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Abstract This review is devoted to a thorough discussion of
chemiluminescence of the systems containing Ce(IV) ions as
oxidising agents, with particular emphasis on the energy trans-
fer processes in such systems. The influence of sensitisers
such as: thodamines, quinine, lanthanide ions and their com-
plexes and quantum-dots has been analysed and the practical
use of reaction systems for development of new chemilumi-
nescence methods for determination of therapeutic drugs and
substances of biological importance in different matrices such
as human urine or serum is indicated. The types of emitters
and excited reaction products taking part in energy transfer to
sensitisers and processes taking place in the chemilumines-
cence reaction systems containing Ce(IV) ions are presented
on the basis of recent literature.

Keywords Cerium(IV)ions - Chemiluminescence detection -
Energy transfer processes

Introduction

Chemiluminescence is defined as generation of light as a re-
sult of a chemical reaction. The chemical reaction produces
sufficient energy to induce the transition of an electron from
its ground state to an excited electronic state. These chemical-
ly excited molecules decay to the electronic ground state and
emit photons from ultraviolet, visible or infra-red radiation
range. Sometimes the excited product is an ineffective emitter
but it can transfer the excitation energy to an efficient
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fluorophore added to the system. In such cases the CL emis-
sion is identical with the fluorescence of fluorophore. This
process is known as indirect, sensitised, or energy-transfer CL.

Investigation of CL for analytical use began around 1970
[1] for gas-phase and around 1980 [2] for liquid-phase reac-
tions. For over 30 years, the phenomenon of CL in the liquid
phase has been the basis of spectrometric methods of analyt-
ical chemistry. In most reaction systems the redox reactions
take place with the use of a variety of oxidising agents. The
use of the oxygen-containing compounds such as KMnOy, [3]
or hydrogen peroxide [4] as oxidants has already been widely
described. In contrast, no review of the use of cerium(IV) ions
as the oxidant in chemiluminescent studies (especially includ-
ing analytical applications of these systems) has been made
yet. In this review the CL reaction systems, which contain the
cerium(IV) ions as oxidiser and their analytical applications
are discussed (Table 1). Selected compounds that have been
detected using chemiluminescence reactions with cerium(IV)
ions are presented in Fig. 1.

Reaction Conditions and Species Emitted from CL
Reaction Systems Containing Ce(IV) lons

Cerium(IV) is a strong oxidant in an acidic medium. Ce(IV)
ions in aqueous H,SO,4 media are highly stable and do not
require any special precautions to prevent their photochemical
decomposition [37-39]. This is why Ce(IV) in aqueous H,SOy4
media is very often used in new analytical methods based on the
phenomenon of chemiluminescence. The methods are based on
the flow technique only. Development of analytical laboratory
methods aims at shortening the time of analysis and maximum
automation of the measuring system. These criteria are met
among others by FIA — Flow Injection Analysis. It is particu-
larly well-suited to monitoring transient light emission from
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Fig. 1 Selected compounds that have been detected using chemiluminescence reactions with cerium(IV) ions

liquid phase chemiluminescence (CL) reactions as it permits
rapid and reproducible mixing of sample and reagent in close
proximity to the detector. A combination of CL determinations
and flow injection analysis (FIA) allows combining the advan-
tages of instrumental simplicity, rapidity and a high degree of
reproducibility in signal detection [40]. Exemplary flow-
injection CL analysing systems are shown in Fig. 2

Optimal concentrations of substances constituting the CL
system were determined as those that would the highest inten-
sity of emission. In over 90 % of the published reports on the
use of acidic Ce(IV) ions chemiluminescence, the cerium(I'V)
concentrations were from the range 1x10™* molL ™" and 2x
107 molL ™", but concentrations as high as 5x10> molL ™"
[25] were occasionally met. Although Ce(IV) ions have been
widely used in chemiluminescence systems, the processes tak-
ing place and the types of emitters in such systems have not
been satisfactory established yet. In general, emitters of
chemiluminescence reaction systems with cerium(I'V) ions
can be classified into five groups Ce(IIl) [8], excited sulphur
dioxide (SO,*), excited products of oxidation of determined
substance [18, 19], dimols of singlet oxygen [20, 35] and
fluorophores [6, 9, 14]. Cerium (II), which is formed by the
reduction of cerium(IV), is a well-known fluorescent ion, with
the maximum emission at A~355 nm [41—43] and therefore, it

