-performance liquid system with three pressure transducers,
model LF-800 (SJ-1221, Atto, Japan). Flow-injection CL signal quantification
(Microtec NITI-On, Funabashi, Japan). A model LF-800 flow-injection system
(Microtec NITI-On, Funabashi, Japan) with three mixed convection pumps is being
used to measure the CL signal of flow injection (SJ-1221, Atto, Japan). Three flow
pipelines constitute the flow-injection CL system (Fig. 6.1b). Water was taken as an
aid for H,O,. Organic solvent solutions were blended with H,O, in the mixing coil.
The carrier (water) of H,O,, organic solvent, and NaHSO3 were aroused into the flow
cell before PMT. A six-valve injector had been used to convey the H,O,. The LF-800
analyzer was being used to retrieve the CL flag. As a function of CL strength, the

Fig. 6.1 BPCL and flow-injection CL instrument schematic. Copyright 2012 American Chemical
Society, reprinted with permission from Ref. [23]
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Fig. 6.2 Chemiluminescence emission is recorded. HyO; solution was injected into NaHSO3 solu-
tion (a) and NaHSO3-n-butanol (0.08 basis points in water) combined solution (b). 0.1 mol L-!
NaHS0s3; 0.5 mol L~! HyO,; 100 pl input volume. Copyright 2012 American Chemical Society,
reprinted with permission from Ref. [23]

maximum height of the signal level was measured. The CL system’s kinetic bend is
crucial for understanding the responses. Figure 6.2a illustrates a typical CL response
bend (CL intensity versus time profile) of the NaHSO3;—H;,0, system. An ultra-weak
CL emission, which got its largest value in 0.1 s, was recognized when H,O, was
infused into NaHSOj3 solution. The ultra-weak CL emission could be increased by
adding alcoholic solvent with the carbon number taken away from two to five. Associ-
ating order of CL reagents played a significant role in CL emission. Therefore, various
mixing orders of NaHSOs3, H, O, and alcoholic solvent were surveyed. When alco-
holic solvent reacting with only NaHSO3 or H,O,, no CL emission was recognized.
Furthermore, during the injection of n-butanol into the NaHSO3-H, 0O, mixture, no
CL indicator was listed. The reaction rate of NaHSO3;-H;,0O; was increased through
the enhancement of alcoholic solvent.

6.2.2 Possible Mechanism for Sulfite-Hydrogen Peroxide
System

In order to investigate the detail of the CL reality, the intermediates in the system were
identified by different free radical scavengers. The outcomes were presented in Table
6.1. Ascorbic acid is an economical reactive oxygen species (ROS) scavenger [41,
42]. When ascorbic acid is present, the CL emission drops dramatically, indicating
that the CL reaction has taken a radical turn. The availability of superoxide anion
(ROS) such as the -OH and ‘O, ions have been maintained in the system. The
radicals -SO3;~ and -OH was employed in the first stage of the process. The restriction
forces of DMPO would be used to prove the generation of -SO3;~ and -OH [43, 44].
Thiourea is a unique ingredient scavenger with -OH radicals [45]. A strong inhibitory
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Table 6.1 The NaHSO3-H;0, system® was affected by free radical scavenging

Radical scavengers Intermediates Concentration (mol L~1) Inhibition ratio (%)b
Without scavenger - - 0

Ascorbic acid ‘OH,-O,~ 0.01 100

DMPO -SO3~,-OH 0.05 (v/v) 50

Thiourea -OH 0.01 100

Br~ -OH 0.01 50

CI™ -OH 0.01 35

NBT ‘0~ 0.01 90

NaNj; 10, 0.01 50

DABCO 10, 0.05 30

Reprinted with permission from Ref. [23], Copyright 2012 American Chemical Society
aConcentrations of NaHSO3 and H,O, were 0.2 and 0.5 mol L1, injection volume was 100 pL,
radical scavengers were 50 pL; 7, 10-BaPQ was 10 pmol

b Average value of three times

force of thiourea designated the survival of radical -OH. Inhibition of Br~ and C1~
further proved the formation of -OH radicals.

NBT was regarded as -O,~ radical scavengers [46, 47]. The addition of NBT
inhibited CL release (90%), confirming that -O,~ plays an important role in CL
release process.

Within the inorganic CL system, 'O, was a common emission species. So that
the creation of '0,, NaNj3 and DABCO, which can scavenge 10, skillfully, were
occupied [48, 49]. The findings appeared to demonstrate that ' O, survived.

The ESR spectrum was a conscious approach to diagnose radicals. Due to the
short lifetime of free radicals, the spin capture technique is a fundamental approach
to determine free radicals. In this research in the course of this research, DMPO
and TEMP were accustomed to trap -OH and 'O, [50-52]. The spectra apparently
displayed the existence of -OH and 'O, (Fig. 6.3).

In the system, CL emissions of NaHSOj3-n-butanol-H, O, have been estimated to
diagnose emission species. The superlative wavelength was placed around 490 nm,
which belonged to the 10, [53]. The largest summit, 400 nm to 600 nm, was at SO, *
(Fig. 6.4).

Based on the CL emission spectrum, the radical collector experimental conse-
quences, and the ESR spectra, the CL mechanism of the reaction system was
proposed. In the NaHSO3;-H,0, reaction system, the manufacturing of the -OH
radical was an essential part. (Reaction 6.1). It could be evidenced via the extinction
influence of thiourea, CL", and Br". Furthermore, -OH radical has also been identified
by ESR spin-trapping technique (Fig. 6.3A).

O
H202 + HSO:;_ = >S _O‘E_OH—P ‘OH + .803- (61)
O 1
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Fig. 6.3 Singlet oxygen and hydroxyl radical ESR spectra. (a) -OH radical ESR spectrum in
HSOs3 ™ -n-butanol-H,O, solution. 10, ESR spectrum in HSO3 ™ -n-butanol-H,O; solution (b).
TEMP was employed directly without dilution in DMPO 0.2 mol-L~! conditions. The H,O, and
NaHSO3 concentrations were the same as in Fig. 6.2. a 30 pL NaHSO3 + 30 wL DMPO + 30 pL
n-butanol + 30 wL H,O2 b 50 pLL NaHSO3 + 50 pL n-butanol + 3w L TEMP + 50 wL H20,.
Copyright 2012 American Chemical Society, reprinted with permission from Ref. [23]

600

500

1/
o /‘/
| \

CL intensity

200 ~

100
'\_/.\

04 .

¥ T ¥ T ' T ¥ T v T
400 450 500 550 600 650
Wavelength (nm)

Fig. 6.4 Emission wavelength of NaHSOj3-n-butanol-H,O, CL system. The concentrations of
H;0O7 and NaHSO3 were similar to volumes of NaHSO3, n-butanol, and HoO> 100 wL correspond-
ingly, n-butanol was 0.08% (v/v). The NaHSO3-n-butanol-H> O, CL system’s emission wavelength.
H;0O» and NaHSO3 concentrations were comparable to those that can be seen in Fig. 6.2. Volumes
of NaHS O3, n-butanol, and H, O, were both 100 L, without n-butanol accounting for 0.08% (v/v).
Copyright 2012 American Chemical Society, reprinted with permission from Ref. [23]

The -OH radical, which is a strong oxidant, interacted with HSO;™ to produce
-SO3" radical is forming at a rapid rate (Reaction 6.2) [54, 55].
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.OH + HSO; — -SO; + H,0

(6.2)
k=45x10°M's™!

The -SO;~ radical can dimerize to S;042~, which can then decompose to SO, *.
With the degradation of SO,*, the CL emission was noticed (Reactions 6.3-6.5).
The CL quantum yield was bottom; accordingly, the CL emission was extremely
powerless.

805 +-S0; — $,0% + H,0 (6.3)
$,0% — S0 4 SO} (6.4)
SO% — SO, + hv (6.5)

Dissolved oxygen is a crucial factor that can cause CL emission to be disrupted.
For thirty minutes, ultra-pure nitrogen (N,) was pumped into the CL system to
completely remove the dissolved oxygen in the CL solution. After 30 min of N, gas,
CL emissions increased by 30%. (Fig. 6.5). This gradual impact is demonstrated in
the following reaction. The peroxymonosulfate radical(—O3;SOO-) was formed when
the -SO; ™~ radical interacted quickly with dissolved oxygen (Reaction 6.6) [56, 57].

.SO; + 0, — -SO;

6.6
k=15x10°M"'s! 66)

Peroxymonosulfate radical is a powerful oxidant, which can oxidize HSO3~ to
generate -SO,~ (Reaction 6.7). Dithionate ion was assembled by the dimerization of

Fig. 6.5 CL emission before 4.0
and after N gas for 30 min. N, gas
a N; gas 30 min. b Without 3.54
N gas
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-SO4" radical (Reaction 6.8).

.SO5 + HSO; — -SO; + HSO;

6.7
k=13x107M's! (©7)

SO, +-S0; — S$,03” (6.8)

With the occurrence of the Reactions 6.6, 6.7, and 6.8, the concentrations of -SO3~
radical shortened, resulting in an inhibiting impact on CL emission from SO, *.

In the CL system, 'O, is likewise a spouting species. The inhibitory action of
DABCO, NaN3, and the ESR spectrum have all confirmed the presence. The reactions
that result in the production of 'O, are as follows (Reactions 6.9-6.11) [58, 59].

-SO5 + H,0, — HSO; + HO; (6.9)
HO; + OH — H,0 +'0,
o 1 (6.10)
k=7.1x100M"s™
10, 1 0y + hv (6.11)

6.2.3 Alcoholic Solvent Enhances the Effect
of NaHSO3—H;»0; on the NaHSO3—H,0; System

NaHSO3;-H;0, CL emissions were especially depressed owing to the bottom
quantum performance of 10, and SO,". Nonetheless, when n-butanol was added,
CL strength increased nearly 60 times. Alcohols with diverse carbon atoms were
added into CL system and their effects were compared. The consequences were
exhibited in Table 6.2.

In terms of CL emission, alcohols with a carbon number of 2-5 have obvious
advancement effect on CL emission. The rise of carbon number makes CL strength
become higher and higher. In the case of the same number of carbons, alcohols with
carbon branches reduce CL strength than alcohols without carbon branches (Table
6.2). To explain this interesting phenomenon, kinetic bulge of the CL system with
extension of different alcoholic solvents were identified. The consequences were
appearance in Fig. 6.6.

From the kinetic curves (Figs. 6.2 and 6.6), It is conspicuous that the addition
of alcohols makes the reaction in CL system faster, which brings as a result to
the growth of CL intensity. In an aqueous solution, the alcoholic solvent can form
solvent chambers similar to surfactant micelles. Many scholars at home and abroad
have reported why surfactant micelles can boost CL intensity. Many publications
have hypothesized that the surfactant micelle can boost CL intensity for a range
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Table 6.2 I,)l fferent organic Organic V (%)* Carbon number | CL intensity
compounds’ influences on CL b
. compound (mV)

emission
None 32
Methanol 20 1 33
Ethanol 0.04 2 35
n-Propanol 0.04 3 16
iso-Propanol | 0.04 3 4.0
n-Butanol 0.08 4 125
iso-Butanol 0.4 4 100
tert-Butanol 20 4 21
Pentanol 0.08 5 80

Copyright 2012 American Chemical Society, reprinted with
permission from Ref. [23]

2Alcoholic solvent volume was selected at the ratio in which the
CL emission was increased most

b Average value of three times
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Fig. 6.6 CL kinetics curve with extension of distinct alcoholic solvents (0.06% in water). Reprinted
with permission from Ref. [23], Copyright 2012 American Chemical Society

of factors. For the following reasons, first of all, solubilizing surfactant micelles
is a predominant component for the improvement influence. Compared with pure
water, some organic CL reagents are more easily soluble in surfactant micelles. After
that, the surfactant’s electrostatic interaction lured counter-ions to the microspheres
surface, contributing to increased CL reagent concentrations. The increase in CL
reagent concentration is due to the electrostatic effect, which can attract counter-ions
to the surface of micelles, resulting in this phenomenon. The surfactant micelles
cage guards free radical intermediates and emitting species from water quenching.
For an alcoholic solvent, the third reason is no longer feasible. The intermediates,
10,, and SO,"can be maintained by the solvent cage, caused by an increase in CL
intensity. The intermediate, ' O, and SO, " can be surrounded by the gradually formed
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solvent cage, so the strength of CL increases under the protection of the solvent cage.
This plunge can be proven by measuring the strengthening force of n-butanol in the
pure water solution with 50% methanol/water or 50% ethanol/water mixing solution.
In pure water, n-butanol improved CL intensity by 60 times, but no augmentation
effect was observed when n-butanol was dissolved with 50% methanol/water or
ethanol/water (Fig. 6.7). This is because n-butanol does not form a solvent cage
in 50% methanol/water or 50% ethanol/water, while in solution, because of the
hydrophobicity of n-butanol, a solvent cage is formed in pure water.

6.3 Determination of 1-Hydroxypyrene Particulates
in the Air Combined with Tremendous -Performance
Liquid Chromatography

7, 10-BaPQ (10 pmol) improves the emission of ultra-low LC for 70 times that
originate from the NaHSO3;-H,0; system. The intermediates of this system are
proved by radical scavengers and ESR spectrum. A forceful CL signal at 440 nm
confirms the formation of semiquinone, which is formed by the reaction of -O,~
radical reacted with 7, 10-BaPQ. A high-sensitivity CL approach has been entrenched
on the basis of this operation. 7, 10-BaPQ particulates in the air were determined
and confirmed with the results of HPLC-APCI/MS and HPLC-UV.

6.3.1 CL Phenomenon

The intensity of the chemiluminescence relative to the temporal patterns is important
for studying the details of the reaction mechanism. Figure 6.8a illustrates the kinetic
bend of the NaHSO3;-H;0, CL reaction. NaHSOj3 reacts rapidly with H,O,. When
H,0, was introduced into NaHS O3, there was an ultra-weak CL emission that lasted
less than 2 s. When H,O; is injected into NaHSO3, ultra-short CL emission occurs
(Fig. 6.8a). The CL intensity of NaHSO3—-H, 0, was expanded 70 times after attach-
ment of 10 pmol 7, 10-BaPQ (Fig. 6.8b). On the other hand, the contour of kinetics
bend of NaHSO3—-H, 0, was not altered by adding 7, 10-BaPQ. No CL emission was
detected when 7, 10-BaPQ reacted with only NaHSO3 or H,O,. Furthermore, no
signal was listed when 7, 10-BaPQ was added into the mixture of NaHSO3-H,O05.
Oxidation of sulfite has been investigated by many researchers. Through research,
Hoffman came to the conclusion that sulfite oxidation occurs through the rapid nucle-
ophilic replacement of HSO;~ by H,O;, [5, 6]. In this trial, intermediate peroxomono-
sulfuric acid was accomplished. Radical mechanism has also been reported by Shi,
who has detected the -OH radical and -SO;~ radical generated in the reaction of and
NaHSO; by ESR spin-trapping method [11]. Recently, Xue reported oxidation of
HSO;- with H,O, to give peroxomonosulphurous acid, which broke down to give
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Fig. 6.8 The CL intensity and time distribution of the reaction of a NaHSO3-H;0O and b NaHSO3-
7, 10-BaPQ-H;0,, NaHSO3, 0.1 mol L1 H;0,, 0.15 mol L~!; dose volume was 100 wL.
Copyright 2012 American Chemical Society, reprinted with permission from Ref. [40]

-OH and -SO;~. In this research, different radical scavengers were applied to study
the mechanism of NaHSO3-7, 10-BaPQ-H,0; system. The mechanism of NaHSO;-
7, 10-BaPQ-H, 0, system was researched by using different free radical scavengers.
The outcome was exhibited in Table 6.3.

Ascorbic acid is an effective active oxygen-free radical (-OH, O, ™) scavenger
[42]. The CL intensity dropped to zero with the extension of ascorbic acid. It was
reported that OH radical was produced during the radical reaction between NaHSOj3
and H, O, [58]. Thiourea has been ordinarily used as -OH radical collectors. The inhi-
bition of chloride ion strength by thiourea confirmed the formation of hydroxyl radi-
cals. Besides, electron spin resonance (ESR) spectra further confirmed the existence
of OH radicals.

The inhibition effect of DMPO on -SO;~ radical confirmed the production of
-SO;" radical in the reaction system (Reaction 6.12) [60].

DMPO + -SO; — DMPO/ - SO5 (6.12)

Table 6.3 Radical scavengers’ effect on the NaHSO3-7, 10-BaPQ-H,0, system?

Radical scavengers

Concentration (mol L~1)

CL intensityb of NaHSO3-H,0;-7, 10-BaPQ

Blank

10,000

ascorbic acid 0.01 30
thiourea 0.01 800
NBT 0.01 15
DMPO 0.05% (vIv) 6500

Copyright 2012 American Chemical Society, reprinted with permission from Ref. [40]

aConcentrations of NaHSO3 and H,0, were 0.2 and 0.5 mol L™ !, injection rate was 100 L, radical
scavengers were 50 pL; 7, 10-BaPQ was 10 pmol
b Average value of three times
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-SO3~ radical stacked with excess H>O, to give HO,-—. NBT is -O,~ radical
scavenger (Reaction 6.13) [46, 47]. When NBT was added to NaHSO3-7, 10-BAPQ-
H,0,;, the CL strength depreciated to zero. Consequently, we can conclude -O,~
radical was generated in this system, which played a crucial role in CL emission.

NBT*" 4.0, — -NBT" + 0, (6.13)

6.3.2 CL Mechanism

Based on the study of intermediates in this system, mechanism of this CL system
can be speculated as the following reactions and graphically the technique of the
CL system can be inferred by using the following reaction operation and diagram
demonstrated in Scheme 6.1.

First of all, HSO3™ replyed with H,O, by nucleophilic displacement to found
an intermediate acid peroxomonosulphous, which shooked-up to generated -OH and
-SO5~ radical. -‘OH radical as a forceful oxidant counter with HSO3 ™ to deliver-SO3 ™~
radical at a speedy rate. -SO;~ radical was oxidized by H,O, to deliver -O,~ radical,
which is an essential radical in the CL system. Besides, a few groups have recorded
the oxidation of quinone to semiquinone by -O,~ radical (Reaction 6.14) [61-64].
The release of CL was recorded with the disintegration of excited semiquinone [65—
67]. After reaction with NaHSO3-H,0; system, more than 80% of 7, 10-BaPQ goes
back to its initial structure. Following the reaction, two weak peaks developed in the
chromatogram, in the NaHSO3-H, 0, system, which can be bred by the reaction of
semiquinone with other radicals or ions. Several PAH quinones (1, 4-benzoquinone,
1, 4-naphthoquinone, 1, 4-anthraquinone, 1, 4-chrysenequinone), whose structures
are the same as 7, 10-BaPQ, which were also appended into the NaHSO3;-H,0,
system. The increase in benzene cycling resulted in an increase in CL intensity. On
the other hand, the CL intensity of these PAH quinones were yet extremely devalued
than 7, 10-BaPQ.

HS0y

'S0y’ 2 .
OH T- B0y — 50,5 —= S50y + hv

HS0y
3 _0\ : H,0
+ —= 5—0-i—OH—= 0
0/ i
H,0, - . i
4] o
Hy0

Hy0,
S0y i

HS0y

Scheme 6.1 NaHSOs3-7, 10-BaPQ-H,0, CL system mechanism
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In addition, the NaHSO3;-H,0O; due to the dynamic one generation of excited
sulfur dioxide (SO,"). -SO;~ radical dimerized to deliver S,0¢%~ ion. SO," was
formed by the dissipation of S,0¢>~ ion [14, 68].

The spectrum of CL emissions has played a crucial role in the identification of
emitter species in the CL system. Therefore, CL emission spectra of NaHSO3;—-H, 0O,
were measured by a cut-off filter (400-640 nm). A single climax with a maximum of
around 440 nm arose in the spectrum of NaHSO3-7, 10-BaPQ-H, O, system (Fig. 6.9)
that may belong to the passionate semiquinone.

6.3.3 10-BaPQ in Airborne Particulates Determination

The CL system has been developed as an ultra-sensible post-column detection system
for the judgment of 7,10-BaPQ in airborne particles. The NaHSO;—7, 10-BaPQ-
H,0, CL systems are enormously affected by organic dissolution. Then various
comparisons were made between methanol and acetonitrile. It was discovered that
a basic separation of 7,10-BaPQ of the intervention compounds and the highest
height is achieved when 80% (v/v) methanol/water is used. Figure 6.10a illustrates a
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Table 6.4 Precision of the method for determining 7, 10-BaPQ in airborne particulates and 7,
10-BaPQ recovery in airborne particulates

Intra-day (n = 3) Inter-day (n = 3)

Added (pmol) 0 15.0 50.0 0 15.0 50.0
Found (pmol) 3.90 19.3 537 3.90 18.5 54.1
Recovery (%)* - 102.7 99.6 - 97.3 100.4
RSD (%) 7.80 4.80 4.80 5.70 1.60 1.00

Copyright 2012 American Chemical Society, reprinted with permission from Ref. [40]
2Expressed as (found amount—non-spiked amount)/added amount

typical chromatogram of standard 7,10-BaPQ in optimum circumstances. The conse-
quence displays that under optimal conditions, Fig. 6.10a demonstration the typical
chromatogram of standard 7,10-BAPQ.