@ Springer

is a possible CL emitter. Excited sulphur dioxide species
(SO,*) emit weak light at 300450 nm [44, 45], therefore
the compounds showing strong fluorescence, such as rhoda-
mine B [28, 46], quinine [29-31] or lanthanide ions [32] are
introduced to many reaction systems containing Ce(IV) ions.

The Ce(IV)-Sulphite (or Related Species) Reaction System

From among the chemiluminescence reaction systems contain-
ing Ce(IV) ions, the most abundant group are the mixtures
containing inorganic sulphur oxides such as: sulphite (SO5*")
[6, 44, 45], thiosulphate (S,05>") [8, 9] and dithionite (S,04>")
[10]. In the acidic environment, the product of HSO;3
oxidisation by Ce(IV) should be HSO;" radical (Eq. 1). Two
HSOj5' radicals then combine to produce S,06>, which gives
the excited intermediate product SO, (Egs. 2 and 3).

Ce(IV) + HSO,— HSO; + Ce(1II) (1)
2HSO;—S,0% + 2H" (2)
$,07 —S03 + S0, (3)
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However, the CL intensity is very weak due to the low
luminescence efficiency of SO, . It is reported that the energy
of the excited SO," could be efficiently transferred to a
fluorophore [32]. Benzamides act as sensitisers [5]:

SO, + Benzamide—SO, + Benzamide* 4)

Benzamide*—Benzamide + light (5)

The intensity of CL from Ce(IV)- Na,SO; system increases
in proportion to the concentration of three benzamide drugs:
sulpiride, sultopride and tiapride. Solutions can be analysed at
arate of 190 (sulpiride), 150 (sultopride hydrochloride) and 144
samples per hour (tiapride hydrochloride). In a chemilumines-
cent Ce(IV)- Na,SOj; system the water soluble and fluorescent
silver nanoclusters (Ag NCs) can be used as sensitisers [6]. Ag
NCs strengthen the CL intensity of this system by accepting
energy from excited SO," in aqueous solution. The emission
spectrum of CL from Ce(IV)- Na,SO3; — Ag NCs system and
the fluorescent spectrum of Ag NCs solution are the same (with
the emission band at 550 nm). In this system PMAA
(poly(methacrylic acid) stabilised with Ag NCs shows strong
fluorescence. Copper(Il) ions quenched the emission by binding
with the free carboxylic groups of PMAA polymers that sur-
round the emissive Ag NCs [6, 47]. The reduction in the inten-
sity of CL from Ce(IV)- Na,SO5; — Ag NCs system is propor-
tional to the concentration of Cu(Il) and this relation has been
used for developing of a new sensitive method for determination
of copper ions. In this method the CL inhibition is calculated as
AV, (AI=], - T), where 1 and I are the CL intensity of Ce(IV)-
Na,SOs5- Ag NCs system without and with copper(Il), respec-
tively. The chemiluminescence of Ce(IV)-Na,SO; system in the
presence of gold nanoparticles (NPs) can be used to detect
norfloxacin (NFLX) which is one of the synthetic antibacterial

(a) Ce(lV); (b) RhB; (c) resorcinol;

(P) peristaltic pump; (V) injectionvalve;
(L) Mixing tube; (F) flow cell;

(PMT) photomultiplier tube;

(HV) high voltage;

(PC) personal computer;

(W) waste [22]

PMT pPC

fluoroquinolone agents of the second generation [7]. The gold
NPs could readily combine with various ligands containing ox-
ygen donor atoms [48]. The possible mechanism enhancing the
emission of Ce(IV)-Na,SO; —NPs- NFLX system assumed the
catalytic effect of gold NPs, which would facilitate the radical
generations and accelerate electron-transfer processes taking
place on the surface of gold NPs in aqueous solution. The ex-
cited SO," and NFLX could be absorbed on the surface of gold
NPs, and the energy transfer from SO, to NFLX is easy
(Fig. 3).

Often surfactants are applied to get the enhanced intensity of
chemiluminescence as they protect emitters from reacting with
other particles in solutions.. In the CL studies three types of
surfactants, SDBS (sodium dodecylbenzenesulphonate), SDS
(sodium dodecylsulphate) and CTAB (cetyltrimethylammonium
bromide) are often used. Xie et al. have applied Ce(IV) ions to
develop a new CL method for the determination of norfloxacin
[8]. The method is based on the CL reaction of norfloxacin with
sodium thiosulphate and Ce(IV) in sulphuric acid medium
sensitised by sodium dodecylsulphate. The emitters in this sys-
tem are Ce(IIl) ions or the complex formed between Ce(III) and
norfloxacin as follows[8]:

S502” + 8Ce(IV) + 5H,0—8Ce(Il)* + 2803~ + 10H"  (6)

Ce(IV) + NFLXR 2 Ce(Il1)* + NFLXX

(7)
Ce(I11)*—Ce(III) + hv
and/or
* SDS 3
Ce(I)* + NFLX > Ce(C1sH g FN;303); (8)

CG(ClGng FN303)3+*—>C€(III) + NFL)(OX + hv (9)

@ Springer
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Fig. 3 Scheme of the possible
mechanism of Ce(IV)-Na,SO;3 —
NPs- NFLX system [7]

Ce(IV)+HSOy

—» HSO; +Ce(IIT)

2HSO; — S04 +2H

S04 —— $0,%150,*

NFLX

()
—>®<j

A similar mechanism has been proposed for the reac-
tion system in which Ce(IV) ions oxidise sodium
hyposulphite (Na,S,04) sensitised by sodium dodecyl
benzene sulphonate (SDBS) in the presence of
gatifloxacin [12] and tenoxicam(TX) [10]. Gatifloxacin
(GFLX) is the fourth generation of a new class of syn-
thetic antibacterial fluoroquinolone agents and tenoxicam
is a nonsteroidal anti-inflammatory drug belonging to the
chemical class called oxicams.. The presence of GFLX or
TX increases the emission from the system Ce(IV)-
Na,S,0,4 — SDBS and the CL intensity is proportional to
the concentration of gatifloxacin or tenoxicam, in a wide
range. A comparison of the Ce(Ill) and GFLX or TX
luminescence spectra with the spectra of the mixtures
Ce(IV)- Na,S,0,4 — SDBS — GFLX(or TX) has shown that
the emitters are Ce(IIl) ions or Ce(IlI)/GFLX and Ce(III)/
TX complexes.

The CL system containing Ce(IV) ions, sulphurous
acid and europium(IIl) ions is used for determination
of rufloxacin (RFX), which is one of the synthetic an-
tibacterial fluoroquinolone agents. The antibiotics of this
type have a carboxyl group, which supplies a binding
site with lanthanide ions, and two aromatic cycles which
can absorb energy. Therefore, fluoroquinolones can
transfer energy to the lanthanide ion [49-51] The new
CL method for determination of RFX is based on the
energy transfer from RFX to europium(IIl), then instead
of the weak CL produced by cerium(IV)—sulphurous ac-
id—RFX CL system, intense luminescence can be ob-
served. Excitation of Eu(Ill) ions is a result of intermo-
lecular energy transfer from SO,* to the triplet state of
the ligand, followed by intramolecular energy transfer in
the Eu(RFX),*" complex to europium(IIl) ions that emit
radiation with a maximum at A~615 nm [14]. The
unique fluorescent properties of terbium(IIl) ions com-
plexed with organic ligands are applied for determina-
tion of ciprofloxacin (CPLX) [15]. The excitation of
terbium(IIl) ions is a result of energy transfer from
SO,* to Tb(IIl) ions through the CPLX ligand to the