The prospective approach was assessed from a diameter, sensitivity, and rigor
perspective. Calibration curves were acknowledged by ensuring a dose between
50 fmol and 20 pmol per injection with a standard 7, 10-bapq solution. A highly
linear relation between maximum crest and concentrations was earned (12 cali-
bration points; Ry = 0.9995). The slope and intercept of the calibration curve;s
regression equation were 1.22 x 10'2 and -463, respectively. The detection limit of
7,10-BaPQ was 30 fmol per injection (S/N = 3) [69]. What is more, the suggested
HPLC-CL method for differentiating 7,10-BaPQ was 2 orders of magnitude supe-
rior to the LC-MS-MS method and 3 orders of magnitude superior to the HPLC-UV
method. (Fig. 6.10b, c). The precision and precision of the recommended approach
for the determination of 7,10-BaPQ was researched by rising airborne particles to
two different levels of 7,10 BaPQ standard solutions. The outcome are demonstrated
in Table 6.4.

BaP is a major pollutant that is ubiquitous in the atmosphere, the sea, rivers, and
the ground. In environment, BaP was decomposed by solar irradiation, bacteria, and
chemical reactions, which led to the generation of various BaP derivatives, such as
nitro BaP, hydroxyl BaP, and BaP quinones. Three major quinone BaP isomers, 1, 6-,
3, 6-, and 6, 12-BaPQ, were determined in airborne particles. However, 7, 10-BaPQ
has never been reported in airborne particulates because of the lower concentra-
tion and lack of sensitive methods. Determination of particulate 7,10- bapq in air.
Benzene[a]pyrene (BaP), one of the largest PAHs pollutants in the surroundings is
highly carcinogenic and mutagenic. BaP quinones were formed when BaP reacted
with some reactive oxygen species in airborne particles. The toxicity of these BaPQs
is more advanced than BaP. Consequently, it is urgent to control the concentration
of these QAPs. On the other hand, universal approach, LC-MS/MS, GC-MS/MS,
HPLC-UYV, and HPLC-fluorescence, which are difficult to identify the BaPQs due to
their sensitivity, are not large enough for practical use, particularly for 7,10-BaPQ.
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Fig. 6.11 7,10-BaPQ chromatograms in airborne particles (a) and airborne particulates spiked with
1.5 pmol 7, 10-BaPQ (b). Copyright 2012 American Chemical Society, reprinted with permission
from Ref. [40]

The recommended HPLC-CL approach was used for the successful steadfastness of
7,10-BaPQ in airborne particles.

In Kanazawa, Japan in December 2010 and Wajima, Japan in October 2007,
average concentrations of 7,10-BaPQ were 2.0 and 1.6 pg m™3, respectively. In
Fig. 6.11a, b, chromatograms of airborne particles may be seen.

6.4 Conclusions

An ultra-feeble chemiluminescence emission was observed when NaHSO; reacting
with H,O,. NaHSOj3 was discovered to still be oxidized with H,O, through the use
of peroxomonosulfuric acid, which then decomposed to construct radicals -OH and
-SO5~. Aside from SO, *, 'O, was also spewing species. The alcoholic solvent has
the opportunity to significantly boost CL emission from the NaHSO3-H,0, reac-
tion (especially n-butanol). When n-butanol was arranged in 50% methanol or 50%
ethanol, the heightening effect was dead and gone. Ultra-weak chemiluminescence
can also be greatly improved by benzo[a]pyrene-7, 10-quinone (7, 10-BaPQ). The
enhancing effect was ascribed to the oxidation of 7, 10-BaPQ by superoxide radicals
generated in NaHSO3-H,;0; system. Based on this mechanism, an ultra-sensitive
approach for determination of 7, 10-BaPQ was developed for the first time. In the
H,0,-NaHSOj3 aqueous system, we also distinguished the mechanism for elevating
carbon points LC. In the reaction period of HSO3~ and H,0,, -OH, SO4-~, -SO3~
and -O,~ were manufactured.
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Chapter 7 ®)
Ultra Weak Chemiluminescence Geda
from Fenton’s Reaction

Hui Chen and Jin-Ming Lin

Abstract Chemiluminescence (CL) was employed to investigate the ortho-
chlorophenol being degraded by Fenton’s reagent. Absent specific CL reagents, a
slight CL emission could be emitted out the blend of ferrous ion and hydrogen
peroxide under ambient temperature. Adding ortho-chlorophenol to the mixture led
to an increase in CL intensity. Temperature also strongly increased the CL inten-
sity, as the temperature reached 65 °C. CL spectroscopy, gas chromatography-mass
spectrometry, and electron spin resonance spectroscopy were adopted to research the
CL mechanism of the system composed of H,O,—Fe?* and ortho-chlorophenol or
ortho-chlorophenol free. In addition, how the CL intensity was affected by a variety
of radical scavengers, surfactants, and fluorescent compounds was also assessed.
Moreover, a mechanism is put forward for autonomous catalytic oxidation. From
the findings, it was indicated that singlet oxygen was the major emission body in
H,0,-Fe?* system. The H,O,—Fe?*-ortho-chlorophenol regime generated strong
CL because of the singlet oxygen and electronically excited quinones. Formation of
benzenediol-like intermediates in the process of phenol oxidation strongly facilitated
the Fenton reaction and caused enhanced CL intensity, which was the new method
to study the oxidation mechanism of certain organic pollutants by Fenton reagents.
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7.1 Introduction

Phenolic compounds were commonly found in waste incineration, uncontrolled use
of agrochemicals and pre-emergent herbicides, and in wastewater from some food
processors. The U.S. EPA classifies certain phenolic compounds in 65 priority pollu-
tants because they are not easily degradable and harmful to human beings [1]. There-
fore, removing these phenolics or converting them to biodegradable substances is
quite necessary.

There are three techniques to degrade phenolics provided by chemical, biological,
and thermal treatments [2]. However, the biological treatment is susceptible to the
conditions and is not suitable for the degradation of high concentrations of phenols
[3]. Biological treatment of synthetic wastewater containing para-chlorophenol uses
a rotating brush biofilm reactor. Some harmful compounds are released during the
heat treatment process [4]. Fortunately, there is an excellent alternative to an inno-
vative technique called Advanced Oxidation Processes (AOPs) for the removal of
organic contaminants because of the strength of their oxidant powder. Fenton reagent,
an important paramount technology in AOPs, had developed for more than a century
since first reported in 1894 [5]. A set of reactions concerning hydrogen peroxide and
ferrous iron is included. Fenton-like systems (Cu?*/H,0,) and photo-Fenton are also
highly efficient in degrading organic pollution [6, 7]. Nowadays, a novel type of AOP
has been named as electro-Fenton, which generates HO, by electrode reduction of
O,, which combines with ferrous ions to become Fenton reagent [8]. In the Fenton
reaction, H,O, is decomposed by Fe?* to a hydroxyl radical, which is of high reac-
tivity (E£? 2.8 v) and could oxidize a variety of organic compounds. In recent decades,
its possible utilization in detoxifying wastewater, destructing organic pollutants, and
improving biodegradability of wastewater has received increasing attention [9].

The reason why concerning ortho-chlorophenol was its high toxicity and the
need to remove it out of the environment. Decomposition of ortho-chlorophenol by
Fenton reagent has been extensively published [10, 11]. Huang et al. [12] studied the
catalytic decomposition of H,O, and ortho-chlorophenol with various iron oxides,
with the aim of studying how hydrogen peroxide reacted with organic compounds.
A procure that 2, 4-dichlorophenol degraded by Nafion-Fe with H,O, was discussed
by Sabhi et al. [13]. The parameters which affected reaction, for example, pH value,
temperature, the ratio of the oxidant to the substrate, were introduced in several
reports [14, 15]. Whereas, the mechanism of phenol degradation is too complicated
to be further understood at present.

Chemiluminescence (CL), involving energy and electron transfer, provides prac-
tical messages about transient intermediates. In the current study [16], CL was used to
investigate the mechanisms involved in the degradation of ortho-chlorophenol. The
CL mechanisms of H202—Fez+system and H2Oz—Fez+-ortho-chlorophenol system
were investigated based on bulk experiment, flow injection (FI), the CL spectra, gas
chromatography-mass spectrometry (GC-MS), and electron spin resonance spec-
trum (ESR). In addition, the influence from several radical scavengers, surfactants,
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and fluorescent compounds on CL intensity was analyzed, revealing the mechanisms
of the CL phenomenon, which was significant for understanding Fenton’s process.

7.2 Apparatus and Procedure

In-batch CL trials were performed on a BPCL luminescence analyzer (Institute
of Biophysics, Chinese Academy of Sciences, China) equipped with a PC 2000
computer. The mobile injection CL analyzer system employed is diagrammed in
Fig. 7.1. It was comprised of two peristaltic pumps (SJ-1211, Atto, Japan), a 0.15-
mL loop injector, a CL cell, and an ultra weak luminescence analyzer (Model LF-
800, Microtec Niti-On, Japan). The solutions were all delivered by peristaltic pumps
and blended in CL cell near the photomultiplier tube. Signals were logged by an
IBM-compatible computer with a data-capture port.

The FL-7000 spectrophotometer (Hitachi, Japan) was employed to perform CL
emission spectroscopy. The ESR spectral features measured for the spin adducts
of the radicals were obtained on a Bruke EPR ELEXSY 500 spectrometer with a
microwave power of 12.72 mW and modulation amplitude of 2.00 G.

A Shimadzu GCMS-QP2010 (Shimadzu, Japan) system equipped with a 30 m
long, 0.25 mm 1.D., 0.1 pm film thickness DB-5MS capillary column was used for
detecting breakdown products. The carrier gas was helium which had a flow rate of
1.5 ml min~!. 1 ul of solution was charged in the split/unsplit inlet at 220 °C during
the unsplit mode, i.e., no split in one min and an overall flow rate of 12.0 mL/min.
The interface temperature of GC—MS was set to 230 °C. The temperature of the oven
was programmed to ramp up from 50 °C, first holding 50 °C for two min, increasing
to 200 °C at 10 °C min~"', then to 300 °C at 40 °C/min, and maintaining 300 °C for
two minutes. Data acquisition and analysis were based on full scan mode.

R: P, O, |
R:

E E:l—) Waste
R: P

Fig. 7.1 Schematic diagram of the mobile injection CL system. P; and P, peristaltic pumps; V
six-way valve injector; F flow cell; Ry, Ry, and R3 solution delivering lines. Copyright 2012, with
permission from Elsevier Ref. [16]
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7.3 Chemiluminescent Kinetic Study

Some details about the mechanism resulted from the batch study. As Fig. 7.2A(a)
showed, low-intensity CL emission was seen in the blend of ferrous and H,O, solu-
tion. By contrast, a high CL emission intensity of 2.6 x 103 occurred with the addition
of H,O, to a solution of ferrous iron and ortho-chlorophenol, indicating a critical
correlation between o-chlorophenol and CL reactions [Fig. 7.2A(b)].

Besides, how various blending sequences on reagent solutions affected CL kinetics
was also explored in order to better understand the CL properties. CL with an intensity
of 1.6 x 10 was recorded when the ferrous solution was combined with H,0,

Fig. 7.2 CL signals with a s A b
batch system and mobile 3.0x10°f ,__A_\
injection. A batch CL signals 3|
with H,O, injected into . el
ferrous solution (a) and the € 20x10°F
blend of ferrous solution and 8
ortho-chlorophenol (b). B > 1.5x10°
The kinetic spectra when 8 .
ortho-chlorophenol was = 1.0x10°F
injected into the mixture of = | a
ferrous solution and H,O». T sono ——
ortho-chlorophenol, 1.0 x 00 A . , : " -
1073 mol L™1; Fe?*, 1.0 x 0 100 200 300 400 500 600 700
1072 mol L™!; H,0,, Time (Sec)
1.0 mol L~!. C The CL of
the mobile injection system. 16x10°f B b
(a) H,O; was injected into a 1.4x10°F
ferrous solution by a 6-valve = 1.2x10°F
nozzle. (b) The ferrous 5 1.0x10° !
solution was introduced via a e
six-valve injector into HyO». g 8.0x10°
(c) Ortho-chlorophenol was % 6.0x10°
injected through a six-valve c_'; 4.0x10" '
injector to blend with ferrous 2.0x10°F a
solution and HyO5. 0.0 ]
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in advance and then ortho-chlorophenol was added afterward [Fig. 7.2B(b)], being
greater than the Fe>*—H, O, system emission without ortho-chlorophenol [Tllustration
of Fig. 7.2B(a)]. Nevertheless, the CL intensity in such a situation was significantly
smaller than when introducing H, O, to the blend of ortho-chlorophenol and ferrous
solution [Fig. 7.2A(b)]. It could be explained by the consumption of H,O, by the
ferrous solution when the solutions were premixed.

Itis possible that this chemiluminescence phenomena originate from the formation
of singlet oxygen (' O,) and electronically excited quinone. The proposed mechanism
was as shown below. At the initial step, hydroxyl radicals were generated from H, O,—
Fe? (Reaction 7.1) [17]. HO,- was then formed by the reaction of the generated
hydroxyl radical with Fe** (Reaction 7.2) [17].

Fe’* 4+ H,0, — Fe** + OH - +OH" (7.1)
Fe’* + H,0, — Fe’™ + HO, - +H* (7.2)
Fe’* + OH- — Fe’* + OH™ (7.3)

HO,- decomposed to -O,~ (Reaction 7.4) [18]. -O,~ generated singly linear
oxygen by reacting with hydroxyl radicals or HO,-, which was one of the CL emit-
ters during the CL reactions (Reactions 7.5 and 7.6) [19, 20]. The combination of
HO,- also generated singlet oxygen (Reaction 7.7). When H,O, was mixed with a
solution of ferrous ions prior to the injection of ortho-chlorophenol, the Fenton reac-
tion happened. Therefore, the available radicals of the organic compound could be
inferred. Under such circumstances, the CL intensity was not so strong as in the case
of the injection of H,O; into the blend of ortho-chlorophenol and ferrous solution.

HO;- — -0; +H* (7.4)

-0, +OH- — '0, + OH™ (7.5)
-0; + HOy- — '0, + HO; (7.6)
HO, - +HO,- — '0, + H,0, (7.7)

In terms of the crucial function of the ortho-chlorophenol to CL was due to its
reducing power and the exited intermediates. Hydroquinone was formed by the attack
of the formed hydroxyl radical on ortho-chlorophenol (Reaction 7.8). Hydroquinone
could rapidly decrease ferric ions to ferrous ions and hasten the Fenton’s reaction
(Reaction 7.9) [21]. Electronically excited quinones with CL emission were formed
by the reaction between semi-quinone and hydroxyl radicals (Reaction 7.10) [22,
23].
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OH OH
OH OH OH
OH (7.8)
+OH: — + +
Cl HO Cl Cl
OH OH
+ Fe3t - 4 Fe2t (7.9)
HO Cl .0 Cl
OH o)
(7.10)

+ OH —»

O Cl O Cl

At high ferrous concentrations, photons were emitted in the CL reaction quickly.
However, if the ferrous concentration was above 0.1 mol L~!, CL signal became
weakened. The reason was that ferrous ions could react much more to hydroxyl
radical (Reaction 7.3), affecting the hydroxyl radical reacting with other species.
The photon emission was slow if the ferrous concentration was 1.0 x 10~ mol L~!.
The result revealed that the effectiveness of free ferrous ions was sensitive to the
production of hydroxyl radicals, which limited the breakdown of organic matter.
Because the reaction rate of Reaction (7.2) was slower compared to the reaction rate
of Reaction 7.1, the reduction reaction can regenerate ferrous ions slower (0.001—
0.01 (mol L™H~! 57! vs. 51 (mol L~1)~! s=1) [24]. Thus, the kinetic curves were
presented as curves using low concentrations of ferrous ions.

The highest CL intensity was observed at pH 2.8. The optimized pH range for
the degradation of ortho-chlorophenol was reported to be 3—4 [25]. It was presumed
that the degradation of chlorophenol may affect the CL intensity.

7.3.1 CL-FI System

The H,O (carrier), H,O,, and ferrous solutions were transported through lines R,
R,, and Rs, separately (Fig. 7.1). The intensity of CL produced by blending H,O,
with the ferrous solution was 1.5 mV, measured by a luminescence analyzer. The
lines for H,O, and the ferrous solution can be switched since the observed LC
intensity was nearly the same [Fig. 7.2C(b)]. When ortho-chlorophenol was intro-
duced into the H,O,-Fe?* system, a significantly higher CL strength of up to 15 mV
was measured [Fig. 7.2C(c)], providing further evidence of the increased impact by
ortho-chlorophenol to the CL as a result of the Fenton’s reaction.
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7.3.2 Effect of Iron on CL

The CL strengths of the various salts used are listed in the order of
(NHy4),Fe(S04), ~ FeSO4 > FeCl, > FeCl; > NH4Fe(S0y),. It was because the
ferric ion should first respond with H,O, to regenerate ferrous ions that gave rise to
produce the hydroxyl radical (see Reactions 7.1 and 7.2). Since the reaction rate of
Reaction 7.2 was 0.001-0.01 [(mol-L~")~! s~1] which was much slower than the rate
of Reaction 7.1. The ferrous ion reacted rapidly but regenerated slowly, resulting in
a slower Fenton reaction rate. Hence, (NH,4),Fe(SO4), with low background noise
and high signal was chosen for the following tests.

7.3.3 Effect of Temperature on CL

Activation energy values in Reaction 7.1 have been reported as few kilocalories. The
influence of temperature has received little consideration. But we have noted here
that temperature could affect the reaction. The CL intensity increased with higher
temperature when hydrogen peroxide was added in the blend of ferrous ions solution
and ortho-chlorophenol (Fig. 7.3). The enhancement of CL intensity was due to a
great generation of hydroxyl radical at higher temperatures, which was important for
the decomposition of ortho-chlorophenol. Similarly, Lopez et al. reported a similar
conclusion that the degradation of 4-chloro-3-methylphenol was strongly influenced
by temperature s [26].

Fig. 7.3 The effect of

temperature on the CL when 1.6x10° —= 25T
hydrogen peroxide was =0
added to the blend of ferrous = . ——= 507C
ion solution and 3 X 60°C
ortZO-cE}oropEenoi. o S] Is 65°C
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10~ mol L‘ll); Fe?*, 1.0 x E 8.0x10° !

1072 mol L~!; H,0,, e
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Elsevier Ref. [16]
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7.3.4 Impact of Radical Scavengers on CL

In the metal-containing system, the addition of hydrogen peroxide gave rise to a
lot of radical reactions. To better understand the mechanism of the CL system, how
some free radical scavengers affected the CL intensity was investigated. There are
few organic solutions, namely methanol [27], ethanol, propanol, fert-butanol [15, 28,
29], that have been investigated to prevent the potential reaction of hydroxyl radicals.
In this study, organic solutions used as radical scavengers were discovered to have an
inhibitory influence on the CL of the Fe>*—H,0,-ortho-chlorophenol system. Some
other organic compounds, which included acetonitrile, CH3Cl, and cyclohexane, had
little effect on the CL intensity. Tert-butanol highly suppressed the CL strength in
all organic compounds, resulting from its maximum reactivity toward the hydroxyl
radical.

The involvement of hydroxyl radicals in the CL reaction was further confirmed
by the observation that CL was inhibited when thiourea or mannitol, two important
scavengers of hydroxyl radicals, were introduced into the CL reaction [30].

Format increased the strength up to 10.1-fold at a concentration of 1.0 mol/L. The
two-fold doubling of the -O,~ generation efficiency and the increase in CL intensity
is explained by the reaction of the formate ion with hydroxyl radicals followed by
the reaction with O, to form -O, ™ radicals [31].

Sodium azide was alleged to be a bursting agent for singly linear oxygen (Reaction
7.11) [32]. When 1.0 x 1073 to 0.1 mol L~ of sodium azide was introduced into the
system, the CL intensity was greatly reduced [33].

N; +'0, = N; +30, (7.11)

The iron ions are a central part of Fenton’s reaction. Many ligands like PO,3~ and
malonic acid were introduced into the reaction both weakening the CL reaction.

7.3.5 Impact of MCLA and GSH on CL Intensity

MCLA was selected to be the superoxide anion probe because it was sensitive to
superoxide anions in non-alkaline situations [34]. As the concentration of MCLA
increased, the CL intensity increased, which indicated the existence of superoxide
anion in the system.