@ Springer
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Tb-CPLX complex. Tb(IIl) complexes with
fluoroquinolones are used as a CL probe to detect and
study DNA. A novel flow injection chemiluminescent
system for determination of DNA, is based on the fact
that DNA linearly quenches the CL intensity of Ce(IV)-/
Na,SOs3- Tb(Ill)/fluoquinolone antibiotic system [16]. It
is shown that the quenching effect of single-stranded
DNA (denatured) is greater than that of double-
stranded DNA (natural) because in single-stranded
DNA without helix structure, the bases and the phos-
phate groups get more opportunities to react with
Tb(III) ions. A new class of CL emitters are carbon
dots (C-dots) [36]. This class of structures has several
fascinating properties including excellent photostability,
simplicity of synthesis, good water solubility, low tox-
icity, high chemical stability and poses low environmen-
tal hazard [52, 53]. The Ce(IV)-Na,S,03 system in the
presence of carbon dots is used for determination of
dopamine [9]. Excitation of C-dots was achieved in
two ways: as a result of the energy transfer process
from the excited-state SO,  (obtained according to the
Egs. 1-3) molecules to C-dots as acceptors or as a
result of C-dots oxidation by Ce(IV) ions:

SO; + C—dot—S0, + C—dot* (10)
C—dot*—C—dot + hv(~510nm) (11)
or

Ce(IV) + C—dot—Ce(1II) + C—dot* (12)
C—dot*—C—dot + hv(~510nm) (13)

The inhibitory effect of dopamine on the enhanced
CL of Ce(IV)-Na,S,05; -C-dots system is used to de-
velop a new analytical method for determination of this
compound. The method has wide range of linearity,
high sensitivity and good selectivity. It is indicated that
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CdTe QDs (water-soluble CdTe quantum-dots (QDs))
act as a sensitiser enhancing the chemiluminescence
emission from the redox reaction of SO;®  with
Ce(IV) in acidic medium. In this system the energy of
excited SO, could be efficiently transferred to CdTe
QDs used as fluorophore. Chemiluminescence of the
system Ce(IV)-Na,SO; — CdTe QDs is quenched by a
number of organic compounds containing -OH, —NH,,
or -SH groups and electron-transmitting proteins (cyto-
chrome ¢, haemoglobin and myoglobin) that react with
CdTe QDs. This effect has been used for development
of a new method for determination of the above com-
pounds [54]. Cerium(IV) is known as a one-electron
oxidant. It can react with organic compounds to form
reactive intermediate radical [11, 55]. The Ce(IV)-
HSOj; reaction mixture is applied for determination of
papaverine. in pharmaceutical preparations and biologi-
cal fluids. It is possible that papaverine is oxidised by
cerium(I'V) to form an intermediate radical, which reacts
with sulphite to initiate a free radical reaction as fol-
lows:

Ce(IV) + HSO;— HSO; + Ce(III) (14)
Ce(IV) + PAP—PAP" + Ce(III) (15)
PAP" + HSO;—HSO; + PAP (16)

The HSO;3;" radicals combine to produce S,042
which gives excited SO, molecule (Egs. 2 and 3).
For the determination of iproniazid phosphate, a CL
system based upon the oxidation of the drug by

(0] 0

cerium(IV) in sulphuric acid medium at room tempera-
ture in the presence of sulphite has been proposed. The
emitter of this system is an excited azoxy derivative,
since iproniazid contains hydrazine group, which is
formed by oxidation of iproniazid phosphate by Ce(IV)
ions or as a result of energy transfer from excited SO,
[13].