Quinones have been studied to participate in 1, 4-reduction addition reac-
tions with SH-containing compounds (Reaction 7.12). Brunmark discovered that
glutathione has a bursting influence on the photoemission produced by H,O, and
para-benzoquinone [22, 23]. The peak slowed down when the glutathione concen-
tration rose to 1.0 x 1072 mol L™'. Presumably, the peaks generated in the quinone
excited state were influenced by glutathione, suggesting the formation of an excited
quinine-like intermediate in H,O,—Fe?*-ortho-chlorophenol system.
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O OH

SG
(7.12)

+GS”

O OH

7.3.6 ESR Spin Trapping Method

Electron spin resonance (ESR) is employed to detect presence of hydroxyl radicals.
DMPO underwent double bonding reaction with radicals and was converted into
DMPO radical adducts by hyperfine splitting [35, 36]. As diagrammed in Fig. 7.4A,

Fig. 7.4 A ESR spectra of a 6.0x10°
DMPO/ -OH generated from
the mixture of DMPO with 4.0x10° F
Fe?*—H,05-ortho-
chlorophenol; B ESR spectra _20x10°F
of TEMP/' O, generated 2
from the mixture of TEMP re 00l
with and Fe?*—H,Os-ortho- §
chlorophenol (a) and =3 sl
Fe2+—I§202 (b). Reactions E =g
were proceeded at room B
tempgature with pH 7.0 in 400
phosphate buffer X I R R S S S
(0.1 mol L™1). The reaction B0x10420 3440 3460 3480 3500 3520 3540
mixture consisted of 2.5 x Magnetic field (G)
102 mol L~! DMPO, 2.5 x
10~ mol L~! Fe?t, s
0.25 mol L~! H0; and 2.5 b-1200° —a
x 10 mol L™ y ﬂ =k
ortho-chlorophenol. 1007 |‘
Copyright 2012, with £l ‘ [
permission from Elsevier % 80 -
Ref. [16] 3
E 6.0x10°
< : ‘
4.0x10"
2.0x10* |

1 1 1 J
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the addition of DMPO to the Fez+—H2Oz-ortho—chlorophenol system resulted in a
four-line signal, at a peak ratio of 1:2:2:1 and hyperfine coupling constant (an =
15.0 G, ag = 15.0 G), in good agreement with the spectra of the DMPO-OH adduct.

ESR spin trapping and TEMP were used to indirectly detect singlet oxygen.
2,2,6,6-Tetramethyl-4-piperidone interacted with singlet oxygen to form an adduct of
4-0x0-TEMPO [37]. TEMP mixing with Fe**—H, 0, resulted in ESR spectra leading
to a trilinear signal, in good agreement to that of the 4-oxo-TEMPO (Fig. 7.4B). The
trilinear signal of the Fe?*—H,0,-ortho-chlorophenol system indicated the produc-
tion of a relatively low content of singlet oxygen (Fig. 7.4C) in the existence of
ortho-chlorophenol. This was probably the consumption of hydroxyl radicals during
hydroquinone formation. Enhancement of CL intensity by ortho-chlorophenol was
affected by the excited quinone.

7.3.7 Survey of CL Reaction Decomposition Products
by GC-MS

GC coupled with MS was used to characterize the breakdown products to further
study the CL reactions. The intermediate components, concluding 2-chloro-1,4-
benzoquinone, 2-chlorobenzene-1,4-diol and 3-chlorobenzene-1,2-diol, were iden-
tified (Fig. 7.5). Although both -OH and -Cl groups in ortho-chlorophenol have
the ability to be oriented at both the ortho and para-positions, the substitution of
o-chlorophenol relies on the orientation ability of the -OH group, as it dominates.
Consequently, the major substitution compounds were 2-chlorobenzene-1, 4-diol,
and 3-chlorobenzene-1, 2-diol. It was reported that the detected compounds partici-
pated in the iron redox cycle [27, 38, 39]. 2-chlorobenzene- 1,4-diol was converted to
2-chloro-1,4-benzoquinone undergoing oxidation by iron ions and hydroxyl radicals
[27]. 3-Chlorobenzene-1, 2-diol did not turn into 3-chloro-1, 2-benzoquinone, which
may result from the small amount or short-term lifetime.

Fig. 7.5 GC-MS was used " c
to determine the degraded At

intermediates in Fenton .

oxidation of 2810

ortho-chlorophenol and the & a

GC chromatograms % RxIC

obtained. a 2-chloro-1, PC-‘_. 1 5x10° - '

4-benzoquinone; b c

2-chlorobenzene-1, 4-diol; ¢ 1.0x10°

3-chlorobenzene-1, 2-diol. ’

Copy.rig.ht 2012, with . 5.0%10°

permission from Elsevier

Ref. [16] 0.0 : | \ . )

Time(min)



7 Ultra Weak Chemiluminescence from Fenton’s Reaction 137

7.3.8 Survey on the Degradation of ortho-Chlorophenol
by Fluorescence Spectrophotometry and CL Emission
Spectroscopy

A fluorometric method was applied to determine the decomposition of ortho-
chlorophenol by treatment with Fenton’s reagent. 251 and 302 nm were the
highest excitation and emission wavelengths of ortho-chlorophenol. The blend of
ferrous solution and ortho-chlorophenol did not alter the fluorescence intensity of
ortho-chlorophenol.

Addition of H,O, to the mixture of ortho-chlorophenol and ferrous solution
resulted in a decrease in fluorescence intensity with increasing time of blending,
providing strong evidence of the decomposition of ortho-chlorophenol by the
oxidation of Fenton’s reagent (Fig. 7.6).

Fluorescence spectrophotometry was used to test the CL spectrum of this system
to study CL emitting species. The characteristic band of emission spectrum of this
system was a broadband of 480-540 nm, centered at 500 nm. It was speculated that it
was produced by electron-excited quinone and singlet oxygen [23, 31]. Rhodamine
6G in the H,0,—Fe”*-ortho-chlorophenol system shifted the largest emission wave-
length from 500 to 555 nm, the largest emission wavelength of Rhodamine 6G
(Fig. 7.7b). A decrease in the intensity of CL near 500 nm was a strong evidence of
energy transfer from the excited intermediate, which was itself a feeble emitter, to
the fluorescent compounds having a good quantum yield [40].
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Fig. 7.7 CL spectra of
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7.3.9 Probable Mechanism of CL Reaction

On the basis of the foregoing results, the CL emission mechanism for the H,O,—
Fe?* system including and excluding ortho-chlorophenol was represented as Fig. 7.8
(Reaction 7.1). The hydroxyl radicals formed by the blend of H,O, and ferrous
solution (Reaction 7.1) interacted with Fe3* to form HO,- (Reaction 7.2). After
HO,;- decomposing to -O, 7, -O,~ reacted with hydroxyl radical or HO;- to generate
single-linear oxygen. The single-linear was among the CL emitters during the CL
reaction period (Reactions 7.5 and 7.6), which could also be generated by combina-
tions of HO,- (Reaction 7.7). It was shown that for the influence of various radical
scavengers (thiourea, formate, sodium azide) on the CL system, hydroxyl radicals,
singlet oxygen, and superoxide anion were the participating substances in the CL
reaction. ESR spectroscopy was utilized with further confirmation of the existence
of hydroxyl radicals and single-linear state oxygen within this H,O,—Fe** system.

r;( Self-cat: D 0: (02)1

°' Hy0,

480 nm=540 nm 0

‘0
470 nm, 630 nm

Fig. 7.8 A probable mechanism for the auto-catalytic CL oxidation of ortho-chlorophenol by
Fenton’s reagent. Copyright 2012, with permission from Elsevier Ref. [16]
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Cationic surfactants, like DTAB, MTAB, CTAB, CTAC, DDDAB, somewhat
strengthened the CL signal due to the concentration of -O,~ around the posi-micelles
surface, which favored the single-linear state oxygen formation, thus leading to higher
CL intensity. In addition, micelles may offer protection for the exiting singlet state.
MCLA increased CL intensity by 56 times, confirming that superoxide anions were
involved in CL reactions.

The interaction between p-benzoquinone and H,O, produced the activated
trilinear state 2-hydroxy-p-benzoquinone, whose degradation was followed by
photoemission. Typically, the oxidation of semiquinone by hydroxyl radicals could
lead to producing electronically excited quinones [41, 42]. As a result, the reason for
the improved CL of H,O,-Fe?* system and ortho-chlorophenol was the becoming
of the electronically excited quinone (Reaction 7.10 in Fig. 7.8). Maximum photoe-
mission intensity during the attenuation of the excited trilinear quinone to its ground
state was in the range of 480-540 nm. It was consistent with the pattern of the CL
spectrum of the Hz02-Fe2+-ortho-chlorophenol system centered at 500 nm [19].

7.4 Conclusions

The CL produced by the blend of ferrous ions and hydrogen peroxide was enhanced
by ortho-Chlorophenol. The existence of hydroxyl radicals and electronically excited
quinones was demonstrated by the action of free radical scavengers. By performing
ESR spectroscopy, the findings demonstrated the existence of hydroxyl radicals and
singlet oxygen in the two systems. CL spectra and reaction product measurements
showed the single-linear state oxygen and electronically excited quinone are the
dominant emitters of H,O,—Fe?*-ortho-chlorophenol system. The CL approach was
an interesting way to investigate the oxygenation of ortho-chlorophenol by Fenton
reagents. Studies on how CL is applied are being conducted in our lab.
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Chapter 8 ®)
Ultra Weak Chemiluminescence e
Enhanced by Noble Metal Nanoparticle

Wenjuan Zhou and Chao Lu

Abstract Noble metal nanomaterials (NMNs) with fascinating physical and chem-
ical properties are optimal foundation for design and also customizing nanoscale
frameworks for particular technical applications. Especially, successfully regulating
the size, morphology, composition, hybrid as well as microstructure of NMNs play
an essential function on disclosing their brand-new or improved features and also
application capacities, such as energy catalysis, analytical sensing, and biomedicine.
NMNs-involved chemiluminescence (CL) has actually come to be a new and
expanding area of interest in the last few years. The advancement of NMNs-involved
CL systems and their application in chemical and biological analysis has been
reviewed in this chapter. Additionally, application of various NMNs, including gold
nanoparticles, platinum nanoparticles, silver nanoparticles and bimetallic nanopar-
ticles in various CL systems has been emphasized. Moreover, the key challenges in
this field and proposed possible solutions has been discussed for efficient and wider
applications of CL analytical technology.

Keywords Chemiluminescence * Gold nanoparticles - Platinum nanoparticles -
Silver nanoparticles - Bimetallic nanoparticles

8.1 Introduction

Nanoscale noble metals usually exhibit special optical, electrical, magnetic, and
chemical properties, which depend on their size and morphology. The noble metal
nanomaterials (NMNs) have gotten extraordinary interest in fundamental research
as well as potential applications in nanotechnology and biotechnology [1-3]. The
properties of nanomaterials are certainly related to many factors, including their size,
morphology, composition, hybrid as well as microstructures, which are often used to
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expose and regulate the function of nanomaterials [4-6]. NMNs (e.g., Au, Ag, and
Pt) can exhibit optical properties similar to molecules, such as ultraviolet absorption
and fluorescence emission. Interestingly, these optical properties of NMNs tend to be
highly dependent on their size. Therefore, the size regulation of NMNs offers good
opportunities for their potentials in photonics, catalysis, photography, and imaging
applications [7]. Owing to their high specific surface area, quantum size effect, and
high surface energy, NMNs exhibit excellent catalytic performance for redox reac-
tion, endowing their ability to amplify some weak chemiluminescence (CL) emission.
Accordingly, CL analysis based on NMNs shows unique advantages and potentials in
many fields, including food safety, environmental analysis, and life sciences [8—10].

Over 40 years, liquid-phase CL has been developed greatly. However, liquid-
phase CL systems are often limited to molecules, ions, and simple aggregates
[11-13]. In recent years, liquid-phase CL of nanoparticles has attracted extensive
interest due to the superior sensitivity and stability [14]. Among them, CL reac-
tions involving metal nanoparticles are undoubtedly one kind of the most studied
systems. Metal nanoparticles play a variety of roles in CL reactions, including as
reactants, catalysts, and luminophors [15]. In this chapter, we reviewed the develop-
ment and analytical applications of NMNs-involved CL systems in recent years. The
CL systems involving gold nanoparticles, platinum nanoparticles, silver nanopar-
ticles, and bimetallic nanoparticles has been discussed in categories. Finally, this
chapter prospected the application potentials of NMNs-involved CL systems in more
extensive fields.

8.2 Gold Nanoparticles-Involved CL System

8.2.1 Gold Nanoparticles-Involved Luminol CL System

In 2005, gold nanoparticles (AuNPs) were first applied for signal enhancement in
luminol-H,O, CL system [16] in which AuNPs act as catalysts, and the lumines-
cent substance was still the excited state product (3-aminophthalate anion). In alka-
line aqueous solution, the CL mechanism of luminol-H,O, can be summarized
as follows: Luminol radicals generated by oxidation are further oxidized to form
an important intermediate hydroxyl hydroperoxide, which decompose to generate
excited 3-aminophthalate anion, and then produce CL emission. More reactive
oxygen species (ROS) generation during the luminol oxidation would promote the
CL reaction. By the addition of AuNPs into the luminol-H,O, system, the weak CL.
signal was significantly enhanced with the same emitting species, indicating strong
catalytical effect of AuNPs toward the CL reaction of luminol-H,O;. Thanks to
abundant active sites on the AuNP surface, AuNPs can catalyze the homolysis of
H,0,; to generate hydroxyl radicals (*OH) with higher oxidation ability, and then
oxidize luminol to produce significantly higher CL intensity (Fig. 8.1) [16].
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Fig. 8.1 CL mechanism for the AuNP-catalyzed luminol—H,O; reaction. Reprinted with permis-
sion from Ref. [16]. Copyright 2005 American Chemical Society

Thereafter, analytical applications of the AuNP-catalyzed luminol-H,O, CL
were explored extensively for various analytical applications [17-28]. When some
substances which can react with H,O; to produce the state of excite substances or
reactive intermediates were existed, the emission of CL system of AuNP-catalyzed
luminol-H,O, would be increased. From this, sensitive CL detection of fluoro-
quinolones derivatives and Cu(Il) has been achieved [17, 18]. The surface charge
of AuNPs (which can be altered by changing protecting agents, adding salt or amino
compounds) was found to affect their catalytic performance toward luminol-H,O,
CLreaction [19-22]. CL determination of DNA hybridization was also realized on the
base of its promoting effect on salt-induced aggregation of AuNPs [19]. In a similar
way, a CL method for determining C-reactive protein has been established using the
AuNP-catalyzed luminol-H,O, system [20]. By contrast, analytical methods based
on analyte-induced inhibition of the AuNP-enhanced CL have been developed and
used more widely. The quenching mechanism includes the following two aspects:
(1) competitive adsorption between analytes (e.g., estrogens, L-cysteine) and H,O,
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on the AuNP surface [23, 24]; (2) AuNPs aggregation induced by analyte (e.g.,
hexythiazox, propranolol, heparin) [25-27].

In addition to determining the substances that can enhance/inhibit CL emission,
the AuNP-catalyzed luminol-H, O, CL platform can also be used for the determina-
tion of enzyme-generated H,O,, among which glucose has been usually determined
based on the glucose oxidase method. A flow biosensor was constructed to determine
glucose by immobilizing AuNPs, horseradish peroxidase, and glucose oxidase on
the inside surface of the CL flow cell [28]. To facilitate the recovery of biological
molecules (such as enzymes, etc.), magnetic particles (MP) has been used as the
immobilization matrix [29].

Benefiting from the large specific surface area, AuNPs can function as nanocar-
riers to enrich a large number of luminol molecules in very small volumes. Luminol-
labeled AuNPs have been developed and used for the ultrasensitive CL-based
bio/chemical analysis [30, 31]. Furthermore, synergistic catalytic effect of two or
more nanomaterials endowed the nanohybrids with outstanding performance in the
luminol-H,O, system. An in situ synthesis method for the AuNPs/metal-organic
gels hybrids has been developed. Trace amounts of organophosphorus pesticides
were succesfully detected using the nanohybrid-enhanced luminol-H,O, CL system
(with 1 nM detection limit) [32].

After the report about the enhancement effect of spherical AuNPs toward luminol—
H,0, CL system, Lu group has successfully opened a new way to the application
of the AuNPs with triangular and rod-like shapes to increase the luminol-H,O,
CL [33, 34]. In comparison with the spherical AuNPs, the gold nanorods stabilized
by cetyltrimethylammonium bromide showed higher catalytic activity to the CL
reaction of luminol-H,O,. By the addition of aminothiols, the catalytic effect of gold
nanorods was found to be greatly reduced, due to the Au—S bond formation at the
gold nanorod ends. Based on the aminothiol-induced CL inhibition toward the gold
nanorod-catalyzed luminol-H,O, system, a highly sensitive and selective method
has been established to determine glutathione in Saccharomyces cerevisiae. Lu et al.
[33] synthesized triangular AuNPs protected by non-ionic surfactants using trisodium
citrate as reducing agent. Compared with spherical AuNPs, the synthesized triangular
AuNPs had higher surface electron density, larger specific surface area, and lower
activation energy, thus having a better enhancement effect on the luminol-H,O, CL
[34]. Similarly, thiol-containing compounds could bond to the AuNP surface through
the formation of the Au—S bond, thus reducing active sites on the triangular AuNP
surface for the formation of ROS intermediates, resulting in a CL decrease (Fig. 8.2)
[35]. Accordingly, the triangular AuNP-catalyzed luminol-H,0O, CL system was
utilized to detect captopril in human urine samples.

Effective combination of highly sensitive CL with highly selective physical or
chemical methods has always been caused extensive concern. High performance
liquid chromatography (HPLC), as an effective separation technology, could be
coupled with sensitive CL detection system to construct a HPLC-CL method, which
combined high selectivity of HPLC with high sensitivity of CL technique. An on-line
HPLC detector was developed by Lu et al. based on the CL response of the AuNP-
catalyzed luminol-H,O, system with high sensitivity [36—41]. A simple HPLC-CL
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Fig. 8.2 Schematic diagram of enhanced CL of luminol—H,O; catalyzed by a spherical AuNPs
and b triangular AuNPs, and c¢ the possible mechanism for the aminothiols-inhibited CL of the
triangular AuNP-catalyzed luminol-H,O, CL system. Reprinted with permission from Ref. [35].
Copyright 2011 Elsevier B.V.

method has been proposed to simultaneously detect the disulfides and thiols in biolog-
ical fluids, using triangular AuNPs as postcolumn CL reagents [36—38]. In addition
to chromatography, other separation methods such as capillary electrophoresis (CE)
are also used in combination with CL. Liu et al. [42, 43] developed selective and
sensitive methods for the quantitation of uric acid, norfloxacin, and epinephrine by
using AuNP-enhanced CL detection for CE.

As a weak oxidant, silver nitrate (AgNO3) can oxidize luminol to produce very
weak CL emission at425 nm, which can be significantly enhanced by the AuNPs [44].
A mechanism of the AuNP-enhanced luminol-AgNO3 CL is proposed in Fig. 8.3
[44]. AgNO; was catalytically reduced to silver atoms and deposited on the AuNP
surface to form an Au/Ag core-shell structure. In the meantime, luminol was oxidized
to produce intense CL. In comparison with AuNPs, the Au/Ag core—shell structure
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Fig. 8.3 CL mechanism of the AuNP-catalyzed luminol-AgNOj3 system. Reprinted with permis-
sion from Ref. [44]. Copyright 2008 American Chemical Society

showed a weaker catalytic performance, leading to a decrease in CL intensity along
with the silver deposition on the AuNP surface.

In the presence of monoamine, its complete reaction with AgNO3 would inhibit
the oxidation of luminol and promote the silver deposition on the AuNP surface,
resulting in a decreased CL. Accordingly, AuNP-catalyzed luminol-AgNO; system
has been successfully applied to determine monoamine neurotransmitters coupled
with HPLC [45]. On the bases of specific interaction between aptamer and bisphenol
A (BPA), cationic AuNP-enhanced luminol-AgNO; CL system was utilized to selec-
tively and sensitively detect BPA in the soil [46]. This analytical method with no
chromatographic separation showed a better practicality in the developing world for
the measurement of environmental pollutants.

Based on the catalysis of Hg?* ions toward the HAuCl,/NH,OH reaction and the
T-Hg?*—T coordination chemistry, Lu et al. proposed an ultrasensitive CL sensor to
determine Hg?* ions [47]. AuNPs were formed on the DNA duplex-like structure,
thus triggering the CL reaction of luminol-AgNOj;. Notably, the effects of Hg* ions
on the CL of AuNP-catalyzed luminol-AgNOj; system may be completely opposite
when the surface molecules of AuNPs are different [48, 49]. As for the luminol-
capped AuNPs, Hg?* ions would be adsorbed onto the AuNP surface as a result
of the affinity of AuNPs toward Hg?* [48]. The catalytic activity of AuNPs would
be greatly inhibited in the presence of Hg?*, thus leading to CL quenching. Fan
et al. found that Hg?* ions enabled the recovery of the ethylenediamine-quenched
CL of the AuNP-catalyzed luminol-AgNOj3 system due to its special binding with
the amino group in ethylenediamine [49]. Hence, a turn-on CL method has been
developed and applied to quantitatively detect Hg>*.

Cobalt (IT) compounds that have been usually utilized as efficient catalysts for the
CL system of luminol-H, O, can also be applied in luminol-AgNO3;—AuNPs system.
Vitamin B12 (VB12), a cobalt (Co(II))-containing complex with a tetrapyrrole ring,
has been determined by using AuNP-catalyzed luminol-AgNO; system based on the
catalytic activity of cobalt (I) liberated from VB12 by acidification [50]. Another
strategy based on the specific reaction between O,"~ with Mn?* was proposed to
enhance CL signals of the luminol-AgNO3;—AuNPs system [51]. More stable and
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active H,O, than O, could be generated in the luminol-AgNO3;—AuNPs system
by the addition of Mn?*, thereby enhancing the CL and could be utilized to detect
Mn?* in water samples.

As an excellent nano-catalyst, AuNPs has been used in the luminol—ferricyanide
CL system [52, 53]. Cui’s group demonstrated that small-sized AuNPs (<5 nm) had
an inhibition effect on the luminol—ferricyanide CL. However, the CL emission could
be enhanced by the large-sized AuNPs (>10 nm) [52]. Figure 8.4 showed the mecha-
nisms for the size-dependent AuNP-induced CL inhibition and enhancement [15, 52].
During the CL reaction, small-sized AuNPs were partially oxidized by ferricyanide,
resulting in the competitive consumption of ferricyanide with luminol, which inhib-
ited the formation of the luminol radicals and lead to decreased CL signals. By
contrast, large-sized AuNPs could enhance CL signal by promoting electron transfer
in the CL reaction of luminol. Both reduction ability and catalytic activity of AuNPs
would be changed with the change of their size, thus the effects of AuNPs on the
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CL reaction closely depend on their size. When more ROS are produced in the reac-
tion system, the CL signal will be enhanced. For instance, strong CL emission was
obtained by addition of ascorbic acid into the luminol—ferricyanide—AuNPs system.
AuNPs could catalyze the oxidation of ascorbic acid, then the generated free radical of
ascorbic acid reacted with dissolved oxygen to form O, ~, and then oxidized luminol
to produce strong CL emission [53]. This ascorbic acid-enhanced CL system can be
used to construct a highly sensitive analysis platform to determine vitamin C in food
or healthcare products.

In alkaline solution, AuNPs are capable of catalyzing the reaction of periodate with
oxygen to produce more O,"~ radicals [54-56]. Luminol was oxidized by superoxide
radicals to produce strong CL. Moreover, citrate ligands on the AuNP surface could be
replaced by the generated O, ~, which would promote the formation of the singlet
oxygen molecular pairs. At the same time, the gold atoms on the AuNP surface
reacted with O,"~ to form the excited gold (I) complex. CL occurred when these
excited intermediates returned to the ground state (Fig. 8.5) [56]. The presence of
polyphenol could quench the CL of luminol-NalO4—AuNPs system. Based on the
polyphenol-induced CL inhibition, a flow-injection CL method has been developed
to determine catechol [54]. The analytical applications of AuNP-catalyzed luminol-
NalO,4 CL system for some other analytes, such as mefenamic acid and alkaline earth
metals, are also elucidated [55, 56].

The behavior of AuNPs in the luminol-H,O, CL reaction with some other
oxidants has been investigated [57-60]. As a result of the catalyzation of hydrazine
oxidation by AuNPs, more amount of H, O, could be generated in the solution. Mean-
while, AuNPs could also catalyze the CL reaction of luminol-H,0,. Therefore, CL
signals of the luminol-hydrazine system could be greatly increased by AuNPs [57].
In addition, catalyzing effect of AuNPs on the CL of luminol-N-bromosuccinimide
system was investigated, where N-bromosuccinimide was used as an oxidant [58].
It was found that the CL of luminol-N-bromosuccinimide system could also be
enhanced by AuNPs. In the presence of timolol maleate, the CL signal was further
increased. Figure 8.6 showed the possible CL mechanism. In the reaction system, *OH
and O,"~ were generated from the AuNP-catalyzed reduction of dissolved oxygen
[58]. Luminol was then oxidized by these ROS intermediates, resulting in strong CL.
When there were no AuNPs in the system, the amount of N-bromosuccinimide was
decreased due to the reaction between timolol maleate and N-bromosuccinimide,
finally resulting in a slight decrease in CL intensity. In the presence of AuNPs,
nitroxide radical (NO*) was formed through the reaction of the secondary amine in
timolol and the generated H,O,. Peroxynitrite (ONOO™) was then formed, which
could oxidize luminol to produce intense CL.

Strong CL emission from luminol can also be triggered by oxidizing agent-
attached AuNPs without the addition of H,O, [59, 60]. For instance, the networked
AuNPs prepared using HCO,4~ as a reducing agent can directly induce the strong
CL from luminol, which might be ascribed to the AuNP-catalyzed generation of
more amount of ROS intermediates (CO3"~ and *OH radicals) and AuNP-promoted
electron-transfer processes [59]. More recently, iodine (I,) and polyvinyl pyrrolidone
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(PVP) capped AuNPs was fabricated through NaBH, reduction of Au** in the pres-
ence of complex PVP-I, [60]. Owing to the excellent catalytic activity of AuNPs,
luminol reacted with the I, chemisorbed on the AuNP surface to produce intense CL.
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8.2.2 Gold Nanoparticles-Involved TCPO CL System

A CL emission (Apax = 416 nm) from AuNPs itself can be induced by the TCPO—
H,O, reaction [61, 62]. Figure 8.7 showed the possible CL mechanism [61].
1,2-Dioxetanedione, an energy-rich intermediate, was formed in the TCPO-H,0,
reaction. A charge-transfer complex would be yielded between AuNPs and 1,2-
dioxetanedione. Then, the excited AuNPs were formed through the energy transfer-
ring from the 1,2-dioxetanedione on the AuNP surface to the gold core. By immobi-
lization of AuNPs, carbon-nanotubes, and glucose oxidase in a nafion film, Chaichi
et al. [63] constructed a biosensor for glucose detection based on the CL emission
from enzymatically generated H,O,. Recently, a nanosensor based on the TCPO-
H,0,-AuNPs CL system was constructed for the detection of thiram residues [64].
After interacting with thiram which has a large amount of sulthydryl groups, the
formation of intense Au—S bonds would induce the aggregation of AuNPs. The
changing in surface energy level of the AuNPs thereby affect their optical properties,
and indirectly quenching the CL of the AuNPs-involved TCPO—H,0; system.

8.2.3 Gold Nanoparticles-Involved ROS CL System

Reactive oxyanion intermediates such as CO3"~ and O,"~ radicals generated in
ROS-related CL systems might displace the citrate-passivating ligands on the AuNP
surface. Molecular dimers would be formed by the reaction between adjacent radi-
cals adsorbed on the AuNP surface. Cui et al. found that CL could be produced
in the AuNP-involved KIO4—Na,CO3/NaOH system [65]. Three emission bands at
490—500 nm, 430—450 nm, and 380—390 nm were observed, which may be origi-
nated from the singlet oxygen molecular pairs, carbon dioxide dimers, and excited
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intermediate gold(I) complexes generated on the AuNP surface. It provided a new
perspective on the CL reactions on the AuNP surface, which could be expected to
be applied to biosensing and immunoassay.

HCO4~ as an anionic ROS, could also be adsorbed on the AuNP surface. Partial
electron transfer between the AuNPs and HCO,~ would occur. Lin and his co-authors
explored the effect of colloidal AuNPs with different sizes on the HCO,~—eosin Y
CL system [66]. AuNPs with a size of 50 nm showed the strongest catalytical effect
on the CL reaction of HCO4~ —eosin Y. Figure 8.8 showed the CL. mechanism. The
AuNPs acted as a Lewis acid to facilitate the generation of CO3;"~ and *OH through
the homolysis of HCO4~. O,"~ and 'O, were formed in the system through internal
bond rearrangement and interaction of radicals. Excited eosin Y was formed by
receiving the energy of !0,, and emitted light when it returned to the ground state.
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—_— Q --—70—0/ \,O

(1) + HCO,

I S I

H
3) H,0, + CO,"” —HCO,” + HO,’
) HO, —H"+0,"
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Fig. 8.8 CL mechanism for AuNP-involved HCO4 ™ —eosin Y system. Reprinted with permission
from Ref. [66]. Copyright 2008 American Chemical Society
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In the absence of any other CL reagents, strong CL emission can be produced
by direct reaction of HCO,~ with AuCl,~ [67]. HCO4~ acted a reducing agent
in the AuCl,~—HCO,4~ reaction to form AuNPs, and then homolysis of HCO4~
occurred in O—O bond. The surface gold atoms were oxidized by the generated CO3"~
adsorbed on the AuNP surface to generate excited Au(I) complexes intermediates,
which could emit light. BPA was found to inhibit the AuCl;~—HCO4~ CL, and
the degree of signal inhibition could indicate the content of BPA. Harsh conditions
were needed for preparing AuNPs by on-line reduction of HAuCly by HCO4~. On
the other hand, very low concentration of AuNPs can be produced, resulting in an
unsatisfactory detection limit (80 nM). Instead of the on-line synthesized AuNPs,
nonionic fluorosurfactant molecules (FSN)-capped AuNPs, which was more stable
than the citrate-capped AuNPs, were used in the Co>* —HCO,~ CL system [68].
Compared with the AuNPs synthesized on line, the FSN-capped AuNPs owned high
reproducibility and stability, and a lower detection limit (10 nmol-L~") for BPA was
obtained.

Based on acceleration of the homolysis of the peroxo O-O bond by AuNPs,
the application of AuNPs in H,O;-related ROS CL systems has been investigated
[69]. FSN-capped AuNPs were used in the Hy0,-Co?*~NaHCO3 and H,0,—Co**—
NaOH CL systems. The introduction of FSN-capped AuNPs could increase in CL
intensity in both systems, and two emission bands were observed at 430-450 nm and
490-550 nm. When FSN-capped AuNPs with a diameter of 14 nm were added into
H,0,—-Co**~NaOH solution, *OH radicals were generated from the decomposition
of H,O, on the AuNP surface. In alkaline solutions, a series of reactions initiated by
*OH radicals promote the formation of (O4)", forming a CL band at 490-550 nm.

In addition, O,"~ radicals formed by the reaction of *OH radical with HO,™
oxidized gold on the AuNP surface to produce excited Au(I) complexes, which
emitted light at 430450 nm. In the H,0,-Co?*-NaHCOj3 system, *OH was gener-
ated through the reaction between HCO4~ with Co**, followed by the (09" gener-
ation in the same way with H,0,-Co**-NaOH system. On the other hand, *OH
reacted with CO32~ to generate CO3"~ adsorbed on the AuNP surface, thus forming
the excited (CO;),", which produced light emission at 430-450 nm. Due to the
protection of the FSN ligand toward the gold core, FSN-capped AuNPs showed
great potentials for the construction of sensitive CL systems at a wide pH range
or high salt concentration. For instance, the FSN-capped AuNPs (pH = 10.2) were
applied as a sensitizer in the CO3>~"—ONOOH CL system at high salt condition (the
concentration of Na,CO3; was 0.3 M) [70]. The CL mechanism can be summarized
as shown in Fig. 8.9 [70]. When NaOH was added dropwise into the AuNP colloidal
solution, gold complexes would be formed on the AuNP surface. The hydrophilic
heads of FSN molecules could be adsorbed on AuNP surface to form a micelle layer,
which was able to stabilize active intermediates in the CL reaction, thus improving
the CL quantum yield. The FSN ligands on the AuNP surface could be displaced by
CO3"~ generated by the reaction of *OH and CO32~. The adjacent CO3"~ interact to
form (CO»),", thus producing CL emission at 430-450 nm.

The strategy of using AuNPs to enhance CL has also been applied in some other
weak CL systems [71, 72]. Yu et al. proposed AuNP could strongly improve the
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Fig. 8.9 CL mechanism for the FSN-capped AuNP-ONOOH-carbonate system. Reprinted with
permission from Ref. [70]. Copyright 2011 Royal Society of Chemistry

CL intensity of Ce(IV)— Na,SOs3 due to facilitating effect of AuNPs for the radical
generations [72]. In addition to being a catalyst, AuNPs can also act as reducing
agents in CL reaction. In acidic conditions, small-sized AuNPs (<6 nm) was able to
rapidly react with KMnOy to form excited Mn(II)", while larger AuNPs had no such
effect, indicating that the chemical reactivities of AuNPs were closely dependent on
their sizes [73]. Accordingly, the acid KMnO,4 CL system could be used to detect
AuNPs with size less than 6 nm, which had great application prospect in bioanalysis.

8.3 Platinum Nanoparticles-Involved CL System

As a common nano-catalyst, platinum nanoparticles (PtNPs) have been widely used
in petroleum, fuel cells, analytical sensing and other fields. The catalytic activity
of PtNPs depends largely on their size and morphology, which is similar to that of
AuNPs. Therefore, a great deal of research has been devoted to the development
of new PtNPs with unique morphology to improve their performance and explore
their application potential in more fields [73—75]. Compared with the application of
AuNPs in CL enhancing, the use of PtNP-involved CL systems has been less reported
[76-79].

Following the report that AuNPs can be used to enhance the CL of luminol-
H,0,, PtNPs have also been successfully applied to catalyze the luminol—H,0, CL
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in 2007 [76]. The mechanism of the PtNP-catalyzed luminol-H,O, CL system was
summarized in Fig. 8.10 [76]. Briefly, PtNPs-catalyzed the decomposition of H,O,
to generate *OH on the PtNP surface, which further reacted with HO, ™ and luminol
anion to form O, and luminol radical, finally generating excited 3-aminophthalate
anion, resulting in a strong CL. A photostimulated ON-OFF CL was achieved by
coupling negatively charged PtNPs with a photoisomerized monolayer [77]. This
strategy of combining photoelectrochemistry with CL technique provides a new idea
to construct controllable CL analysis platforms.

A size-dependent catalytic activity of PtNPs on the CL reaction was observed in
similar to that of AuNPs. The size-dependent catalysis of PtNPs has been investi-
gated using PtNPs-encapsulated inside dendrimers, i.e. Pt dendrimer-encapsulated
nanoparticles (DENs), whose size can be tailored with subnanometer accuracy over
the range of 1-3 nm [78]. This size-sensitive catalysis was attributed to that of
the chemical states that were different on the Pt DENs surface. Various oxidase
substrates, including cholesterol, glucose, and choline, could be detected using the
Pt DEN-catalyzed luminol CL. Owing to the peroxidase-like activity, PtNPs was able
to catalyze the CL reaction of luminol in the absence of HyO, [79]. The effects of
PtNPs on the luminol CL were dependent on their capped agents and morphologies
of PtNPs. The most intensive CL emission could be achieved by utilizing polyvinyl
pyrrolidone (PVP)-capped PtNPs due to their better stability and resistance to alkaline
environments.
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PtNPs were commonly used as catalyst in the preparation of acetaldehyde from
ethanol. Therefore, the addition of ethanol in some CL systems (e.g., lucigenin—
NaOH) as a catalytic initiator could greatly improve the intensity of CL [80]. This
ethanol-initiated CL system was characterized by an “induction” period, which could
be controlled by altering PtNP concentration. The produced strong CL emission has
great application potentials in cold light source and bioanalysis. In alkaline media,
PtNPs had the ability of catalyzing the CL reaction of lucigenin—hydrazine [81].
Under the catalysis of PtNPs, hydrazine reacted with dissolved O, to form inter-
mediate *OH and O,"~, which could oxidize lucigenin to yield strong CL (Ayax =
480 nm). The CL intensity was found to be further increased by thiol-containing
compounds. Thus, it is hopeful to achieve simultaneous determination of sulfur
compound mixtures by the combination of highly sensitive CL detection and HPLC
technique.

With the development of microfluidic chip, researchers are also exploring the
combination of CL technology and microfluidic chip devices to improve reaction
efficiency, response time, analysis performance and so on. By combination of PtNP-
catalyzed CL (luminol-AgNOs3) with microfluidic chip, a CL system on the chip
has been established to detect vitamin B1 (VB1) [82]. Under the catalysis of PtNPs,
luminol radical was formed by the reaction of luminol and AgNOj3. At the same time,
dissolved oxygen reacted with Vitamin C to generate O,"~. Reaction of the luminol
radical with the O, could form the excited 3-aminophthalate anion, thus emitting a
strong CL light. The CL intensity of the luminol-AgNO3;—PtNPs would be improved
by addition of VB1. This on-chip CL method for the VB1 detection showed a wide
linear range (0.1-40 wM) and a relatively low LOD (4.8 nM).

8.4 Silver Nanoparticles-Involved CL System

In comparison with gold and platinum, silver has a lower redox potential, indicating
its higher chemical activity [75, 83]. It was reported that the CL emission of the
luminol-H,O, would be improved by Ag nanoparticles (AgNPs) [84—-87]. The CL
mechanism has been proposed in Fig. 8.11 [84], electrons were transferred to H,O,
by the catalysis of AgNPs to generate *OH radicals, which were stabilized on the
AgNP surface. HO, ™ and luminol anion were oxidized by *OH to produce O,"~ and
luminol radicals. Luminol intermediate was generated from the reaction of O,"~ and
luminol radicals, and finally a strong CL took place [84]. Halide ions and amino acids
were able to absorb on the AgNP surface and consume reactive intermediates, thus
inhibiting the CL of the AgNP-catalyzed luminol-H,0O,. Among a variety of amino
acids, cysteine displayed strongest inhibition on the CL. Based on this phenomenon,
a sensitive CL method has been developed to determine cysteine [85]. Gao et al.
investigated the CL intensity of Ag-HSCH,COOH or Ag-bovine serum albumin
(BSA) in the presence/absence of AgNPs, and concluded that the AgNP nano-surface
might be the site for the catalytic reactions [84]. The application of the proposed CL
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Fig. 8.11 Possible mechanism of silver nanoparticles-involved luminol CL reaction. Reprinted
with permission from Ref. [84]. Copyright 2007 Elsevier Inc.

system has been expanded for the detection of isoniazid in pharmaceutical samples
and nitrofurans in food safety field, as well as for pesticide discrimination [86—88].

Luminol-functionalized AgNPs could react with H,O, to yield strong CL. The
CL intensity and the time to appear CL or reach CL peak value could be tunable via
a single experiment operation by changing reaction conditions including pH value,
the H,O, concentration, and addition of proteins [89]. Accordingly, a tri-channel
analytical platform for protein sensing arrays has been constructed, which showed
significant potential in biomedical application. Similarly, due to the catalytical action
of AgNPs toward the H, O, decomposition to *OH radical, AgNPs were used for some
other H,O,-related CL systems, such as TCPO-H, 0O, system [90, 91]. As illustrated
in Fig. 8.12 [90]. *OH radical was rapidly produced by the catalysis of AgNPs, which
could react with H, O, to yield HO,*. The produced HO,* promoted the generation
of an intermediate (1,2-dioxetanedione) that can transfer its high energy to nearby
fluorescent dyes, such as dipyridamole (DIP) and safranin O (SO) to produce strong
CL. The AgNP-catalyzed TCPO-H,O, system has been utilized for pharmaceutical
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Fig. 8.12 The CL mechanism of AgNP-catalyzed TCPO-H;O,—dipyridamole system. Reprinted
with permission from Ref. [90]. Copyright 2011 John Wiley & Sons, Ltd.

analysis, including the determination of dipyridamole and 6-mercaptopurine (6-MP)
in pharmaceuticals.

AgNPs could also catalyze the CL of luminol-AgNOj3, following a similar prin-
ciple with AuNP-catalyzed luminol-AgNO; CL system [92]. AgNPs catalyzed the
oxidation of luminol by Ag*. Excited 3-aminophthalate would be finally gener-
ated from the reaction of dissolved oxygen and the intermediate luminol radical,
thus producing CL emission. In comparison with the AuNPs—luminol-AgNO3; CL
system, the reduction of Ag* on the AgNP surface was easier than that on the AuNP
surface because easier deposition of Ag’ on the AgNP surface. In addition, AgNPs
showed strong enhance effect on the luminol-KIO4 CL by addition of Co?*[93].
Based on influences of organic compounds and amino acids on the CL of AgNP-
catalyzed luminol system, effective CL methods were developed to measure these
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compounds [93-95]. Chen et al. found that AgNPs could be oxidized to Ag* by
KMnOy,. The produced Ag* enhanced the CL of luminol [96]. By incorporation of
BPA into the luminol-KMnO4—AgNPs system, the CL would be decreased, which
may be attributed to the consumption of KMnOy by the oxidation of hydroxyl groups
of BPA.

In the presence of Cu?* and NaBr, the CL of luminol could be induced without
H,0, [97]. With the assistance of NaBr, the AgNPs could act as reductant to reduce
CuSO0;. As aresult, Cu(I) complex could be formed in the system, which reacted with
dissolved O, to form O,"~. A strong CL could be induced by the reaction between
luminol and O,"~. In this system, the Cu(I) complex was the key intermediate. It was
found that AgNPs coud also catalyze the CL of luminol when other nucleophiles
(e.g., hiosulfate, C1~, and I7) were added into the system.