The new method not only shows a high selectivity but also
has another advantage — it does not require preliminary treat-
ment of the samples studied, so it can be an alternative to
chromatographic methods.

The Ce(IV)- Analyte Reactions Systems

The chemiluminescence of a few systems containing the
analyte and cerium(IV) ions as an oxidant is so intense
that it does not require the use of sensitisers. A new CL
method for determination of tryptophan has been de-
scribed, based on the reaction of tryptophan with
4cerium(IV) in 0.15 M sulphuric acid [18]. The main
emitter was the excited oxidation product of tryptophan.
The CL-emitting reaction between naproxen(NAP) and
Ce(IV) in an acidic medium has been applied for deter-
mination of NAP in commercial formulations [19].
Intensive CL has been proved to be achievable in a
system in which norfloxacin(NFLX) is oxidised with
Ce(IV) in an acidic medium. The CL spectrum of
Ce(IV)-NFLX contains three bands with the maxima at
475 nm, 620 nm, and 550 nm. The first two are typical
of emission of singlet oxygen dimols generated in the
following process of energy transfer between triplet 7-
aminofluoroquinolone and dissolved oxygen [20]:

F. COOH E. COOH b
Ce(lv) + | — | + Ce(lll)
(\\' N N

HN\) & . £t
l ISC
O

an on]?
| + 30
HN 2

M-z

(

o

F@\)ﬁ/("o( H
| 1
HoN N + 0, (17)

1
Et
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The emission with a maximum at 550 nm is assigned to the
products of norfloxacine oxidation. For the system in which a
redox reaction between cerium (IV) and norfloxacine takes
place, a linear relation between CL intensity and NFLX con-
centration was found, which was applied for determination of
NFLX in pharmaceutic preparations and urine.
Chemiluminescence accompanies the reaction of oxidation
of phosphor-organic pesticides such as omethoate, dimetho-
ate, disulphoton-sulphoxide, methidathion, phosmet, malathi-
on, diazinon, pirimiphos-methyl and chlorpyrifos with
cerium(IV) ions. The emitters are the excited products of pes-
ticides oxidation whose emission increases in the presence of
a surfactant - hexadecylpyridinium chloride monohydrate
(HPC) [56]. This fact was employed for determination of these
compounds in water samples, after their preliminary separa-
tion by HPLC .

The Ce(IV)- Sensitiser Reaction Systems
The Ce(IV) — Rhodamine systems

Rhodamine compounds, are a series of xanthene dyes,
widely applied in analytical chemistry. Rhodamine com-
pounds are often believed to act as sanitisers in CL
systems [21, 22, 24] but Ma et al. have shown that
the reaction of Ce(IV) with rhodamine B or rhodamine
6G in an acidic medium could produce significant CL.
Thus, Rhodamine B and the other rhodamine com-
pounds have been used as an illuminant, similar to
luminol in basic media, not as a sensitiser [23, 57].
Rhodamine B (RhB) has been used as a sensitizer for de-
termination of captopril [21, 58]. Two reaction systems show-
ing CL have been chosen for this determination. The first one
is based on the reaction of captopril with the luminol-
hydrogen peroxide-copper(Il) system. The second method is
based on the reaction of captopril with acidic cerium(IV) so-
lutions in the presence of rhodamine B (RhB) as a sensitiser.
The second method proves to be 10-fold more sensitive than
that with luminol-H,0,-Cu(Il) in alkaline environment. A new
procedure has been proposed which allows quantitation of
hydrochlorothiazide in the pharmaceutical preparations con-
taining, amongst others, lactose, maize starch, calcium phos-
phate, magnesium stearate, potassium chloride and E 110
(disodium-6-hydroxy-5-(4-sulphonatophenylazo) naphtha-
lene-2-sulphonate) as the concomitant species. The method
involved the chemiluminescent reaction of hydrochlorothia-
zide with cerium(IV) in sulphuric acid, sensitized by the fluo-

rescent dye rhodamine 6G, as follows:
Ce(IV) + HCTR - Ce(III)* + HCT (18)