When adsorbates that can reduce the oxidation potential of the AgNPs were
existed, lucigenin was able to be reduced by AgNPs and produce CL [98]. For
instance, the reducing ability of AgNPs could be enhanced by iodide ion (I7), thus
inducing a stronger CL of the lucigenin—AgNPs system. In the presence of I, a
monocation radical was generated from the reduction of lucigenin by AgNPs, which
was able to react with oxygen to form O, ~. When the monocation radical reacted
with O,"~, a strong CL occurred. Similarly, the addition of these adsorbents can also
promote the reduction of AuNPs and PtNPs. However, the activity of AuNPs and
PtNPs is very lower than that of AgNPs. Therefore, the CL intensity of lucigenin—
AgNPs—KI system was very stronger than that of the lucigenin—AuNPs—KI system
and the lucigenin—PtNPs—KI system.

It was reported that AgNPs had strong enhancement effect on the weak CL of
Ce(IV)-Na;SOj3 system [99]. Intermediate SO," could be produced in the reaction
of Ce(IV)-Na,SOs. In the presence of Tb** and norfloxacin (NFLX), the energy of
SO," could be transferred to Tb** via NFLX, significantly enhancing the signals of
CL. When AgNPs were introduced, the CL process could be accelerated due to the
electric activity of AgNPs. Consequently, CL emission of the Tb**-NFLX—-Ce(IV)—
Na,SO; system was greatly improved. The method has been utilized to determine
the NFLX in eyedrop samples with a very low detection limit (2.0 nmol-L™").

8.5 Bimetallic Nanoparticles-Involved CL System

Like the single metal nanoparticles, bimetallic nanoparticles possess interesting
properties including size-dependent chemical, optical, and electrical properties.
Compared with the monometallic counterparts, bimetallic nanoparticles may reveal
a better catalytic effect [100, 101]. In the absence of H,O,, luminol could emit light
by the reaction with acidic colloid of Pd/Ag bimetallic nanoparticle. Under acidic
conditions, a Pd hydroperoxide species could be generated from the reaction between
the Pd on the AuNP surface with dissolved oxygen [102]. Luminol could be oxidized
by the formed Pd hydroperoxide species and emit light (Fig. 8.13). Switchable on—
off CL emission could be achieved by simply adjusting the Pd/Ag colloid pH. The
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Fig. 8.13 Mechanism of the Au/Ag alloy nanoparticle-induced CL of luminol. Reprinted with
permission from Ref. [102]. Copyright 2010 Royal Society of Chemistry

catalytic performance of Pd/Ag bimetal nanoparticles in the CL reaction could be
regulated simply by adjusting the pH value without the assistance of functional shell
on the surface. It provided a new sight for designing smart nanocatalysts.

In the presence of oxidizing agents such as H,O, and K3;Fe(CN)g, the luminol-
based CL reactions could also be catalyzed by the bimetallic nanoparticles
(e.g., silver/gold nanoalloy, Au/Pd core—shell nanoparticles and Co/Au bimetallic
nanoclusters) [103—110]. Figure 8.14 showed the possible mechanism for the Au/Ag
nanoalloy-catalyzed luminol-H,O, CL reaction [104]. Under the catalysis of Au/Pd
core-shell nanoparticles, H,O, adsorbed on the nanoparticle surface decomposed to
generate *OH radicals through the electron transfer process. Both luminol and HO, ™
generated from H,O, were able to react with *OH and produce luminol radicals and
0,7, respectively. The reaction of luminol radicals and O,"~ would induce strong
CL in the system. The proposed Au/Ag alloy nanoparticle-catalyzed luminol-H,O,
CL system has been successfully utilized for sensitive determination of some amino,
thiol, or hydroxy group containing organic compounds and glucose [103-107].

In acid medium, Au/Ag alloy nanoparticles were capable of enhancing the CL of
cerium (IV)-Rhodamine 6G(Ce(IV)-Rho6G) system [111]. Figure 8.15 showed the
possible CL mechanism. Cerium (IV) could oxidize the Au/Ag alloy nanoparticles
and Rhodamine 6G. During the reduction of cerium (IV), excited cerium (III)* was
generated, whose energy could be accepted by Rhodamine 6G, thus leading to an
intense CL. The influences of 22 organics and 17 amino acids on the CL signals of
Au/Ag alloy nanoparticle-Ce (IV)-rhodamine 6G system were studied. The molec-
ular structure (e.g., the type, number, and location of functional groups) has been
found to change their effect on the Au/Ag alloy nanoparticle—Ce (IV)-rhodamine 6G
system. On this basis, a CL detection method for the organics (phenols, polyphenols
and amino acids) has been established.

Chaichi et al. reported that the Au/Ag alloy nanoparticles showed high enhance-
ment effect on the TCPO-H,0,—Amplex red (AR) CL system [112]. The Au/Ag
alloy nanoparticles could not only catalyze the decomposition of H;O, but also
adsorb molecules with reducing groups. Figure 8.16 showed the proposed CL reaction
mechanism for this proposed system. Under the catalysis of the Au/Ag alloy nanopar-
ticles, *OH radicals were generated and reacted with HO, ™ to form O,"*~, which could
oxidize TCPO to generate 1,2-dioxetanedione. On the other hand, the rigidity of AR
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Fig. 8.14 The CL mechanism for the luminol-H>O; system catalyzed by the Au/Ag alloy
nanoparticles. Reprinted with permission from Ref. [104]. Copyright 2013 Elsevier B.V

molecules increased on the surface of nanoparticles, which could increase its fluo-
rescence power, thus improving the CRET efficiency between 1,2-dioxetanedione
and AR.

In addition, bimetallic nanoparticles could be used as excellent sensitizers for
the ultra-weak CL system of NaHCO3;-H,0; [113]. Lin’s group proposed a simple
reduction method for the preparation of BSA-capped Zn/Cu bimetal nanoclusters
(Zn/Cu@BSA NCs), which were then used as catalysts for the HCO4 -based CL
reaction. The Zn/Cu@BSA NC:s facilitated the generation of *OH and *«CO; ™~ radicals
from the decomposition of HCO4~. Emitter intermediate 105 (Amax = 634 nm) was
then produced through the reaction of H,O, with the produced *OH and *CO;~ radi-
cals. Simultaneously, emitter intermediate (CO»)," would be formed by the reaction
between *OH and excess HCO3™, emitting light at 430-460 nm (Fig. 8.17) [113].
The optimized CL system with Zn/Cu bimetal NCs could be utilized as a highly
sensitive sensor for HO, determination (LOD = 30 nM).
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8.6 Conclusions

In summary, we present a comprehensive overview on NMNs-involved CL systems
over the last few years. It is apparent that a series of CL systems including luminol,
TCPO, and ROS-induced CL, can be enhanced by NMNs. Since the catalytic effect
of nanoparticles is usually dependent on their size and morphology, the mecha-
nism for the enhancement of NMNs on CL is not unique and sometimes even
contradictory results are obtained. Therefore, studying the effects of NMNs on
different CL systems would improve our understanding or corroborate some possible
enhancement mechanisms.

Thanks to the significantly enhanced CL signals, NMNs-involved CL methods can
improve the detection sensitivity. However, there are few examples of real applica-
tions, especially in the field of bioanalysis. Although CL technology has been widely
used in immunoassay, whose process is usually complex and time-consuming. The
promotion and application of NMNs-involved CL systems still face great challenges.
For example, in the complex systems, the application of NMNs-involved CL systems
needs to simultaneously consider the sensitivity and specificity of analysis as well as
the anti-interference toward complex environments. At the same time, simplifying
the process of analysis and combining separation technology with CL detection to
realize automatic and intelligent analysis is the current development trend.
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Chapter 9
Semiconductor Nanoparticle-Amplified e
Chemiluminescence

Wenjuan Zhou and Chao Lu

Abstract Semiconductor quantum dots (QDs) is a class of extremely small nanopar-
ticles with a diameter of 1—10 nm. The optical and electronic properties of nanoma-
terials largely vary from that in the bulk. In this chapter, chemiluminescence (CL)
analytical potential of QDs has been reviewed, focusing on the mechanism of the
QD-based CL and prospects of their utilization in analytical chemistry. Some key
QD-based nanomaterials and their CL properties developed in the fields of food
analysis, pharmaceutical and clinical analysis, and environmental monitoring have
been discussed. Simultaneously, we have summarized the recent advancements and
applications of different kinds of QDs in the CL analysis and probed their various
mechanisms. This may contribute to a deeper understanding of the role of QDs in
CL and provide new strategies for the application of QDs in more fields.

Keywords Chemiluminescence * Peroxymonocarbonate - Semiconductor quantum
dots - Nanomaterials - Energy transfer

9.1 Introduction

Semiconductor quantum dots (QDs) are one kind of quasi-zero-dimensional quantum
structures consisted of a small number of atoms. The structure of QDs usually consists
of a semiconductor metal core and a shell with a wider band gap [1-3]. They were
usually constituted by atoms from groups II-VI, III-V, or IV-VI, such as CdTe
[4-6], CdS [7-9], CdSe [10-12], ZnO [13, 14], PbS [15-17], CdSe/ZnS [18-20],
GaAs, [21-23] and so on. Since the size of QDs directly affects the band gap level,
the optical, electronic and catalytic properties of QDs can be controlled simply by
adjusting their size, providing convenience for different applications. QDs display
unique optical properties, including high quantum yield, wide excitation spectra
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and narrow emission spectra, accurately tuned emission wavelength, and negli-
gible photobleaching, which make QDs widely used in photoluminescence (PL)
and chemiluminescence (CL) analysis [24-27].

The QD-based CL production could be described by three possible mechanisms:
direct CL from QDs, catalyzed CL by QD, and indirect CL from QDs as accepters
of CL resonance energy transfer (CRET) [28]. In fact, it is difficult to figure out the
CL emission in one system is originated whether from direct CL of QDs or from
CRET process. In many QDs-involved CL systems, these two mechanisms may exist
simultaneously. Therefore, it is a very challenging task to determine the role of QDs
in CL reactions. In this chapter, we discussed the possible CL mechanisms of QDs
and reviewed the recent advancements of QDs in various CL systems.

9.2 Direct Chemiluminescence

When the nanocrystals in solution are injected with both an electron and a hole
simultaneously, a band edge CL from the nanocrystals can be induced [28, 29].
Semiconductor QDs can directly react with reactive oxygen species (ROS) to produce
CL. The direct CL from QDs can be explained as follows: ROS produced during the
redox process turn into strong oxidizing free radicals and reducing species, among
them, the strong oxidizing free radicals inject holes into the HOMO of QDs, and
the reducing species inject electrons into the LUMO of the QDs. As a result of the
radiative recombination of electron—hole pairs, CL emission occurred (Fig. 9.1)[28].

9.2.1 QODs—H»0; System

The first direct CL from QDs was observed by Talapin et al. [29] by addition of H,O,
to the colloid solution of CdSe/CdS (core/shell) QDs or the nanoparticulate layers.
The film of CdSe/CdS nanocrystals on an F-doped SnO, or Pt substrate was placed
into aqueous solution of KOH (0.1 mol-L~"). CL emission was observed by injection

Fig. 9.1 Direct CL emission O
process of QDs with ROS. 2
Reprinted with permission
from Ref. [28]. Copyright
2012 Elsevier B.V.
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Fig. 9.2 a CL kinetics curve of HyO;-induced CL of CdSe/CdS nanocrystals in a film. b CL spectra
of HyO;-induced CL of CdSe/CdS nanocrystals and PL spectra of CdSe/CdS nanocrystals in a film
(black lines). Reprinted with permission from Ref. [29]. Copyright 2004 American Chemical Society

of HyO, (1 M) under stirring. The H,O,-induced generation of CL was explained by
the formation of the 1Se-1Sh exciton in CdSe/CdS QDs. Firstly, the F-doped SnO, or
Pt substrate catalyzed the decomposition of H,O, to form *OH. Subsequently, a hole
injection occurred in the CdSe core and produce CdSe(h*g,)/CdS. Alternatively, the
H,0; could react with *OH to yield O, ~, which was able to inject an electron into
the CdSe core to get CdSe(e™ 1s.)/CdS (Fig. 9.2a). A band edge CL emission could
be occurred through the recombination of CdSe(h*;s,)/CdS and CdSe(e™ ;s.)/CdS
(Fig. 9.2b).

The directly oxidized CL from QDs was also observed in thiol-capped QDs (e.g.,
thioglycolic acid-capped CdTe and CdS QDs) [30, 31]. The CL mechanism of thio-
glycolic acid (TGA)-capped CdTe-H,0O, system can be described in Fig. 9.3 [30].
Under alkaline conditions, thiols (RSH) were able to react with dissolved O, to
generate O,"~, which was able to convert into 10, and *OH. The *OH and O,"~
then injected a hole and an electron into CdTe QDs, respectively. As a result, 1Sy
CdTe(h"sp) and 1S, CdTe(e™ ;s.) exciton were produced, thus emitting light through
the recombination of electron—hole pairs. Moreover, surfactants especially cationic
surfactant, such as CTAB and B-CD, were found to promote CL emission of QDs. It
was attributed to the formation of nanocrystal aggregates by the interaction between
CTAB with TGA, which could decrease the distance between nanocrystals, thus
reducing the non-radiative energy loss and promoting the generation of excited states
[29]. Unlike CTAB, B-CD did not promote the aggregate formation, and its enhance-
ment effect was mainly attributed to the inhibition of non-radiative processes by
micellar nano-environment.
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Fig. 9.3 The mechanism for the HyO;-induced direct CL of CdTe QDs

The CL of H,O,—QDs system can be further enhanced by some catalysts,
such as lanthanide ions, amino acids, and horseradish peroxidase (HRP)-mimicking
DNAzyme [32-35]. The addition of these substances may increase the pH value
of the solution as well as promote the generation of *OH radicals, thus enhancing
the CL signal. Based on these catalyzed CL reactions, the QDs-based CL system
was utilized for the determination of Dy>*, histidine, tryptophan, and biologic labels
(HRP-mimicking DNAzyme) with high sensitivity.

On the contrary, some metal ions were found to decrease the HO,-induced CL
emission of the QDs because the electron transferred from QDs to metal ions [36,
37]. Thus, sensitive CL methods based on the inhibition of the H,O, —QDs reaction
was established to detect metal ions (e.g., Hg2+, Cu?*, and Ag"). Furthermore, a “turn
off—-on” CL method was constructed to determine glutathione (GSH) according to its
recovery effect toward the Cu(I)-inhibited QDs—H,0O, CL system by the formation
of Cu(I)-S bond, which could remove Cu(II) from the surface of QDs[38].

9.2.2 QDs—H>;0;—NaHCO3 System

In the H,0,—NaHCOj; system, peroxymonocarbonate (HCO,™) could be generated
from the H,O,-NaHCOj3 reaction. O,"~ and *OH radicals were then formed by
the decomposition of HCO,4~, thus inducing a band edge CL of QDs. Accord-
ingly, mercaptoacetic acid-capped CdTe QDs were applied to improve the CL of the
H,0,-NaHCOs; system by Lin group [39]. The possible mechanism for CdTe QDs-
sensitized CL reaction in the HyO,—NaHCOj3 system can be concluded in Fig. 9.4
[39]. In the H,O,—-NaHCO3;—-CdTe QDs system, four emitters (CdTe", (CO,),", 10,,
and (0,),") have been detected, among which the CdTe" was generated by the hole
and electron injection by the intermediate *OH and O, ™ radicals. The CL derived
from the QDs exciton could be regulated by simple adjustment of the size of QDs,
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Fig. 9.4 Principle of CL in HO,-NaHCO3—CdTe QDs system. Reprinted with permission from
Ref. [39]. Copyright 2010 American Chemical Society

which would provide promising for the further applications of QDs-based CL tech-
nique in the fields of medicine, biology, chemistry, etc. For instance, the H,O,—
NaHCO3;-CdSe/CdS system has been utilized to measure ascorbic acid in human
serum and epinephrine in pharmaceutical formulation with low interference and
acceptable performance [40, 41].

9.2.3 QDs—KMnQOy4 System

In the reported QDs—H,0, CL systems, a high concentration of H,O, were required
(about 1 mol-L "), which would decompose fast in strong alkaline medium, leading
an unstable CL signal. In order to improve the analytical performance, Khataee’s
group has developed CdS QDs-KMnQO,4 CL system [42-46]. Recently, CL reaction
of some other QDs, such as copper indium sulfide (CulnS;) QDs, with KMnO4
have also been demonstrated [47]. Take CdS QDs for example, KMnOy as a strong
oxidizing agent had an ability to inject a hole into QDs (Reaction 9.1). At temper-
atures above absolute zero, electrons can be excited to high energy states (Reaction
9.2). Excitons would be generated through the electron—hole pair recombination
(Reaction 9.3). When [CdS QDs]" returned to the ground state, strong light could be
emitted (Reaction 9.4) [45]. In comparison with H,O,, KMnO,4 showed a stronger
oxidizability, thus very intense CL signals can be obtained at a low concentration of
KMnOy (0.04 mmol-Laccepts an electron from) [43, 45]. Furthermore, the energy
of the formed excited QD" can transfer to some fluorescent accepters (e.g., carminic
acid and rhodamine B) [45, 46]. In the presence of meropenem, the distance between
donor (QD*) and accepter (rhodamine B) increased, following a decrease in CL inten-
sity. In the presence of meropenem, an inhibited CL was observed. Thus, a sensitive
chemosensor was developed to determine meropenem in water samples [46].

5CdS QDs + 8H' — 5[CdS QDs]™ + Mn(Il)* + 4H,O 9.1)
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CdS QDs + e(thermal excitation) — [CdS QDs]™ 9.2)
[CdS QDs]™ + [CdS QDs]™ — [CdS QDs]* 9.3)
[CdS QDs]* — CdS QDs + hv 9.4)

9.2.4 QDs—KIO4 System

In basic solution, periodate (KIO4,) is considered to be a weaker oxidizing agent than
H,0;. Lin group investigated the CL of CdTe/CdS/ZnS QDs induced by KIO,4 [48].
During the injection of KIOy, into the colloid solution of CdTe/CdS/ZnS QDs, a fast
and strong CL was observed. The possible mechanism for KIO,-induced CL of QDs
could be illustrated in Fig. 9.5. In the KIO4—QDs system, O, "~ can be generated from
two avenues: (1) the dissolved O, accepts an electron from QDs; (2) [O4~ reacts with
the dissolved O, in an alkaline medium. The generated O,"~ would be transformed
into 10, and H,0,. Furthermore, *OH can be formed through the reaction of the
evolved O,"~ with H,O,. Then *OH injects a hole and O, injects an electron into
the QDs, producing QD (h* g,) and QD (e~ ;s.) excitons. When QDs" returned to
the ground state, CL occurred. If there were fluorescent acceptors (e.g., fluorescein)
in the system, an efficient energy transfer would take place from the CL donor (QDs")
to the fluorescent acceptor. Some reductive substance (e.g., catechol) which could
react with KIO,4 can be determined by using the QDs—KIO4 CL system [49].

ZnS
R s + |
\ Electron injection | :
/’_\ )
0, 02 ZnS ZnS *
>—_| X
/»-'P 1_50]
‘OH

Hole injection -

Fig. 9.5 CL mechanism for the KIO4-induced CL of CdTe/CdS/ZnS QDs. Reprinted with permis-
sion from Ref. [48]. Copyright 2016 Chinese Chemical Society and Institute of Materia Medica,
Chinese Academy of Medical Sciences. Published by Elsevier B.V.
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9.2.5 Other QDs—ROS Systems

Among all kinds of ROS, a series of radicals could be generated from the decomposi-
tion of peroxynitrous acid/peroxynitrite (ONOOH/ONOO™). ONOOH and ONOO™
coexist under physiological conditions. In the ONOOH/ONOO™ system, *OH
and O, radicals would be simultaneously produced through the homolysis of
ONOOH/ONOO-. Hole-injected QDs (QDs"*) were generated by the hole injections
of *OH into QDs. Subsequently, CL emission occurred as a result of the electron-
transfer annihilation between O, and QDs™* (Fig. 9.6) [50]. Accordingly, a specific
CL probe for ONOO™ based on the unique character of the ONOO~/ONOOH has
been proposed by Lu’s group and utilized in living cell systems.

When the ligands on the QD surface had the ability to donate electrons, holes
would be injected into QDs by the strong oxidizing free radicals, at the same time
the ligands inject electrons into the QDs, thus producing CL emission. Lu’s group
replaced the thioglycolic acid ligand on the CdTe QD surface with the citric acid
ligand, which can be an electron donor on the surface of metal, and realized the
selective determination of *OH radical in living cell systems [51]. Possible mech-
anism for the *OH-induced CL of citric acid-capped CdTe QDs was described in
Fig. 9.7. As a result of the high redox potential of *OH among the ROS, it showed
the unique property to inject holes into the CdTe core. In combination with the
electron-injection ability of the citrate complex shell of the citric acid-capped CdTe
QDs, excited QDs (QDs") would be generated in the system, thus emitting light when
QDs" returned to the ground state. This CL system has been used for not only the
determination of exogenous *OH, but also the real-time monitoring of *OH in living
cell systems.