Ce(III)* + Rho 6G—Ce(IIl) + Rho6G* (19)

@ Springer

Rho 6G*—Rho 6G + hv (20)

where, HCT, hydrochlorothiazide; Rho 6G, rhodamine
6G; Red, reduced form; Ox, oxidised form [24]. A sim-
ilar mechanism has been proposed for cerium(IV)-rho-
damine 6G used for determination of cefotaxime sodium
(drug of the third generation cephalosporin). Rhodamine
6G played a role of typical sensitiser for these CL sys-
tem, which emits its characteristic radiation at 560 nm
[28]. The influence of 53 organic compounds on
cerium(IV)-rhodamine 6G chemiluminescence has been
checked. It has been found that 32 phenolic compounds
(PCs) (mainly include phenols, polyphenols, phenolic
acids, hydroxycinnamic acids and flavonoids) enhance
CL [46]. The magnitude of CL was related to the type
and position of substituents in the benzene ring. The max-
imal emission wavelength of CL spectra for all tested
phenolic compounds was at about 555 nm, and
luminophores were assigned to rhodamine 6G. . In these
systems, excitation of rhodamine 6G is a result of energy
transfer from excited Ce(III) ions (a product of reaction of
oxidation of rhodamine 6G and phenolic compounds,
Eq. 21 and 23) to rhodamine 6G.

Slow

Ce(IV) +Rho 6G -5 Ce(II)* + Rho 6Gox (21)
290y
Ce(II)* + Rho 6G—Ce(III) + Rho 6G" (22)
Ce(IV) + PC 5 Ce(II)* + PCoy (23)
H,SO4
Ce(II)* 4+ Rho 6G—Ce(1II) 4+ Rho 6G" (24)
Rho 6G*—Rho 6G + hv (25)

The increase in the intensity of CL of the reaction
system cerium(IV)-rhodamine 6G in sulphuric acid was
applied for determination of total content of flavonoids
in extracts from inflorescences and leaves of Cirsium
oleraceum and Cirsium rivulare species. Methanol ex-
tracts were found to show the strongest antioxidation
properties and they could be used as natural prepara-
tions for human organism protection against free radi-
cals [26].

According to another mechanism, the oxidation prod-
ucts of PCs such as benzoquinone or ketone quench the
emissive rhodamine 6G via energy transfer, as shown
below:

Rho 6G* + PCyx—Quenching (26)
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Another group of reaction systems are the mixtures in which
the oxidation of rhodamine RhB could produce CL in an acidic

medium (Eqgs. 27-29) [57]. In the medium of sulphuric acid,
Ce(IV) [59] and RhB [60] ions occur in the forms :

Ce(S04); + HSO,™ s [Ce(SOs): 1 + H*

N"(CoHs)o

+H,0 pH<1

(CoHz),N

N(C,Hg),

27)

They interact to form a transition complex (compound I)

and then the redox reaction takes place with formation of

{C,Hg)N

compound |

(C,Hg),N

excited radical transition product showing emission with a
maximum at A~425 nm:

N(CzHz)2

+ Ce () + 250,

+ v (425nm)

(28)
compound I
In the presence of Ce(IV) ions and oxygen, the in-  [RhB| o —I—HA'i%\)/) ["RehB"] :X +H"+A (30)
2 4

termediate product (compound II) is oxidised to the fi-
nal products being 1,4-benzoquinone- 2-carboxylic acid
or salicylic acid.