ONOO™

hole injection

0,

ONOOH

Fig. 9.6 CL mechanism for the ONOO~/ONOOH-induced CL of CdTe QDs. Reprinted with
permission from Ref. [50]. Copyright 2016 American Chemical Society
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Photo-induced hv

Fig. 9.7 The CL mechanism for the *OH-induced CL of citric acid-capped CdTe QDs. Reprinted
with permission from Ref. [51]. Copyright © 2016 Wiley—-VCH Verlag GmbH & Co. KGaA,
Weinheim

9.3 Chemiluminescence Resonance Energy Transfer
Acceptors

Chemiluminescence resonance energy transfer (CRET) is a process in which the CL
donor delivers energy to the accepter in a non-radiative form if there is a suitable
energy acceptor in the system. Efficient overlap between the emission spectra of the
donor with the absorption spectra of the acceptor is necessary for the CRET process.
The wide excitation spectra of QDs make them be excellent acceptors in CRET
systems (Fig. 9.8)[28]. In CRET system, excited QDs (QDs") are the emitters, which
is the same as that in the direct oxidation of QDs. Therefore, it is difficult to study the
CL mechanism of the QDs-involved system [28, 52]. As CRET acceptors, QDs were
first used in luminol-based CL system, and then gradually extended to ROS-related
CL system. It can not only regulate the emission band of the CL reaction, but also
effectively enhance the weak CL signal.

Fig. 9.8 CL emission L LA LT
procedure with QDs as —
CRET acceptors. Reprinted <10nm
with permission from Ref. CL donor |

[28]. Copyright © 2012
Elsevier B.V

hv (PLA)
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9.3.1 QDs—Luminol—H,0; System

In the QDs-involved CRET systems, the efficiency of CRET is affected by the
following factors: spectrum overlaps, donor—acceptor distance, the efficiency of CL
reaction and the quantum yield of the QDs [28, 53]. Among them, the donor—acceptor
distance was relatively easy to regulate and has been researched the most [54-57].
Ren’s group first constructed an efficient CRET system using QDs as energy accep-
tors in 2006 [54], in which horseradish peroxidase (HRP)-catalyzed luminol-H,O,
CL reaction was used as energy donors. HRP could greatly catalyze the luminol—
H,0, CL. Since HRP was labeled on the QDs surface, the distance between the CL
donor (luminol) and the energy acceptor (QDs) was decreased, resulting in an increase
in CRET efficiency (Fig. 9.9a). On the other hand, bovine serum albumin (BSA)
could be utilized as a linker to decrease the distance between luminol and QDs. At
first, BSA was linked to CdTe QDs and the BSA antibody (anti-BSA) was conjugated

(a)
w luminol
CdTe ] —f_ o P'{p
2 luminol "4
.
(b)

caTe)
‘@ + 2
luminol

anti-BSA

cﬁ*é

luminol

HO,, pH87
p-IP - [ Cch__"r

Fig. 9.9 a Schematic illustration of HRP-labeled CdTe QDs for the construction of luminol-based
CRET system, b schematic illustration of BSA-linked CdTe QDs and HRP-labeled anti-BSA for the
construction of luminol-based CRET system. Reprinted with permission from Ref. [54]. Copyright
2006 Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim
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with HRP. When the BSA-linked QDs (BSA-QDs) and HRP-labeled anti-BSA (anti-
BSA-HRP) were mixed, the anti-BSA-HRP would bind to the BSA-QDs, leading
to an efficient CRET (Fig. 9.9b). Through CRET, the emission band of luminol CL
system can be transferred to that of the QDs, resulting a longer-wavelength emission,
which provided practical strategies for the application of luminol-based CL systems
in biological imaging.

Bright CL emission can be brought by tuning the conditions of CL reaction,
which might be expected to be used for physical light sources. The luminol-H,0,
CL catalyzed by AuNPs, HRP, and p-iodophenol (PIP) has been utilized as lumi-
nescence donor to construct a photoelectrochemical analytical protocol [55]. In the
system, AuNPs acted as both a carrier for luminol and a catalyst for the CL reac-
tion. Nanocomposites of reduced graphene oxide (RGO) and CdS QDs were used
to improve the photocurrent transfer efficiency. Double antibody sandwich method
was used to shorten the donor—acceptor distance, thus improving CRET efficiency.
Overlap of the absorption of CdS QDs with the CL emission of luminol-H,0,
system allowed the energy transfer between luminol-H, O, and CdS QDs, achieving
the photoinduced electron transfer. Electrons in the conduction band of QDs could
be injected into the RGO that was modified on the FTO electrode surface to form a
photocurrent. H, O, in the system acted as an electron donor to inject electrons into the
formed CdS QDs (h*) to complete a cycle of photocurrent generation (Fig. 9.10) [55].
The design used CL emission instead of physical light sources for the construction
of photoelectrochemical platforms, greatly simplifying the analytical instruments.

Besides the immune reaction-based strategy, aptamer has also been used to shorten
the distance between HRP with QDs because it was able to specifically bind to certain
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Fig. 9.10 Schematic illustration of CL source for the construction of photoelectrochemical
platforms. Reprinted with permission from Ref. [55]. Copyright 2012 Royal Society of Chemistry
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Fig. 9.11 Aptamer-based CRET system for the selective ATP detection. Reprinted with permission
from Ref. [56]. Copyright 2012 Royal Society of Chemistry

targets and fold into special structures [56, 57]. As illustrated in Fig. 9.11, HRP and
QDs were linked to two pieces of ssSDNA cut from an adenosine aptamer, respectively
[56]. These two pieces of ssDNA could be reassembled by addition of ATP to shorten
the distance between HRP and QDs, promoting the occurrence of CRET. It could be
utilized to selectively determine ATP in micromolar range.

To improve the efficiency of CL reaction, high concentrations of H,O, were
usually used, which could cause the oxidation of QDs. As aresult, the luminescence of
QDs was quenched, thereby inhibiting CRET performance. Bienzyme—QDs biocon-
jugate which could cause strong CL of luminol without addition of high concentra-
tions of HyO, has been developed as an energy acceptor for efficient CRET [58].
Oxidase and HRP were comodified onto the QDs surface for the H,O, generation and
luminol oxidation, respectively (Fig. 9.12). This strategy could effectively alleviate
the fluorescence quenching of QDs and confine the CL reaction of luminol on the
QDs surface, achieving a very high CRET efficiency (30—38%). This CRET system
based on the bienzyme—QDs bioconjugate showed excellent performance for the

Fig. 9.12 Schematic Oxid 23
illustration of CRET system AR ;%
based on bienzyme—QDs Ty
biconjugate. Reprinted with s .
issi Luminol = Oxidase
permission from Ref. [58]. H,0, "k:‘. (_::? substrate
gl

Copyright 2016 American
Chemical Society
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Fig. 9.13 CRET process in the QDs—luminol—H, O, —hemin/G-quadruplexes system. Reprinted
with permission from Ref. [59]. Copyright 2011 American Chemical Society

ultrasensitive detection of various oxidase substrates such as glucose, cholesterol
and benzylamine.

The hemin/G-quadruplex HRP mimicking DNAzyme has also been reported to
enhance the CRET in the luminol—H,;0,—QDs system. Willner group developed
the QDs—luminol—H,0, CRET systems using hemin/G-quadruplexes [59—63]. The
self-assembled hemin/G-quadruplex nanostructures can be applied to detect aptamer-
substrate complexes, metal ions, and DNA via CRET process between the luminol
CL donor with CdSe/ZnS QDs (Fig. 9.13) [59]. The technique was able to achieve
recognition of different DNA fragments by applying different sized QDs which was
modified with different nucleic acids. Similarly, hemin could be bonded by different
G-quadruplex aptamers to catalyze the CL reaction of luminol—H,0O,. CRET-based
biosensors for ATP and thrombin have been developed by conjugating CdSe/ZnS
QDs to the nanostructures [60, 61].

In addition, they have also verified the utilization of the hemin/G-quadruplex
DNAzymes in DNA machines [62]. When the molecular DNA devices were immo-
bilized on the QDs, the DNA walker could be activated through the Hemin/G-
quadruplex-catalyzed generation of photocurrents. The ON-OFF CL of QDs could
be achieved by incorporating hemin into the G-quadruplex stabilized by K*-ion
(Fig. 9.14) [63]. The aggregation of CdSe/ZnS QDs could be induced by K*-ion,
which could be eliminated from the G-quadruplex by 18-crown-6-ether. Thus, the
reversible ON-OFF CL of QDs could be realized through cyclic treatment by 18-
crown-6-ether. By mixing two-sized QDs that were appropriately modified, the
dual-wavelength ON-OFF CL of the QDs can be achieved.

9.3.2 QDs—TCPO-H;0; System

Peroxyoxalate CL, as one of the nonenzyme-catalyzed CL reactions, has much higher
quantum yield than the luminol-based CL system. CdTe QDs as energy acceptors
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Fig. 9.14 CRET process in the QDs—luminol—H> O, —hemin/G-quadruplexes system. Reprinted
with permission from Ref. [63]. Copyright 2014 American Chemical Society

in TCPO—H,0, CL system was demonstrated in recent years [64, 65]. The mecha-
nism for the CL emission of the CdTe QDs-involved TCPO-H, 0, system could be
concluded in Fig. 9.15 [64]. The emitter in the CL system was demonstrated to be
the excited CdTe QDs (CdTe QDs)", which could be generated by the following two
path: (1) the CRET from C,0," to CdTe QDs; (2) the electron—hole annihilation of
CdTe™ and CdTe . Furthermore, CdTe QDs also acted as a catalyst for the formation
of the reactive intermediates including *OH and C,0,", promoting the CRET and
electron—hole annihilation. A significant quenching of CL intensity could be caused
by phloroglucinol, thus a CL method based upon the QDs—TCPO—H,0, system

Fig. 9.15 The mechanism
for the CL from the CdTe
QDs-involved TCPO-H,;0,
system. Reprinted with
permission from Ref. [64].
Copyright 2018 Royal
Society of Chemistry
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was proposed to determine phloroglucinol simply and rapidly [65]. However, the
application of this peroxyoxalate CL system was limited by the low solubility and
instability of peroxyoxalate in aqueous media.

9.3.3 QDs—K3Fe(CN)g System

Potassium ferricyanide (K3;Fe(CN)y) is a strong oxidant in alkaline solutions. It was
reported that K3Fe(CN)g was able to oxidize CdTe QDs to yield strong and stable CL
[66]. The capping ligand of QDs would affect the efficiency of the QDs—K;Fe(CN)g
system. Reactions (9.5, 9.6 and 9.7) showed the possible reaction mechanism for the
CL of CdTe QDs—Kj3Fe(CN)g system. Under the alkaline conditions, the ligand (e.g.,
glutathione) of the CdTe QDs could be oxidized by K3Fe(CN)g to form the excited
intermediate (M"), whose energy was able to transfer to the CdTe QDs to generate
excited CdTe QDs (CdTe QDs)" and emit light when it returned to the ground state.
Several metal ions including Hg?*, Cu*, Mg?*, Mn>*, Ca**, Co**, Ni**, Cr** and
Fe3* showed remarkable inhibition effect on the CL. Simultaneous measurement of
these metal ions could be realized by combining separation techniques (e.g., capillary
electrophoresis) and the QDs—Kj3Fe(CN)g CL system.

ligand + K3Fe(CN)s — M* 4+ K4Fe(CN)g 9.5)
CdTe QDs + M* — (CdTe QDs)* + M (9.6)
(CdTe QDs)* — CdTe QDs + hv 9.7

When a fluorescent dye whose absorption spectrum overlapped with the emission
spectrum of the QDs existed, the energy of (CdTe QDs)" would further transfer to
the fluorescent dye. An efficient energy transfer was obtained between the CL energy
donor (CdTe QDs)" and the fluorescent acceptor calcein, which was further used to
determine polyphenols in plant seeds [67].

9.3.4 QDs—S0," System

Excited sulfur dioxide molecules (SO,") could be the CL emitter in some SO3%~,
S>,03%~, or HSO3 ™~ containing CL systems. The weak CL can be improved using
CRET strategy by addition of fluorescent compounds which could accept the energy
of SO,". Usually used CL systems that can produce SO," emitter include Ce
(IV)—S032~, KMnO4—Na,S,03, and NaHSO3; —H, 0, systems.

In acidic media, the oxidation of SO52~ by Ce (IV) would produce a weak CL,
which could be increased by fluorophore compounds [68]. Li et al. firstly applied
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TGA-capped CdTe QDs to improve the CL of Ce(IV)—S052- system [69]. HSO3"
radicals were formed through the oxidization of HSO3;~ by Ce(IV) in the acid medium
(Reaction 9.8). Two HSO3" combined to form S,0¢>~ (Reaction 9.9), which decom-
posed to produce excited intermediate SO," (Reaction 9.10). A CRET between SO, "
(donor) and QDs (acceptor) occurred (Reaction 9.11), and gave a strong CL emis-
sion when the excited (CdTe QDs)” returned to the ground state (Reaction 9.12). The
QD-enhanced Ce(IV)—S03%~ system has been used to determine analytes that could
interact with QDs and cause an inhibition of the CL signal, such as electron transfer
proteins (myoglobin, hemoglobin, and cytochrome c), gliclazide, glipizide, and ceti-
rizine in pharmaceutical formulations [69-71]. By contrast, if there were some
compounds (e.g., atropine) that could facilitate the generation of SO,", the intensity
of the QDs—Ce(IV)—S0;2~ CL would be enhanced [72]. Acorddingly, ultrasensitive
CL detection of atropine has been realized (LOD = 2.54 x 10719 mol-.L~1).

HSO; 4 Ce(IV) — HSO; + Ce(IIN) (9.8)
2HSO; — 2HT + $,0;~ (9.9)

S04 — SO% + 803~ (9.10)

CdTe QDs + SO} — (CdTe QDs)* + SO, (9.11)
(CdTe QDs)* — CdTe QDs + hv (9.12)

In acidic medium, Na,;S,03 can react with KMnQO, to produce weak CL due to the
formation of SO, ", which can emit light at around 500 nm. If QDs whose absorption
overlaps with this emission band, CRET from SO," to the QDs occurs. Joo group
developed an enhanced CL system using L-cysteine capped CdS QDs to enhance
the CL of the KMnO4—Na,S,03 sytem [73]. The (CdS QDs)" could be generated in
two path (Reaction 9.13-9.21): (1) CRET between SO, " with CdS QDs; (2) radiative
electron-hole annihilation of (CdS QDs)™* and (CdS QDs) . In the presence of some
compounds that can react or scavenge the generated reactive intermediates, the CL
would be inhibited. Base on this, sensitive CL method was established to determine
baclofen and selegiline in pharmaceutical formulation and water samples [73, 74].

MnO; + HSO; — HSOj + MnOj;~ (9.13)
2HSO; — H»$,06 (9.14)

H,S,0¢ — SO; + H,SOy4 (9.15)
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SO% — SO, + hv (9.16)

CdS QDs + SO} — (CdTe QDs)* + SO, 9.17)
CdS QDs + MnO; — (CdS QDs)* + MnO2~ (9.18)
CdS QDs + HSO; — (CdTe QDs) ™ + SO; + H* (9.19)
(CdS QDs) " + (CdS QDs) ™ — (CdS QDs)* (9.20)
(CdS QDs)* — CdS QDs + hv 9.21)

The CL system of NaHSO3;—H,0, was also proved to generate SO," during
the CL reactions. Mercaptopropanoic acid-capped ZnS QDs were used to enhance
the NaHSO3;—H,0, CL under acid conditions [75]. Various ROS intermediates like
0,°7, *OH, SO3"~, and SO4"~ could be formed during the CL reaction. The combi-
nation of QDs'* and the QDs"~ could induce the CL emission of QDs. Moreover, the
CL emission of the ZnS QDs would also be attributed to the CRET from SO," and
10, to the ZnS QDs (Fig. 9.16).

Fig. 9.16 The mechanism for the CL of the ZnS QDs—NaHSO3—H;0; system. Reprinted with
permission from Ref. [75]. Copyright 2016 American Chemical Society
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9.3.5 QDs—(CO;);" System

Excited (CO,)," can be generated in the ONOOH/ONOO~™—Na,CO; or
HCO;™—H;0,; CL system. It can rapidly decompose to CO, and produce ultra-weak
CL (Amax = 400—460 nm). In the presence of QDs that have overlapped absorption
bands with the emission of the (CO,),", CRET can be occured, thus significantly
enhance the CL[76, 77]. The mechanism for the CdTe QDs—ONOOH—Na,CO; CL
could be concluded in Reactions (9.22)—(9.28) [76]. ONOOH could be prepared by
the on-line reaction of nitrite and acidified H, O,, which could decompose into *OH
and *NO,. Then the formed *OH reacted with CO52~ to generated CO3"~. Two CO;°"~
radicals combined to produce (CO,), ", which could transfer its energy to CdTe QDs.
Similarly, CRET could occur in the CsSe QDs—HCO3;~—H;,0, CL system. Selec-
tive recognition of CN~ was achieved by the inhibition of gold nanoclusters and the
leaching effect of CN™~ on Au NCs[77].

HNO, + H,0, - ONOOH + H,0 (9.22)
ONOOH — -NO, + -OH (9.23)

CO3;™ + -OH — CO; + OH™ (9.24)

2C0; — 0, + (COy); (9.25)

(CO,)35 — 2CO, + hv (9.26)

CdTe QDs + (CO,); — (CdTe QDs)* + 2CO, (9.27)
(CdTe QDs)* — CdTe QDs + hv (9.28)

9.3.6 QODs—(03);" System

In the H,O,—NalO, CL system, excited molecules (05)," are usually considered to
be the CL emitter, which can also act as energy donor in CRET systems. Lin group
constructed a QDs—KIO4,—H,0, CRET system using Mn-doped ZnS QDs capped
with molecularly imprinted polymer (MIP) as energy acceptor and H,O,—NalO4
as energy donor[78]. In brief, O,"~ is produced through the reaction of H,O, and
NalO,4. Two molecules of O,"~ reacted to form (O,),", which could transfer their
energy to the QDs (Reactions 9.29, 9.30, 9.31 and 9.32). The CL performance of the
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QDs was proved to be affected not only by the size of QDs, but also by their capping
ligands and the silica film protection[79]. When 4-nitrophenol was added into the
QDs—KIO4—H;0; system, 4-nitrophenol was absorbed on the QD surface, leading
to fluorescence quching of the MIP-capped Mn-doped ZnS QDs. As a result, the
CL intensity decreased with the addition of 4-nitrophenol. The utilization of MIPs
as capping agents could endow the QDs with high selectivity, achieving specific
determination of analytes.

H,0, +10; — 0y + 105 + H,0 (9.29)
205" — (0y)y (9.30)

QD + (0,); — (QD)* + 20, (9.31)
(QD)* — QD + hv (9.32)

Based on the reaction between NaClO and H,O,, singlet oxygen ('O,) was
produced. The 10, was also active, which could transform to excited ('O,)," and
act as an energy donor in CRET systems. It was found that water-soluble Mn-doped
ZnS @Si QDs capped with L-cysteine were able to improve the NaClO—H,0, CL in
basic medium [80]. Figure 9.17 showed the possible mechanism for the enhancement
effect of Mn-doped ZnS@Si QDs on the CL of NaCIO—H,0O, system. In alkaline
medium, Cl1O~ interacted with H,O; to produce C1Oe and *OH radicals. The decom-
position of H,O, was catalyzed by Mn-doped ZnS @Si QDs to form O,"~ and *OH.
Then the formed O,"~ interacted with the *OH and 'O, was generated. Furthermore,
the coupling of ClOe and *OH might produce HO,Cl, which decomposed to obtain
10, and further produce the emitter intermediate (!0,),". The Mn-doped ZnS @Si
QDs were able to accept the energy of ('0,),”, thus generating excited QDs and
emitting light.

9.4 Chemiluminescence Catalysts

QDs exhibit the electrical conductivity and the ability to capture electrons, thus QDs
can be utilized as catalyst during the CL reactions. The valence band of the QDs can
be injected a hole by a strong oxidizer and the conduction band of the QDs received
an electron from areducer (Fig. 9.18) [28]. In this manner, QDs can not only promote
the radical generation to oxidize CL reagents (e.g., luminol) [52-57], but also act
themselves individually as radicals[28].
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Fig. 9.17 The mechanism for the CL of NaCIO—H,O; system enhanced by L-cysteine capped
Mn-doped ZnS @Si QDs. Reprinted with permission from Ref. [80]. Copyright 2011 Elsevier B.V.
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Fig. 9.18 CL emission with QDs as catalyst. Reprinted with permission from Ref. [28]. Copyright
2012 Elsevier B.V.
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9.4.1 QDs—Luminol—H,0; System

Semiconductor nanoparticles were proved to be able to catalyze the formation of
some reactive intermediates (e.g., *OH and O,"~) from the decomposition of H,O5,
enhancing CL emission of luminol—H,O; system [81-83]. ZnO QDs with a diameter
of 6—21 nm showed enhancement effect on the luminol—H,0, CL, which might be
attributed to the catalysis of ZnO QDs toward the decomposition of H,O, to generate
*OH and O,"~. Luminol could be oxidized by these radicals to generate luminol
radicals, further reacting with O,"~ to form excited 3-aminophthalate anion, and
then emitting light (Fig. 9.19) [81]. Moreover, some organic compounds containing
—SH, —NH;, and —OH groups, such as amino acid and carvedilol, were able to
decrease the CL of the ZnO QDs-catalyzed luminol—H,0O, system [81, 82], indi-
cating application potentials of the CL system to detect such compounds. Further-
more, the QDs-catalyzed luminol—H, O, CL can be combined with separation tech-
niques such as capillary electrophoresis to realize simultaneous determination of
multiple substances[83].