The CL signal of Ce(IV) — rhodamine B — H,SO,4
system is enhanced by L-ascorbic acid and a highly
sensitive flow—injection (FI) method has been proposed
for determination of L-ascorbic acid [23]. In this system
the excited anionic radical emitters (Eq. (28) are formed
and the reaction of Ce(IV) ions with ascorbic acid
(H,A) gives HA' radicals. The radical HA" reacted with
anionic radical of RhB to give the rthodamine B illumi-
nant with negative oxygen ion as follows:

H,A & HA (29)

In this way RhB was used as a CL reagent in the
determination of tetracycline [27]. Introduction of UV
irradiated tetracycline solutions to Ce(IV)-RhB in
sulphuric acid resulted in an increase in CL intensity.
The TC® radicals, formed after UV irradiation of TCs,
take part in the CL reaction with anionic radicals of
rhodamine B (which are formed according to Eq. 28),
so in the same way as proposed by Ma et al. for the
determination of L-ascorbic acid. The CL intensity of
Ce(IV)-RhB-TCs systems was proportional to the con-
centration of TCs and was used to develop a new
HPLC-CL method for sensitive determination of tetra-
cycline, oxytetracycline, chlorotetracycline,
demeclocycline, doxycycline and meclocycline) [61].
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The Au-Ag alloy nanoparticles could enhance the
chemiluminescence of the rhodamine 6G-cerium(IV)
system. Bimetallic nanoparticles are of special impor-
tance in the field of catalysis, since they often exhibit
better catalytic properties than their monometallic
counterparts. Au and Ag have very similar lattice con-
stants and are fully miscible over the entire composi-
tion range; they can form single-phase alloys easily
with any desired compositions [25, 62]. The most in-
tensive CL signals of the rhodamine 6G-cerium(IV)-
Au-Ag alloy nanoparticle system were obtained by ad-
dition of Au-Ag alloy nanoparticles at a molar ratio of
3:4. In the rhodamine 6G-cerium(IV)- Au-Ag alloy
nanoparticle system, there are two emitters: rhodamine
6G (with the emission band at A~555 nm) and the
oxidised product of rhodamine 6G (with the emission
band at A~446 nm) [25]. It has been proposed that CL
enhancement mechanism is based on the rhodamine
6G and Au-Ag alloy nanoparticles oxidation by
cerium(IV) to form the excited-state cerium(IIl)*,
which transfers energy to rhodamine 6G and the
oxidised product of rhodamine 6G (Eqs. 31-35).

Ce(IV) + Au—AgHF;;iC‘) Ce(IIN)* + Ag(I) + Au(Ill)  (31)
2 4

Ce(II)* 4 Rho 6G—Ce(1II) 4 Rho 6G" (32)

Rho 6G*—Rho 6G + hv (555nm) (33)

Ce(III)* + quinine — Ce(III) + quinine*

and/orCe(III) — analyte complex* + quinine — Ce(IIl) — analyte complex + quinine*

Electron transfer

Ce(II)* + Rho 6Gx Ce(IIT) + [Rho 6G7 (34)

Au-Ag Fast

[Rho 6G ], . —[Rho 6G ], + hv(446nm) (35)

The analytical method based on the chemiluminescence of
rhodamine 6G-cerium(IV)- Au-Ag alloy nanoparticles system
has been widely applied for determination of such compounds
as: L-cystine, L-methionine, L-phenylalanine, L-dopamine,
L-epinephrine, L-ascorbic acid, pyrogallic acid, 2,4-
dihydroxybenzoic acid, p-aminobenzoic acid, o-
aminobenzoic acid, phenol, p-aminophenol, hydroquinone,
resorcinol and p-#-butylpyrocatechol.

The Other Ce(IV) — Sensitiser Systems

A quinine is a sensitizer of the reaction of thiol-
containing drugs with cerium(IV) in sulphuric acid me-
dium [29-31]. Quinine is a good fluorescent substance
(9=0.577), having an emission maximum at about
450 nm [63]. The process taking place in thiol-
containing compound-Ce(IV) reaction systems may be
described with the following equations:

Ce(IV) + analyteR*d—Ce(IIT)* + analyte® (36)

Ce(III)*—Ce(III) 4 hv(weak CL)

and/orCe(III)—analyte complex*—Ce(Ill)—analyte complex + hv
(37)

(38)

It is found that apart from potassium ferricyanide
[64], another oxidant Ce(IV) could oxidise calcein to
generate CL. In addition it is observed that AI(III) ions,
enhanced the CL of Ce(IV)-calcein system and the CL
intensity was strongly dependent on AI(III) concentra-
tion [33]. The mechanism of the processes taking place
in this system involves formation of Ce(IV)/calcein
complex, which is the only CL emitter (with a maxi-
mum at about 515 nm). This complex is an acceptor of
the reaction (39) energy, as a result of which it un-
dergoes excitation.

Ce(IV) + calcein—Energy + product (39)

It has been demonstrated that europium(IIl) ions
acted as sensitiser in the Ce(IV)-naproxen CL system.
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A characteristic feature of luminescence spectra of eu-
ropium ions is the presence of bands of a small full
width at half maximum [65-69]. It permits the use of
a proper cut-off filter of a steep short-wavelength pass
limit. The use of such filters reduces the emission of the
analytical matrix. With applying the cut-off filters meth-
od, the reaction mixture of NP-Ce(IV)-Eu(Ill) has been
used for the determination of naproxen in commercial
formulations, in human urine and in mixture of non-
steroidal anti-inflammatory drugs (ibuprofen, naproxen,
indomethacin) [32]. The cerium(IV) ions reacted with
a surfactant Tween 20 in an acidic medium to generate
chemiluminescence. The maximum emission wavelength
was about 478 nm, so it was a typical emission band of
singlet oxygen molecular pairs Oy('A,)0,('Sg) [35,
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70]. The mechanism of singlet oxygen generation in the
system Ce(IV)-Tween 20 has not been conclusively re-
solved yet. Three pathways of its generation have been
proposed [35]:

a) Ce(IV) + Tween20—Ce(IIT) + X (40)
X—'0; + X’ (41)
10,30, + hv (42)

b) X + 0ygis—(0,~X)—'0; + X
Yo, - 0o+ hv

) X + 0, g ('0,—X) —*0,—X + hv (44)

where: X, X" and O,g4; represent oxidative intermediates of
Tween 20, a degradation product of X, and dissolved oxygen
in the solution, respectively. O,—X and 'O,—X are the com-
plexes of X with O, and 'O, respectively. It has been shown
that salicylic acid (one of the main active ingredients in bac-
tericidal solution) strongly increased the intensity of CL but
did not influence the CL spectra, which revealed that the emit-
ter was the same in the presence and in the absence of salicylic
acid. This finding has been used in a new method proposed for
determination of salicylic acid in bactericidal solutions. The
other surfactant Tween 40 acted as enhancer of the oxidation
reaction of cerium (IV) with iodide which regulates a wide
variety of physiological processes in living organisms. In this
system the emitter was singlet oxygen and the mechanisms of
this reaction can be described by Egs. 40—44. Moreover, it has
been proved that the sensitised CL of the reaction mixture
Ce(IV)-Tween85- citrate could be used for determination of
polyphenol compounds, including 17 aminoacids [71]. The
presence of surfactants in these CL generating systems addi-
tionally stabilises the singlet oxygen state [34].

Conclusions

The method of flow-through analysis with CL detection based
on the reaction systems with Ce(IV) ions, in which energy
transfer processes take place, has been widely applied for
analysis of therapeutic drugs and other biomolecules. The in-
terest in CL systems follows from the fact that low limit of
detection and limit of quantitation of the analyte are achieved
with the use of a relatively simple equipment. Moreover, the
analysis does not take much time and is inexpensive. The area

for improvement in CL method is related to the synthesis of
new more efficient CL-active molecules and the proper choice
of a sensitiser. Improvement in this area will result in getting a
stronger signal, reduction of background and increase in the
sensitivity of the CL based methods. Another important area
of research is finding materials that will act as catalysts in the
reaction mixtures. The acceleration of redox processes results
in higher concentrations of the excited product per unit of time
and thus contributes to higher intensities of CL.
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