H,0, + OH ——= HO, + H,0
0 0
NH - N”
i+ OH — | + H,0
zﬁm NH 2
NH, O NH,

ZnO nanoparticle . OH
HO0 — on

Catalyst

C0, - CO,- ol
NH, N NH, O

Fig. 9.19 Possible CL mechanism for the enhancement effect of the ZnO QDs on the
luminol—H,O; system. Reprinted with permission from Ref. [81]. Copyright 2009 American
Chemical Society
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Fig. 9.20 Possible luminol CL mechanisn in the presence of CdTe QDs and KMnOy. Reprinted
with permission from Ref. [84]. Copyright 2008 Elsevier B.V.

9.4.2 QDs—Luminol—KMnQO,4 System

It was supposed that KMnO, has the ability to oxidize QDs to form QDs™, or
some ROS intermediates (e.g., O,"~ and *OH), which could be a sensitizer or co-
oxidant in the luminol—KMnO, CL reaction [84, 85]. Li’s group introduced TGA-
capped CdTe QDs into the CL system of luminol-KMnQO, [84]. The oxidized
species of CdTe (R*") could accelerate the CL reaction of luminol and KMnOy.
Figure 9.20 showed a simple form of possible mechanism for the enhancement effect
of CdTe QDs on the luminol—-KMnOy4 system. Among several oxidants, KMnQO4
showed the stronger enhancement CL signals, which might be ascribed to the differ-
ences in the energy-matching degree or the oxidation ability. The application of
the QDs—luminol—KMnO, system has been demonstrated to detect ascorbic acid
and human IgG by a 3-channel FIA CL sandwich-type immunoassay. The phenol
compounds were also detected according to the CL quenching caused by these
compounds.

9.4.3 QDs—Luminol—KIO4 System

In the absence of catalysts, KIO4 was able to oxidize luminol to produce weak CL.
The catalyst semiconductor nanoparticles (e.g., CdTe, ZnS, ZnSe) may interact with
the intermediates or the reactants in luminol—KIO,4 system to produce more active
oxygen-containing reactant intermediates, enhancing the CL emission [86—89]. Li’s
group demostrated that MA-capped ZnS QDs could increase the luminol—KIO4
CL[86]. It was assumed that ZnS QDs could promote the radical (*OH and O,"")
formation and the electron transfer. Moreover, the ZnS QD surface could stabilize
the produced *OH radicals, and thus more amount of excite 3-aminophthalate anion
might be generated on the ZnS QD surface, reducing the energy loss by the collision
between the solvent molecules and the excite 3-aminophthalate. Moreover, the addi-
tion of fluoroquinolones (FQs) could further dramatically increase the CL of the ZnS
QDs—Iluminol—KIOy system, which might interact with ZnS QDs and participate
in the reaction (Fig. 9.21) [86]. Therefore, a sensitive CL method was established to
determine several fluoroquinolones with very low detection limit (107'9 g-mL~!).
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Fig. 9.21 Possible CL mechanism for the ZnS QDs—luminol—KIO4 system in the presence of
FQs. Reprinted with permission from Ref. [86]. Copyright 2009 Springer-Verlag

Similarlly, CdTe QDs-catalyzed luminol—KIO4 CL was succesfully utilized to detect
methionine and theophylline in pharmaceutical formulations [88, 89].

9.4.4 QDs—Luminol—K3;Fe(CN)g System

In the same way with the QDs—luminol—KIO, system, the catalyst ZnSe QDs
was used to enhance the luminol—Kj3;Fe(CN)¢ CL [90]. The formation of O,"~
played the key role in the ZnSe QDs—luminol—K3;Fe(CN)¢ CL system, which
could promote the oxidation of luminol, thus the CL emission enhanced (Fig. 9.22).
What’s more, the presence of phenols could strongly inhibit the CL from
ZnSe QDs—luminol—Kj3Fe(CN)g system. Based on this inhibition, the proposed
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Fig. 9.22 Possible mechanism for enhancement effect of the ZnSe QDs to the luminol—K3Fe(CN)g
CL system. Reprinted with permission from Ref. [90]. Copyright 2012 Elsevier B.V

QDs—luminol—K3;Fe(CN)g system was utilized to detect three kinds of phenols in
the aquatic environment.

9.5 Conclusions

In this section, we described three possible mechanisms that could explain the roles of
QDs in CL reactions. According to the unique CL properties, QDs have been success-
fully utilized for the development of novel optical sensors and establishment of highly
selective and sensitive analytical methods. We believe that the QDs-involved CL has
great potential in analytical chemistry due to its easy modification and operation.
Combining the QD-sensitized CL and other techniques such as HPLC, electrochem-
ical analysis to construct convenient, automatic and intelligent analysis and sensing
platform is undoubtedly the future development trend.
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Chapter 10
Layered Double Hydroxide-Amplified e
Chemiluminescence

Xu Teng and Chao Lu

Abstract Layered double hydroxide (LDH) materials are a kind of typical two-
dimensional products, which have attracted substantial interest from academia and
industry. LDHs provide a clear layered structure with high porosity, large surface area,
and high interlayer anion mobility and layer charge density. In this chapter, we discuss
the enhancement effect of interlayer anions or surface in LDHs on various chemilu-
minescence (CL) systems, including luminol-H,O, system, singlet oxygen system,
fenton-like system, peroxynitrous acid/peroxynitrite (ONOOH/ONOO™) system and
CL resonance energy transfer (CRET) system. Simultaneously, we summarize the
recent advancements and applications of different kinds of LDHs in the CL analysis.
The study may offer a novel strategy for more researchers to utilize LDHs for more
extensive application in CL field.

Keywords Chemiluminescence + Layered double hydroxide - Luminol - Singlet
oxygen - Fenton-like system - Peroxynitrous acid-peroxynitrite - Energy transfer

10.1 Introduction

Layered double hydroxides (LDHs) are well-known as hydrotalcites [1]. They are
widely used in both academia and industry [2, 3]. The general preparation of LDHs
is also relatively simple and economical. LDHs could be revealed as the general

formula: MT?XMEI(OH)z [A;%] - mH,0, where A"~, Ml and M™! are the n-valent
anions, di- and trivalent metal cations, respectively [4]. The structure of LDHs has
been displayed as shown in Fig. 10.1. The typical and common LDH material was the
Mg-Al-CO; LDHs, which could be swiftly synthesized with cheap raw materials.

On the other hand, LDHs display outstanding capacity to catch all kinds of anions due
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Fig. 10.1 Schematic LDH Swructure
representation of the LDH
structure. Reprinted with
permission from Ref. [4].
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to their relatively weak interlayer bonding [5]. Moreover, the compelling properties
of LDHs include good thermal stability, high anion exchange ability, high porosity,
huge surface area, and interlayer anion mobility. Accordingly, LDHs have been exten-
sively utilized in variety important areas including electrochemistry, environmental,
catalysis, magnetization and biomedical application [6]. For example, LDHs have
been used in catalyzing the redox processes, catalyzing the results of chemicals, and
catalyzing acid-base processes with the enhanced activity and recovery of immobi-
lized catalyst [7, 8]; The interlayer anions with the functions of photodimerization
and photoisomerization in the LDHs could yield some valuable photoresponsive
materials [9, 10]; LDHs have also been applied as electrodes for nanocomposite
polymer electrolytes and alkaline secondary cells [11, 12]; LDHs have been poten-
tially used in growth of novel delivery systems and pharmaceutical formulations
in biomedical scientific research [13, 14]; LDHs have been utilized as stabilizing
agents, heat retention additives in flame retardants, plastic films for precursors to
magnetic materials, and polymers [15-17].

In this chapter, we focus on a review of the development in LDH-involved CL
and their applications in analytical fields. We highlight the different CL systems,
including CO3;—-LDHs, NOs;-LDHs, organo-modified LDHs, and organo-modified
LDH-quantum dot/organic chromophore nanocomposites. Finally, we also offer
some perspectives on the potential roles of LDHs in more extensively analytical
fields.
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10.2 LDH-Catalyzed Luminol-H,O, CL Reaction

Considering that the discovery of the luminol CL system by Albrecht, luminol system
has become one of the useful and attractive method in analytical application [18,
19]. However, the increasing need for higher sensitivity in analytical methods is
demanding higher CL efficiency of luminol-H,O, system. Therefore, all efforts
have been made to improve the CL efficiency of luminol-H,0, system [20]. In this
section, we present the luminol-H,0,—LDH CL system, including luminol-H,O,—
CO;-LDH CL, structurally ordered catalyst-amplified CL signals, CL flow biosensor
for glucose using CO3;—LDHs as catalysts and buffer solutions, and an effect carmine
acid quenching CL sensor.

10.2.1 CO3-LDH-Catalyzed Luminol-H;0; CL Reaction

It has been demonstrated that carbonate solution could improve the CL signals from
luminol system [21, 22]. In luminol CL system, the carbonate molecules are also
served as the buffer [23]. Unfortunately, in the absence of catalyst, the improvement
effect of carbonate molecules on the luminol CL system was lowered [24, 25]. Until
2011, Lu and co-works reported that the interlayer carbonate in Mg—Al LDHs could
dramatically improve the CL system of lumnol-H;O; [26]. The CO;-LDH-enhanced
CL mechanism had been summarized as shown in Fig. 10.2. Firstly, LDHs surface
with the positive charge could attract and concentrate both the peroxide ions and the
luminol dianions. Subsequently, the interlayer carbonate could easily and effectively
react with the concentrated peroxide ions and luminol dianions. Therefore, in the
existence of LDHs, the emission of H,O,—luminol at 425 nm was greatly enhanced
due to the improvement of the yield of the 3-aminophthalate anions. Furthermore, a
novel CL assay of H,O, was achieved using the CO3;—LDHs catalyzed the luminol
reaction [27]. It is discovered that H,O, could be assayed in the range of 0.05—
10 uM with a detection limit of 0.02 uM (S/N = 3). Finally, the luminol-H,O,—
CO3;-LDH CL system was utilized for the detection of H,O, in rainwater. The
proposed CL detection method exhibited high tolerance toward a good deal of matrix
interference ions in rainwater. In conclusion, this strategy shows remarkable potential
in biological/chemical sensing for H,O; in real samples or monitor the generation
of H,O, in numerous other oxidase-based reactions.

10.2.2 Structurally Ordered Catalyst-Amplified CL Signals

The catalysts with highly ordered structure has sprung up a large number of unique
properties [28—30]. Recently, the structurally ordered ionic liquid has been success-
fully fabricated by using the LDH matrix [31]. It is found that the hydrogen bond
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Fig. 10.2 Possible mechanism for CO3—-LDH-catalyzed luminol-H>O, CL reaction. Reprinted
with permission from Ref. [26]. Copyright 2011 The Royal Society of Chemistry

played a critical role in interactions between the ionic liquid and the LDH matrix.
In comparison with the disordered ionic liquid, the structurally ordered ionic liquid
could significantly improve the CL emission from H,O,—luminol system. The mech-
anism of the phenomenon has been summarized as shown in Fig. 10.3. Firstly, the
mass transport from the mixture to the LDH-ionic liquid assembly was accelerated by
the structurally ordered arrangement. Secondly, the amounts of “OH and O,"~ radi-
cals were increased in presence of the ordered structure. In addition, the emissions
of the luminol oxidation products were greatly enhanced using ionic liquids with the
highly orderly arrangement because of the facilitation of the electron transfer. The
study could provide a novel strategy for the enhancement of CL. method and extends
the scope of the relationship between the catalytic properties and the geometrical
configuration.
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Fig. 10.3 Schematic diagram of structurally ordered catalyst-amplified the signals from luminol-
H,0, CL system. Reprinted with permission from Ref. [31]. Copyright 2020 American Chemical
Society

10.2.3 CL Flow Biosensor for Glucose Using CO3-LDHs
as Catalysts and Buffer Solutions

The CL flow biosensors have received great attention due to the instrumental simpli-
fication, operational convenience, low cost, environmental friendliness, increased
accuracy, and resource savings [32, 33]. However, in order to fabricate the micro
device, the immobilization of both enzyme and luminol in one column have been a
great challenge. It is because of the pH incompatibility issues. Briefly, in order to
retain the maximum activity of glucose oxidase, the pH of the solution should be
5.5; while it is necessary to produce a strongly basic solution (i.e., pH 10-11) for the
reaction of luminol CL system. Accordingly, the CL flow biosensors were generally
developed by immobilizing the glucose oxidase, which could produce H,O,. The
Iuminol was addition by a mobile mode [34-36].

Recently, a CL flow cell has been constructed by Lu and co-works [37]. In the
CL flow cell, the silica sol-gel with the horseradish peroxidase and glucose oxidase
had been packed in the first half of the inside surface of the quartz tube. At the
same time, the mixture of CO;—LDHs and luminol was immobilized in the second
half (Fig. 10.4). The CO3;-LDHs was applied as catalysts of luminol system, the
supports for the immobilization of luminol reagent, and the buffer for the luminol
reaction. Therefore, a strong light could emit in neutral medium/weak acid by using
the simple micro-fabricated device, avoiding the issues of the pH incompatibility.
The new CL flow biosensor was utilized for the determination of the glucose in
plasma with shorter response time, simple procedures, wide pH compatibility and
high selectivity. The CL flow biosensor could be refabricated for the detection of
other analytes by changing the enzyme species.
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Fig. 10.4 Schematic illustration of CL flow biosensor for glucose using CO3—LDHs as catalysts
and buffer solutions. Reprinted with permission from Ref. [37]. Copyright 2012 Elsevier B.V

10.2.4 An Effect Carmine Acid Quenching CL Sensor

A rapid, facile, accurate and sensitive detection method for carmine acid (CA) has
been fabricated by the H,O,—luminol-LDH CL system [38]. It is discovered that
the detection mechanism was assigned to occupation of positively charged centers,
ROS reduction, and synergistic effect of CRET (Fig. 10.5). On the other hand, the
technique showed high sensitivity and selectivity toward CA with a linear range from
0.5 to 10 wM and a detection limit of 0.03 WM. The radical scavenging methods and
the CL spectrum demonstrated that the CA-induced quenching of CL emission was
due to both the various CL quenching mechanisms and the electrostatic attraction.
The study provides novel opportunities for the development of the luminol CL nano-
Sensors.

10.3 Organo-Modified LDH-Enhanced CL from Singlet
Oxygen System

Since micellar microenvironment has great potential as the reaction medium for the
enhancement of the signals from various CL systems, it has received much attention
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Fig. 10.5 Possible mechanism of CL sensor for carmine acid. Reprinted with permission from Ref.
[38]. Copyright 2018 American Chemical Society

[39, 40]. Unfortunately, there are few reports about the enhancement effect of anionic
surfactant on the CL signals. It is because that the electrostatic attraction between
anionic reactants and cationic surfactants could help to concentrate the reactants on
the surface of micellar, and most reactants are anionic in the CL reactions. Therefore,
cationic surfactants are widely used in the CL reactions.

Sodium dodecylbenzenesulfonate (SDBS) is one of the widely used as anionic
surfactant [41]. It has been reported that SDBS could improve the CL emission from
1047—H, 0, [42]. In these studies, the solutions of SDBS micellar acted as a protective
microenvironment for the energy acceptor or the reactive oxygen species. In addition,
the long-chain organic guest species in LDHs could fabricate unique nanocomposite
structure of alternating inorganic—organic assemblies. Many research showed that
the long-chain surfactant anions could be intercalated via anion exchange method,
which could expand the rendering the surface hydrophobicity and interlayer distance
[43]. Therefore, the organo-modified LDHs have provided a unique environment for
the exploration of the profound study on the physical and chemical properties of the
guest molecules. On the other hand, the organo-modified LDHs have been extended
to the applications as chemical sensors, as the adsorbents of organic contaminants
for the treatment of waste water, and as artificial membranes [44].

In alkaline solution, 104~ could oxidize H,O, to produce a slight CL signal
from the excited singlet oxygen dimol species [42]. The signals of 10,~—H,O, CL
system could be improved using the anionic surfactant, a suitable fluorescent, non-
polar organic solvents, and carbonate [45]. Lu and co-workers found that the CL
signals from the reaction between 104~ and H,O, could be significantly enhanced
using the DBS-modified LDHs [46]. When SDBS-modified LDHs involved in the
1047/-H,0, system, the maximum CL emission wavelength was about 510 nm.
Since the excited singlet oxygen dimol species were decomposed, the CL emission
dramatically decreased in the existence of 50 mM 1,4-diazabicyclo[2.2.2]octane
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[47]. The studies implied that the singlet oxygen dimol species were luminophor
for the 10,~-H,0,-DBS-modified LDHs system (Fig. 10.6). This study offers more
options for the utilization of anionic surfactants and explores a novel strategy for the
enhancement of CL emission using micelle.

Subsequently, the interactions of SDBS and poly (ethylene glycol) (PEG) at the
surface of LDHs have been monitored via the H;O,—104~ CL system [48]. The results
implied that PEG concentration, SDBS concentration, and PEG molecular weight
had an effect on the configuration of SDBS@PEG at the surface of LDHs, accom-
panying with the different CL intensity. Briefly, at low concentrations of SDBS,
the CL intensity was extremely low (Fig. 10.7). Since SDBS hydrophobic tails
pointed to the aqueous solution, the LDHs in the solution could become aggregates.
Then the CL signals were increased with the increasing of SDBS concentration.
It is because that in the LDH microenvironment, electrostatic repulsion between
CL reactants/intermediates and SDBS head groups had partially disappeared. The
study would open novel ways to use the CL technique for the investigation of the
surfactant-polymer interactions.

@...__ SDBS W Mg-Al LDHs layer

Fig. 10.6 Schematic illustration of DBS-modified LDH-104~-H,0O, CL system. Reprinted with
permission from Ref. [46]. Copyright 2012 American Chemical Society
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10.4 Organo-Modified LDH-Enhanced CL
from Fenton-Like System

Itis reported that when the light-amplifying substance (i.e., amino acid, gold nanopar-
ticles, DNA and luminol) is added into the homogeneous Fenton-like system, a
strong CL signal could be observed [49-51]. In addition, the microheterogeneous
systems have been applied to improve the intensity or quantum yield for different CL
systems because they could organize, concentrate and solubilize reactants [40]. Lu’s
group has demonstrated that the DBS-LDHs could greatly improve the ultra-weak
signals of the Co(II)-OH-H,0, CL system; while the weak CL signals could not
be amplified by the DBS micelles [52]. The mechanism of the proposed CL reac-
tion was summarized in Fig. 10.8. Firstly, H,O, could concentrate on the surface of
DBS-LDHs, and dissociate to provide hydroperoxylanion in an alkaline environment
(Reaction 10.1) [53]. Secondly, the output of *OH radical could be easily facilitated by
the hydrophobic microenvironment of the DBS-LDHs (Reaction 10.2) [54]. Subse-
quently, the *SO; ™~ radical was generated from the reaction between the intercalated
DBS in LDHs and the abundant *OH radical (Reaction 10.3) [55]. Then, the interme-
diate SO," was generated from the recombination of *SO3~ radical. Finally, the CL
signal at 430 nm was observed as the intermediate SO, " returned to its ground state
(Reactions 10.4-10.6) [56-58]. The study exhibited the potential use for detecting
of radical production, and opened up the effective application of surfactant-LDHs in
CL field.

H,0, + HO~ = HO; + H,0 (10.1)
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Fig. 10.8 Possible mechanism for the enhancement of H, O,—Co(II) CL reaction using DBS-LDHs.
Reprinted with permission from Ref. [52]. Copyright 2012 American Chemical Society

H,0, + Co(Il) — HO - + Co(IIl) + OH™ (10.2)
HO - +DBS — H,0 + -SO3 + byproduct (10.3)
805 +-S0; — $,0% + H,0 (10.4)
$,07” — SO 4 503 (10.5)

SO} — SO, + hv(x = 430 nm) (10.6)

10.5 COj3;-LDH-Enhanced ONOOH/ONOO~ CL

The spontaneous CL decomposition of ONOO~™ or ONOOH has attracted consid-
erable attention as an ultra-weak CL system [59]. It is reported that the generated
CL emissions could be considerably amplified using energy acceptors (e.g., gold
nanoparticles, CdTe quantum dots, fluoroquinolones and uranine) [60-62]. On the
other hand, ONOO™~ or ONOOH could oxidize bilirubin, chloroquine and pholasin
to generate strong CL emission [63—65]. In addition, it is found that the interaction
between CO32~ anions and ONOO~ could produce a slight CL signal because of
the formation of bicarbonate radical [66]. It is observed that in comparison with the
aqueous carbonate solutions, the interlayer carbonate anions displayed extremely
greater catalytic activity for the ONOOH CL reaction [67]. Moreover, the loga-
rithm of concentration of ascorbic acid was proportional to the logarithm of CL
intensity. The CL spectrum of ONOOH-CO;-LDH system showed that the excited-
state bicarbonate radical was the luminophor for the proposed CL system, and the
maximum emission wavelength was about 430 nm [66]. The outcomes showed that
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Fig. 10.9 Possible mechanism for ONOOH-CO3;-LDH CL reaction. Reprinted with permission
from Ref. [67]. Copyright 2012 The Royal Society of Chemistry

there was no new luminophors in the reaction between ONOOH and the CO3-LDHs.
The CL mechanism of the ONOOH-CO3-LDH system was summarized as shown in
Fig. 10.9. Firstly, the LDHs surface could concentrate the ONOO™ via the electro-
static attraction. Subsequently, the intercalated carbonate could quickly interact with
the concentrated ONOO™. Accordingly, the ONOOH CL intensity could be enhanced
by CO3-LDHs. Since both ONOO™ and its decomposition products (i.e., *®NO; and
*OH) could react with ascorbic acid, oxygen-related radicals in the ONOOH-CO3—
LDH system decreased by the addition of ascorbic acid. As a result, ascorbic acid
could significantly inhibit the signals from the ONOOH—-CO;-LDH CL system. The
strategy could be utilized for the determination of ascorbic acid in real samples.

10.6 CRET System Based on Organo-Modified
LDH-Quantum Dot/Organic Chromophore
Nanocomposites

CRET includes dipole-dipole nonradiative energy transfer between a CL donor and an
appropriate acceptor [68—70]. CRET happens by means of the certain oxidation of a
luminophor throughout the CL reaction without intense background light, an external
excitation source, bleaching triggered by external light excitation and minimizing
nonspecific signals in comparison with fluorescence resonance energy transfer. Since
the photoactive organic molecules have the advantages of high fluorescent quantum
yields, photostability and strong fluorescence intensity, they have been utilized as
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the energy acceptors [71-73]. On the other hand, the photoactive organic molecules
could not consume themselves during the CRET process. Therefore, CRET strategy
provides a good incentive to develop a new CL system.

10.6.1 CL Flow Device Based on Directed Self-Assembly
of Chromophores on LDH Materials

During CRET, the use of high concentrations of the chromophores is necessary.
As a result, the chromophores may occur the nonradiative deactivation process and
the light self-absorption [73]. Therefore, it is important to produce unique fluores-
cence materials to solve the above problem, focusing on the enhancement of CRET
performance between the chromophores and the CL donors.

LDHs, as a inorganic matrices for chromophores, own the powerful capability
to capture the chromophores from the aqueous solutions [74]. It is found that in
contrast with the aqueous organic molecules, the optical stability and the fluo-
rescence efficiency of chromophores could be enhanced. In addition, the fluores-
cence quenching and the molecular thermal agitation of the chromophores could
be reduced after the organic chromophores incorporated into LDH galleries. The
reason for the phenomenon is that the organic chromophores could be oriented
between the LDH sheets [75]. On the other hand, chromophores could orderly
assemble on LDHs and serve as the CL acceptors. The proposed LDH-chromophore
composite materials could enhance the emissions from various donors (e.g., Na;SO3-
N-bromosuccinimide system and ONOOH system) [76]. Both the improvement of
molecular orientation and the suppression of intermolecular 7 — 7 stacking inter-
actions among aromatic rings could make high CRET efficiency (Fig. 10.10). On
the other hand, a CL flow-through column based on CRET strategy was produced
by constructing chromophores on LDHs. In comparison with the flow device in the
lack of chromophores, the sensitivity for ONOOH/nitrite detection could be greatly
enhanced by utilizing the new LDH-chromophore column. This work not only shows
their potential application in CL flow device, but also supplies an approach for the
establishment of CRET process with orientated materials.

10.6.2 Novel CRET Probe Based on the Organo-Modified
Hydprotalcite-Quantum Dot Nanomaterials

In 2004, Talapin first observed the CL phenomenon of CdS/CdSe QDs [77]. Since
then, QDs have been utilized as the signal enhancers. The signal enhancement mech-
anism was based on the electron-transfer annihilation of hole-injected and electron-
injected QDs during direct oxidation process of the QDs by using the strong oxidants
(e.g., HO, and KMnQOy) [78]. It is first demonstrated that QDs could be used as
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Fig. 10.10 Schematic

illustration of universal CL
flow device. Reprinted with
permission from Ref. [76]. donor
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the acceptors to obtain an efficient CRET in the H,O;—luminol-HRP reaction [68].
The main reasons for the QD-amplified CL signal of H,O,—luminol CL system
were credited to the fact that the H,O,—luminol CL reaction could be catalyzed by
the HRP-QDs materials. In addition, the close distance between QDs and the light
source could bring about high CRET efficiency. Subsequently, the QDs acceptors
and the luminol donors-involved CRET process has been carried out to establish
the sensors for the measurement of thrombin, RNA or DNA [69, 70]. Nevertheless,
since the QDs could be oxidized by using high concentration of H,O,, resulting in
the fluorescence quenching of QDs, the use of HyO,—luminol-QDs CL system has
been significantly limited [68]. On the other hand, non-radiative deactivation process
and light self-absorption of QDs would happen when the concentration of QDs was
high [45]. Recently, Lu and co-workers fabricated a novel CRET probe based on the
QD-LDH materials (Fig. 10.11) [79]. The CL property- structure relationship of the
QD-LDH materials was studied by using the H,O,—luminol system. Fluorescence
microscopy images, zeta potentials, fluorescence spectra, steady-state fluorescence
polarization measurements, and transmission electron microscopy images demon-
strated that during the CRET process, the non-radiative relaxation and oxidation of
QDs had been inhibited, and the radiative decay rate of QDs was increased. Finally,
the novel CRET material was applied to fabricate the CL flow column for the detec-
tion of H,O,. The study showed high sensitivity toward H, O, with a linear range from
0.5 to 60 pmol L~! and a detection limit of 0.3 wmol L~'. The present method had
been successfully used for the detection of H,O, in the snow samples. The outcomes
implied that the study not only shows the potential application of QD-LDHs during
CRET process, but also offers a facile approach for the CRET acceptors preparation.
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Fig. 10.11 Schematic illustration of CdTe QDs and DBS on exterior surfaces of the organo-
modified LDH. Reprinted with permission from Ref. [79]. Copyright 2013 American Chemical
Society

10.6.3 Orderly Arranged Dyes as the Efficient CRET Probe
Jor ONOO~

The orderly arranged sodium dodecyl sulfate (SDS)-calcein particles were fabricated
when the LDH structure was broken down in an acidic medium (Fig. 10.12) [80].
The orderly arranged SDS-calcein molecules could enhance the CRET efficiency
between calcein acceptor and ONOOH* donor. Based on the energy-matching rules,
the orderly arranged calcein-SDS molecules exhibited remarkable selectivity toward
ONOO™. Therefore, the orderly arranged calcein-SDS molecules were used as the
CL probe for the measurement of ONOO™. On the other hand, the validation of

Cl0™
HO, '0,

wONOO ™/ ® 0;

Selective Detection
Strong Acid

LDH Layer Fluorescence Molecule

Fig. 10.12 Possible mechanism for the detection of ONOO™ using the highly efficient CRET
probe. Reprinted with permission from Ref. [80]. Copyright 2015 American Chemical Society
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the CL probe had been examined by monitoring the production of ONOO™ from 3-
morpholinosydnonimine and identifying ONOO™ in plasma samples. This success
not only expands the application range of LDH in the improvement of fluorescence
emissions, but also provides new opportunities for highly sensitive and selective
measurement of ONOO™.

10.7 Conclusions

As green materials, LDHs have been exploited for enhancing a series of CL systems.
They provide new insights into the well-known enhancers of different CL reactions,
and exhibit greater flexibility and potential applications for various CL devices. These
studies have successfully constructed a bridge between the CL spectroscopy and the
LDH inorganic materials, which would certainly prompt interdisciplinary scientists
to further explore the impact of a range of anions-LDHs on the CL properties. We
believe that LDH-involved CL has huge potential in biological and chemical sensing.
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Chapter 11 ®)
Aggregation-Induced e
Emission-Amplified Chemiluminescence

Xu Teng and Chao Lu

Abstract The development of aggregation-induced emission (AIE) has brought
the unique opportunity for scientists. AIE materials with advantages of strong
photostability, large Stokes’ shift, and low background noise have found wide
use in various fields. In this chapter, we provide insights into the applica-
tions of AIE molecules on various chemiluminescence (CL) systems, including
bis-(2,4,6-trichlorophenyl) oxalate (TCPO)/bis(3,5,6-trichloro-2-carbopentyloxy)
oxalate (CPPO)-H,0; system, singlet oxygen system, superoxide anion system, and
other AIE material-involved CL system. Furthermore, we discuss the enhancement
mechanism of AIE materials in the CL analysis. These may offer a unique system
for the CL-enhanced detection based on AIE materials.

Keywords Chemiluminescence + Aggregation-induced emission + TCPO - Singlet
oxygen - Superoxide anion * 1,2-Dioxetane

11.1 Introduction

Aggregation-induced emission (AIE) is the photophysical phenomenon related to
the aggregation of chromophore [1-3]. In 2001, the principle of AIE was created
by Tang’s group [4-7]. The development of AIE can sweep away the shortcomings
of aggregation-caused quenching (ACQ) [8-13]. The AIE phenomenon could be
interpreted by various hypotheses, such as the restriction of intramolecular motion
(RIM), J-aggregates, excimer formation, inhibition of twisted intramolecular charge
transfer (TICT) process [14—18].

Benefiting from the enthusiastic efforts of researchers, lots of AIE materials have
been established, such as tetraphenylethene (TPE), silole, tetraphenylprazine (TPP),
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quioline-malonontrile (QM), etc. [19-23]. For AIE materials, in diluted solution,
there was no or weak light signal, while in high concentration solution, the signal
of the solution was high [24, 25]. On the other hand, the AIE materials are featured
with strong photostability and large Stokes’ shift [26]. Based on the special properties
of AIE materials, several chemical sensors, biological imaging, and optoelectronic
devices have been developed by using the AIE materials [27-31].

In this chapter, we focus on a review of the development in AIE material-
involved CL and their applications in analytical fields published in recent
years. We summarized the latest advances of the AIE material-involved CL
field with representative examples for the different AIE-CL systems, such as
bis-(2,4,6-trichlorophenyl) oxalate (TCPO)/bis(3,5,6-trichloro-2-carbopentyloxy)
oxalate (CPPO)-H,0, system, singlet oxygen system, superoxide anion system,
and other AIE material-involved CL system.

11.2 AIE-Amplified CL Signals from TCPO/CPPO-H,0;
System

TCPO and CPPO could be oxidized by H,O, and produce an intermediate, namely
1,2-dioxetanedione [32, 33]. Based on the chemically started electron-exchange
luminescence procedure, the intermediates could excite the nearby fluorescent
molecules to emit light [34]. In 2015, the Lu group first investigates the influences of
AIE on the CL emissions [35]. Briefly, three AIE materials (i.e., the gold nanocluster
aggregates, Au(I)-thiolate complexes and 9,10-bis[4-(3-sulfonatopropoxyl)-styryl]
anthracene (BSPSA)) have been applied for the study of their influences on the
CL reaction of TCPO-H,0,, respectively (Fig. 11.1). The AIE materials exhibited
significantly improved efficiencies toward the CL emission due to the CRET between
AIE acceptors and TCPO donors. The results indicated that the AIE materials could
be applied as novel type of CRET acceptors. The work expands the prospective
applications of AIE in analytical chemistry. Subsequently, Li and co-works used
H,0,-TCPO-Au(I)-thiolate complex CL reaction to detect Hg?* contents in water
samples [36]. It is found that the addition of Hg?* could quench the CL signals. The
reason for the phenomenon is that the structure of Au(I)-thiolate complexes could be
interrupted by the strong interaction between Hg>* and —SH groups in the proposed
complexes. This strategy has successfully detected Hg?* in real sample. The study
provides the appealing viewpoints for creating the CL methods for the detection of
heavy metals based on AIE materials.

Subsequently, Liu’s group has established a unique theranostic system by using
the AIE dots [37]. The results showed that the AIE dots could react with H,O,
to produce the singlet oxygen, accompanying with the emission of long-wavelength
light. The AIE dots were fabricated in the solution of soybean oil by co-encapsulating
an AIE material (i.e., TPE-BT-DC) with far-red/near-infrared (FR/NIR) emissions
and CPPO into amphipathic pluronic (Fig. 11.2). This work could overcome the
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Fig. 11.1 Schematic illustration of AIE material enhanced H,O>-TCPO CL. Reprinted with
permission from Ref. [35]. Copyright 2015 American Chemical Society
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Fig. 11.2 Design of AIE dots for HyO, detection and 'O production. Reprinted with permission
from Ref. [37]. Copyright 2017 Elsevier B.V

obstacles of deep penetrations, and offered a novel approach for the light-source-
free image-guided therapeutic systems using the CL technique in clinical practice.
Subsequently, Kim and coworkers have designed an easy nanophotonic method of
near-infrared CL [38]. A low-band gap conjugated AIE polymer was utilized as the
novel non-conventional bright emitter. This approach was based on the intraparticle
energy transfer for the detection of inflammatory H,O;. This method presents a high
tissue penetration depth and a detection limit of H,O, with 10~ mol L~!, which
could be useful for diagnostic biomedical uses.
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11.3 AIE-Amplified CL Signals from Singlet Oxygen
System

Singlet oxygen ('0,) plays a substantial function in pathological procedures and
innate immune reaction [39—42]. Many researches focus on the study of efficient ' O,
generation, and the quantitative and qualitative detection of 'O, [43-47]. In 2016,
Lu and coworkers developed a novel platform for the detection of 'O,, which was
produced in the photodynamic therapy process. (Fig. 11.3) [48]. The platform was
made up of a tetraphenylethenesodium dodecyl sulfonate anionic surfactant (TPE-
SDS), which was used as the energy acceptor to enhance the 'O, emission. This
investigation could provide useful support for optimization of the irradiation time
throughout photodynamic therapy, and deepen the understanding of the behaviors of
photosensitizers.

In addition, Zhang and coworkers have established a unique afterglow
luminogen based upon the poly[(9,9-di(2-ethylhexyl)-9H-fluorene-2,7-vinylene)-
co-(1-methoxy-4-(2-ethylhexyloxy)-2,5-phenylenevinylene)] (PFPV) and the AIE
material (i.e., 2-((5-(4- (diphenylamino) phenyl) thiophen-2-yl) methylene)
malononitrile (TTMN)) for in vivo tumor imaging [49]. To perform a reliable process
of energy transfer for afterglow emission, an amphiphilic triblock copolymer had
been used to confine the above two useful materials in a uniform nanostructure.
The process of 'O, generation and imaging is that the TTMN could be excited by
afterglow emission of the dioxetane-PFPV intermediates which could be constantly
to produce 'O, and the afterglow wavelength had red-shifted. Subsequently, PFPV
could be constantly oxidized by the delayed 'O, to form the intermediates of diox-
etane-PFPV for self-circulating afterglow. The work could motivate the growth of
other reliable afterglow materials based on AIE for tumor imaging. Subsequently,
Lu and coworkers have developed a distinct CL sensor via intramolecular energy
transfer mechanism and ultra-high aggregated CL systems in one particle [50]. This
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Fig. 11.3 Schematic Illustration of the luminescence platform by using AIE materials. Reprinted
with permission from Ref. [48]. Copyright 2016 American Chemical Society
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strategy showed that phthalhydrazid (PH)-tetraphenylethylene (TPE) with AIE char-
acteristic could be utilized to amplify CL signals (Fig. 11.4). The mechanism was
that the PH moiety in the PH-NTPE could react with 'O, to produce an intermediate
radical (i.e., an unstable peroxide). Subsequently, the PH-NTPE could be activated
by the reaction energy. After that, the CL emission would release by means of the
intramolecular energy transfer channel. This experiment demonstrated that the as-
prepared sensor could yield a selective CL action toward 'O, among usual reactive
oxygen species, and was sensitive to an nM level 'O,.

On the other hand, Tang and coworkers have developed a novel AIE-active NIR CL
emitter, which was consisted of chemically conjugating luminol with triphenylamine
and benzothiadiazole [51]. The CL emission of emitter could last a long time (i.e.,
60 min). The proposed method had been used for in vivo qualitative and in vitro
quantitative measurement of 'O,. In this study, the tissues with the thickness of
3 cm could be penetrated through by the CL emission. Since the concentration of
ROS in tumor tissues was relatively high, the proposed method has successfully
distinguished tumor tissues from normal ones. The study shows considerable capacity
of AIE-containing CL process for imaging-guided disease diagnosis.

In 2021, Lu’s group found that an AIE-active fluorophore (i.e., NayTCBPE)
could exhibit high-efficiency luminescence after it was externally adsorbed onto
layered double hydroxides (LDHs) (Fig. 11.5)[52]. During the CL reaction, nega-
tively charged NayTCBPE was used as the CRET acceptor, and 'O, was utilized
as the CRET donor. On the other hand, the LDHs with positively charge could be
utilized as the support material for concentrating NayTCBPE. Therefore, the strategy
has been used to detect NaNO,, which could be assayed in the range from 1.0 to
100 uM with a detection limit of 0.5 WM. The analytical applications of the approach
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Fig. 11.4 Schematic representation of real-time imaging of ultra-trace 'O, in mouse via a CL
nanosensor based on the AIE material. Reprinted with permission from Ref. [50]. Copyright 2019
John Wiley & Sons, Ltd.
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Fig. 11.5 Schematic representation of the assembly of the AIE-LDH materials in the efficient
CRET process. Reprinted with permission from Ref. [52]. Copyright 2021 American Chemical
Society

were analyzed by detecting NaNO; in sausage samples. This success of the study
could motivate more highly sensitive and convenient CRET-based detection methods.

11.4 AIE-Amplified CL Signals from Superoxide Anion
System

Superoxide anion (O,"7) is one of the main forms of reactive oxygen species [53—
56]. It plays an important role in a variety of diseases, senescence, apoptosis and cell
differentiation [57—60]. Tang and coworkers developed a unique organic system with
turn-on CL and fluorescence emissions especially regulated by O,"~ (Fig. 11.6) [61].
In this platform, imidazopyrazinone (CLA) was used as the responsive part, as well
as tetraphenylethene was used as CL/fluorescence improving part through CRET
principle. The detection limit of O,"~ was 0.21 nm for fluorescence and 0.38 nm for
CL, respectively. Finally, the developed platform was used to image O,"~ in Raw
264.7 cells and boosted O, "~ in inflamed cells, and monitor the endogenous O, "~ in
acetaminophen overdosed cells. The results indicated that it is feasible to use AIE
materials to achieve both the CL and the fluorescence determination.

11.5 AIE-Amplified CL Signals from 1,2-Dioxetane System

CL emitters are all based on the in situ production of short-lived and high-energy
emitting species by oxidation reactions or analytes, respectively [62—64]. The emit-
ting species could make spontaneously uncontrollable photons release [65-67]. It is
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Fig. 11.6 Schematic representation of simultaneous FL and CL turned on by AIE for monitoring of
endogenous O,°~. Reprinted with permission from Ref. [61]. Copyright 2017 American Chemical
Society

difficult to meet the measuring apparatus in a dynamic biological milieu and highly
heterogeneous. Therefore, how to achieve the precise activate enriched, bright and
controlled CL emission in bio-imaging continues to be the significant challenge. In
order to solve the above problems, Guo and coworkers proposed a dual-lock strategy
for optical imaging with sensitive CL emissions and fluorescent emissions using the
sequence-dependent triggers [68]. As shown in Fig. 11.7, the dual-lock strategy is as
follows. Firstly, the concealing part was activated and removed by the analyte. Where
after stable pre-chemiluminophores generated and accumulated. Secondly, the LED
light irradiation could activate the above pre-chemiluminophores to produce the 1,2-
dioxetane with high energy. Finally, the decomposition of 1,2-dioxetane occurred
and accompanied the improvement of CL emissions. The dual-lock strategy could
motivate the development of a novel production of metabolic assays in a physiolog-
ical environment, and broaden the bioanalytical toolbox for clinical applications and
basic life science research.
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Fig. 11.7 Schematic representation of dual-lock strategy for bright and long-emission CL probe.
Reprinted with permission from Ref. [68]. Copyright 2020 John Wiley & Sons, Ltd.
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11.6 Conclusions

AIE materials have great advantages as the new CRET acceptors in different CL
system. Due to the unique aggregation property, AIE materials could display signifi-
cantly improved performances toward the CL emissions. On the other hand, the AIE
effect could tackle the problem of aggregation-caused quenching. Therefore, the
utilization of AIE materials achieves the substantial innovation for the enhancement
of CRET efficiency, and offers prospects for various highly sensitive and discrimi-
native sensing. In conclusion, the AIE material-involved CL systems are expected to
act as the practical and powerful platform for comprehensive sensing applications.
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